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Abstract

Coastal aeolian sediment transport is influenced by supply-limiting factors caused by

sediment sorting by grain size. Sorting processes can lead to coarsening of the bed

surface and influence the formation of aeolian ripples. However, the influence sorting

processes and bedforms might have on the magnitude of the transport is not fully

understood. This study explores sorting processes and their influence on the magni-

tude and mode of aeolian transport by using sediment tracers. Sand was painted in

different colors according to particle size and placed on a supratidal beach in

Noordwijk, the Netherlands. Several experiments were conducted with varying wind

speeds. Surface sampling and cameras tracked the sand color movement on the bed

surface, and wind velocity was measured. The tracer experiments showed that rip-

ples developed in moderate wind conditions. Once the ripples had formed, the supply

of finer tracer grains in the downwind direction decreased over time, while the sup-

ply of coarser grains remained constant. A linear relationship between ripple migra-

tion speed and wind speed was found. For higher wind speeds, no ripples or

differences in transport of grain size fractions were observed. Instead, alternating

phases of erosion and deposition of the bed surface were observed, which could not

be related to local variations in wind velocity. Based on these results and literature, a

conceptual model was developed for an active bed surface layer with two transport

regimes corresponding to moderate (I) and high (II) wind speeds. The conceptual

model is intended to guide the selection of aeolian sediment transport models as a

function of wind speed, bed characteristics, and upwind sediment supply. For

Regime I, transport could be modeled using a linear relationship between sediment

transport and wind speed and for Regime II using a third power relationship in combi-

nation with a process-based model accounting for supply limitations.

K E YWORD S

aeolian ripples, armoring, beach, field measurements, particle tracing, sediment sorting, supply
limited

1 | INTRODUCTION

Estimates of aeolian sediment transport rates are crucial for making

long-term predictions of the evolution of dune morphology. Detailed

numerical models for aeolian transport are commonly based on equi-

librium transport equations relating the transport rate to the wind

speed following third-power relationships (e.g., Bagnold, 1937;

Hsu, 1971; Kawamura, 1951; Lettau & Lettau, 1978; Owen, 1964;
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Sørensen, 2004; Zingg, 1953). These equations were developed in lab

and desert studies with abundant sediment supply. When applied in

coastal environments, however, the transport rates are commonly

overestimated (Barchyn et al., 2014; Kroon & Hoekstra, 1990;

Sarre, 1989; Sherman & Li, 2012; Sherman et al., 1998). Supply-

limiting processes, such as sediment sorting, soil moisture, and armor

layer development, hamper the predictive capability of equilibrium

transport relationships (e.g., de Vries et al., 2014; Hoonhout & de

Vries, 2016). In particular, the potential role of the interplay between

aeolian transport, sediment sorting, and bedforms on the total trans-

port rates is not yet well understood. A better understanding of these

processes is needed to improve estimates of aeolian sediment trans-

port rates and thus numerical predictions of the morphological evolu-

tion of beaches and dunes.

In this paper, we focus on non-suspended aeolian sediment trans-

port, erosion, and deposition occurring at or near the bed surface.

Sediment transport occurs whenever there are winds of sufficient

strength and granular material available for erosion (Bagnold, 1941).

When the shear stress at the bed becomes larger than the gravity and

inter-particle forces of the bed particles, the bed particles are eroded,

and sediment transport is initiated. Bagnold (1937) classified three dif-

ferent aeolian transport modes: creep, saltation, and suspension

(Figure 1). Sand-sized particles (63 μm to 2 mm) are commonly trans-

ported along the surface in the form of creep or saltation. Creep is the

movement of grains in continuous or near-continuous contact with

the sand bed (Walker, 1981) and saltation is the wind-driven lift-off,

hopping, and splashing of particles, following long, parabolic trajecto-

ries (Bagnold, 1937). Lighter particles are transported in suspension, in

which they can be kept aloft for relatively long distances due to the

turbulence of the air (Anderson, 1986; Bagnold, 1937; Pähtz et al.,

2014; Tsoar & Pye, 1987). In sandy coastal environments, creep and

saltation are the dominating aeolian transport processes.

The potential total sand transport rate, qcap, including sand trans-

port in the form of creep, saltation and suspension, can be described

as a result of the momentum transfer from the wind to the sediment

(Bagnold, 1937):

qcap ¼Cb

ffiffiffiffi
d
D

r
ρ

g
u3∗ , ð1Þ

where Cb is a constant of 1.8 for naturally graded sand, d is grain

diameter and D is a reference grain diameter, typically 0.25mm, ρ is

the air density, g is the gravitational acceleration, and u ∗ is the shear

velocity. qcap is the sediment transport capacity by the wind when the

supply of erodible sediment is unlimited.

On beaches, the transport capacity is limited by bed properties

like surface moisture (Davidson-Arnott et al., 2005; Schmutz &

Namikas, 2018) and grain size sorting (Hoonhout & de Vries, 2016),

morphological properties like beach slope (de Vries et al., 2012;

Hardisty & Whitehouse, 1988) and fetch length (Bauer & Davidson-

Arnott, 2003), and/or the presence of physical obstructions like vege-

tation (Buckley, 1987) or lag deposits (de Vries et al., 2014; van der

Wal, 1998). These supply limitations are commonly accounted for by

modifying the empirical calibration parameter in the third-power

equations (Houser, 2009; Nickling & Davidson-Arnott, 1990). The

results of the equations are partly successful, with most equations

overestimating measured aeolian transport rates depending on cali-

bration and the field data used (see Sherman & Li, 2012; Sherman

et al., 2013). Generic methods to derive calibration parameters are

unavailable, and the lack of process descriptions limits the predictive

ability (Sherman & Li, 2012).

Process-based simulations of sediment sorting have proven to

require multi-fraction approaches to simulate transport of different

grain sizes, representing the grain size distributions in the field

(Hoonhout & de Vries, 2016). Grain size selective erosion, transport,

and deposition can result in a coarsening of the bed surface, often

referred to as armoring (e.g., Bagnold & Taylor, 1937; Hirano, 1971;

Hoonhout & de Vries, 2016). Armour layers decrease the total trans-

port because the surface particles available for transport tend to be

coarser and more difficult to move. They are, therefore, a physical

limit on the transport capacity. Transport of differently sized grains

can also cause very local deposition and erosion at the bed surface,

leading to the formation of ripples (Bagnold, 1941; Wang et al., 2019;

Wilson, 1972). Aeolian ripples are characteristic bedforms for many

sandy environments. Sand transport by saltation influences their

development and migration (Bagnold, 1941; Sharp, 1963; Sherman

et al., 2019). Coarse and fine grains show different transport trajecto-

ries, typically resulting in deposition of coarser grains at the ripple

crests and finer grains in the ripple troughs (Anderson & Bunas, 1993;

Bagnold, 1941; Wang et al., 2019). Ripples primarily transport sedi-

ment in the form of creep (Sharp, 1963). The creep transport rates

associated with ripple migration have been related to the total sedi-

ment transport rates (Sherman et al., 2019). Still, it is not fully under-

stood what influence and importance aeolian ripple formation and

propagation have on the erosion, deposition, and magnitude of aeo-

lian sediment transport. The interaction between aeolian bedform

dynamics and grain-size-selective transport has not yet been clarified.

Field measurements are essential for explaining aeolian transport

processes. Point measurements of wind speed and proxies of

sediment fluxes are often collected to derive/validate relationships

between sediment fluxes and the local wind speed (e.g., Davidson-

Arnott et al., 2005; de Vries et al., 2014; Hoonhout & de Vries, 2017).

However, wind speed and sediment transport measured with point

measurement methods such as cup, vane, or sonic anemometers and

F I G U R E 1 Schematic of aeolian sediment
transport modes according to Bagnold (1937):
creep, saltation, and suspension. Grains of
different sizes (brown = coarsest grains, beige =

medium grains, and orange = finest grains)
interact with the wind (represented as a gray
arrow). Thin black arrows denote typical particle
trajectories associated with each mode of
transport
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sediment traps, saltiphones, or laser sensors, respectively, only give an

indication of transport at one location (Black et al., 2017; van

Rijn, 2019; White, 1998). They do not provide information on the spa-

tial patterns of wind speed or sediment particle transport. Compared

to point measurements, particle tracing (or particle/sediment tracking)

can provide additional spatial and temporal insights into sediment

transport, erosion, and deposition near the bed surface. Particle trac-

ing is a field method where grains are labeled or tagged and then

allowed to disperse naturally with ambient currents (Black et al.,

2007). The dispersal of the tracer can then be estimated based on the

recovered particles complementing point measurement methods

(Wang et al.2017).

Tracer studies have been carried out in various coastal environ-

ments. For subaerial coastal environments, most tracer experiments

have been conducted in the intertidal area (e.g., Kato et al., 2014;

Oliveira et al.2017; Robin et al., 2009; Silva et al., 2007; Vila-Concejo

et al., 2004; Williams et al., 2003; Wright et al.2015), but mainly

focused on hydrodynamic transport processes. In coastal dune areas,

sediment tracer studies have been applied to compare observed tracer

sediment transport rates with theoretical models (Berg, 1983) and

with experimentally estimated sand trap transport rates (Cabrera &

Alonso, 2010). To the best of our knowledge, no previous studies

have applied tracers on beaches to investigate the small-scale pro-

cesses of the interplay between the wind, erosion, and deposition at

the bed, sediment transport of differently sized grains, and supply lim-

itations. Possible reasons for this could be that aeolian sediment

transport is usually less restricted compared to hydrodynamic sedi-

ment transport (Wang et al., 2017), which makes it harder to track the

particle movement and to define sampling areas. Furthermore, wind-

blown sand grains tend to move more quickly than water-driven sand

grains (Pähtz et al., 2020), resulting in a much faster redistribution of

tracer particles, which can make it difficult to retrieve individual tracer

grains in the field.

In this paper, we use tracers to study the interaction between

deposition, erosion, bedform dynamics, and aeolian transport for dif-

ferently sized sand grains to improve our understanding of aeolian

grain-size-selective transport on beaches. Furthermore, we propose a

conceptual framework for modeling aeolian transport, erosion, and

deposition at the bed surface, which helps to better quantify aeolian

sediment transport. Fieldwork using tracers is carried out at the

supratidal, well-graded sandy beach in Noordwijk, the Netherlands.

Multi-fraction sediment transport and bedform development are stud-

ied for varying wind speeds using a novel grain counting approach

based on imagery. The tracer study results and previous research

within this field are integrated into a conceptual model framework

intended to guide the selection of transport equations for different

wind and grain size conditions.

2 | METHODS

A tracer study was employed to observe how distinct grain sizes are

transported in the interface area between the bed and the moving air

by coastal aeolian sediment transport processes. A field site in the

Netherlands with sand-sized grains mainly exposed to oblique-to-

onshore winds was chosen (Figure 3). Sand grains were painted in four

different colors according to particle size to observe the spatiotempo-

ral dispersal of the differently sized tracer grains. Two types of experi-

ments were conducted: mixed experiments and separated

experiments (Figure 2). Separated experiments (S01–S03) were exe-

cuted by placing two Separated fractions, a coarser one and a finer

one, as two adjacent stripes parallel to the wind direction. This should

show whether the tracers behave as expected in aeolian beach

environments—that is, whether finer grains are transported more eas-

ily than coarser grains. For this, two contrasting colors (red and green)

were chosen. Mixed experiments (M01–M04) with Mixed tracer sand

(1/4 of each fraction) were performed to represent the naturally

occurring conditions of the native sand, which contains a range of

grain sizes.

2.1 | Field site

The field site for this study was the beach of Noordwijk aan Zee,

located on the central Dutch coast (Figure 3a,b). Measurements

took place from 21 to 23 May 2021 at different locations in the

supratidal area between the intertidal zone and the dune toe

(Figure 3b). The area consists predominantly of fine quartz sand

with median grain size (d50) of 240 μm. The median grain size was

analyzed by sieving native sediments collected from the top 3 cm (see

black lines in Figure 4). The depth of 3 cm was chosen based on pre-

liminary tests of this study, which showed that the top 3 cm are most

important for grain movement. The surface sand was dry on 21 and

23 May 2021. On 22 May 2021, it was wet due to heavy rainfall

before the experiment and light rainfall during the experiment. Mois-

ture contents were not measured during the field experiments as the

experiments were planned to be performed in the dry, supratidal

beach area in order to reduce complexity. We still included the wet

experiment on 22 May 2021 in order to discuss the effects of mois-

ture qualitatively.

The coast of Noordwijk is wave dominated, with waves

approaching the coast mainly from the SW and NNW (Quartel et al.,

2007). Mean wave heights and periods along the Dutch coast are

1.2 m and 5 s, respectively, and alongshore differences in wave cli-

mate are small (Wijnberg & Terwindt, 1995). The wind climate is dom-

inated by winds from the SW with higher average wind and gust

F I GU R E 2 Tracer experiment types.
(a) For the experimentsM01–M04,
Mixed sediment containing 1/4 of each
grain-size fraction was used. (b) For the
experiments S01–S03, two Separated
fractions, a coarser one and a finer one,
placed as two adjacent stripes parallel to
the wind direction were used
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speeds during the winter months than during the summer months.

The coastline is oriented SW to NE, 30� with respect to North (where

the shore-normal direction is 300� with respect to North). The domi-

nant SW winds are thus oblique onshore. The tide at Noordwijk is

semi-diurnal with 1 m and 1.8 m ranges at neap and spring tide,

respectively (Walstra et al., 2012). The beach slope is relatively mild,

with tanβ¼0:007 (van Rijn, 2014) and the beach width varies

between 100 and 200m, depending on the tide.

2.2 | Field setup

The tracer was developed and introduced at the test site in a similar

way for the Mixed (M01–M04) and Separated (S01–S03) experi-

ments. Native sand was sieved and colored in four different colors for

four different grain size fractions (<0.18 mm, purple; 0.18–0.25 mm,

green; 0.25–0.3 mm, blue; 0.3–0.6 mm, red; see Figure 4). After color-

ing the native sand, it was sieved for a second time to remove possible

clumps. The sieves were chosen according to the particle size distribu-

tion (PSD) of the native sand so that each fraction represented

approximately a quarter of the total weight. The PSD of the tracer

sand mixture used for experiments M01–M04 showed a slightly larger

amount of fine grains than the native sand (Figure 4). The tracer sand

behaved very similar to natural sand when sieving it. Under the micro-

scope, it could be observed that the color added only a very thin layer

(which was hardly noticeable) to the native sand particles, negligible

compared to the particle diameter, implying an insignificant impact on

the particle weight.

On the beach, at the start of each experiment, the tracer sand

was placed in an area of 30cm�30cm, after removing a layer of

native sand with similar thickness. Removing the original micro-

topography at the placement site allowed observation of the emer-

gence of bedforms. After a few seconds to minutes, depending on the

wind speed, the placement site adjusted to the prevailing environmen-

tal conditions and developed in a similar way to the undisturbed

beach area. The dimensions of the placement area were chosen to be

large enough to have a representative amount of tracer grains and

small enough to perform and repeat experiments easily. The test site

was protected with a removable windscreen to prevent transport of

the tracer sand during preparations.

The dispersal of the tracer sand was tracked using sediment sam-

pling and video imagery. Surface samples from the top 1 mm at differ-

ent distances downwind of the placement site (see Table 1) were

collected to track the horizontal movement of the sand particles. To

confine the study area and obtain sufficient tracer grains in the sam-

ples, a relatively small spatial scale was chosen with sampling locations

no more than 4 m downwind from the placement site. Samples were

only collected when it was established visually that colored sand was

transported to the sampling location. Once colored sand reached a

certain location, samples were taken at this location about once every

5 min as long as colored sand was established there visually. With this

method, we avoided taking many samples without a significant num-

ber of tracer particles.

Additionally, two GoPro Hero 7 cameras (A and B), looking from

above, took pictures of the moving sand. Camera A observed the sedi-

ment colors present on the bed of the placement site itself, while

camera B observed the sediment colors on the bed just downwind

from the placement site (Figure 5a). The chosen settings for both cam-

eras were a picture resolution of 12 megapixels (4000�3000 pixels),

F I GU R E 4 Particle size distribution (PSD) of native sand samples
from the locations of the experiments M01, M03, M04, and S02
(black lines) and PSD of the tracer sand mixture which was used for
experiments M01–M04 (red line) with indication of the four colors for
the four different fractions

F I G U R E 3 Location, orientation, and
appearance of the test site in Noordwijk aan Zee.
(a) Detailed top view of the location with an
indication of the areas where the experiments
were performed on 21 and 22/23 May 2021 and
the supratidal area (red). (b) Location of the test
site along the Dutch coastline. (c) Identification of
the average wind velocities during the different
experiments on the three days
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a linear field of view (FOV), and a frame rate of 1 frame per second

(fps). Both cameras were mounted to a wooden frame about 20 cm

above ground, taking photos of an area of about 40cm�30cm each,

which means that one pixel is of the order of 0.1mm (about half the

size of the median grain diameter). The scale in the top-view photos

was obtained by taking a photo of a ruler placed on the ground at the

start of each experiment. In five of the seven experiments, a third

GoPro Hero 5 camera (C), with the same settings as the other two

cameras, tracked the bed evolution and vertical changes in color from

the side through a plexiglass screen dug into sand parallel to the mean

wind direction. Measurement tape attached to the upper edge of the

plexiglass screen was used to determine the scale in the side-view

photos. The cameras were time synchronized by pressing the start

and end buttons simultaneously. Preliminary tests showed that the

cameras took the same number of images with this methodology and

that the individual images were synchronized. Furthermore, moving

the scaling ruler (which was visible in all cameras) in and out of the

cameras at the start of every experiment provided validation of the

time synchronization for each run. The placing and dimensions of the

experimental setup were designed to reduce its effect on the wind

field and, thus, on the sediment transport. Additionally, the bed

development near the experimental setup was compared to the sur-

rounding bed development to make sure they were similar and the

effect of the setup was limited.

During all experiments, wind speed and direction were measured

with a Gill 2D WindSonic ultrasonic wind speed and direction sensor

(P/N:1405-PK-040) 180 cm above the bed (Figure 5b) in proximity to

the tracer placement site (between 2 and 5 m to the left or right of

the placement site). A HOBO Energy data logger (P/N: H22-001) log-

ged the sensor at 0.5 Hz. Measured local wind conditions can be

found in Table 1 and Figure 3c.

The wind velocities measured 180 cm above the bed were

converted to an equivalent wind shear velocity at the bed. The wind

shear velocity, u ∗ , can be derived for a given wind speed uwðzÞ at ele-
vation z above ground by assuming a logarithmic profile and applying

the Law of the Wall:

uwðzÞ¼ u ∗

κ
ln

z
z0

� �
, ð2Þ

where κ is the von Kármán constant (0.4) and z0 is the roughness

length (Tennekes & Lumley, 1972). The saltation-induced roughness

T AB L E 1 Overview of experiments executed from 21 to 23 May 2021

Experiment Date
Start
time

End
time

Top
view

Side
view Sample

Average
wind

speed
(m/s)

Average
wind

direction
(�)

Average
wind shear

velocity u ∗

(m/s)

S01 21 May 2021 15:46 16:16 ✓ ✓ None 15.1 (21.4) 256 1.23 (2.37)

M01 21 May 2021 17:07 17:45 ✓ ✓ 12 at 0.5 m 15.6 (24.4) 252 1.29 (3.33)

S02 21 May 2021 18:03 18:27 ✓ ✓ 7 at 0.5 m 15.1 (21.8) 253 1.23 (2.47)

M02 22 May 2021 15:56 17:10 ✓ ✓ None 7.0 (11.2) 294 0.39 (0.76)

M03 23 May 2021 13:41 14:43 ✓ ✓ 11 at 0.5 m 8.7 (12.2) 243 0.53 (0.87)

10 at 2 m

7 at 4 m

M04 23 May 2021 15:22 16:27 ✓ x 9 at 0.5 m 7.2 (10.4) 246 0.40 (0.68)

3 at 2 m

S03 23 May 2021 16:37 17:12 ✓ x None 5.9 (7.9) 252 0.31 (0.46)

Note. M indicates the experiments where a sand Mix of all four fractions was used, while S denotes the experiments where only two Separated fractions

(red and green) placed as two stripes parallel to the wind direction were used. Wind speed, direction, and wind shear velocity are averaged over the

experiment duration. The wind speed/wind shear velocity (in brackets) is the maximum wind speed measured/wind shear velocity during every

experiment.

F I GU R E 5 Field setup during the
experiments. (a) Cameras A and B,
mounted on a wooden frame and

connected to external batteries, tracked
the tracer movement from the top view.
Camera C tracked the tracer movement
through a plexiglass screen from the side
view. (b) A wind speed and direction
sensor was mounted to a metal pole
180 cm above the bed and connected to
a data logger protected in an orange case.
The device was located in proximity to
the tracer placement site (between 2 and
5 m to the left or right of the placement
site)
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length, z0, can be approximated by the Charnock (1955)-type model

(Sherman & Farrell, 2008):

z0 ¼Cu2∗
g

, ð3Þ

where C is the Charnock constant, with a value of 0.085 for general

applications of aeolian sand transport in field settings (Sherman &

Farrell, 2008).

To make our data more comparable to other studies, we

decided to use the wind shear velocity at the bed, u ∗ , in dimension-

less form, u ∗ =u ∗ t, inspired by the work of Sherman et al. (2019). The

threshold shear velocity, u ∗ t, can be estimated by the Bagnold (1935)

model:

u ∗ t ¼A
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
gd

ρs�ρ

ρ

r
, ð4Þ

where A is an empirical constant (0.1 for the air fluid threshold,

Bagnold, 1941) and ρs is the grain density.

Table 1 gives an overview of all seven experiments.

2.3 | Surface sample analysis using automated
counting of colored sediment

A novel method inspired by Pearson et al. (2021) was developed to

count colored sediment in the surface samples automatically. All

59 collected surface samples were scanned under a Keyence VHX-

5000 digital microscope (Keyence Corporation, 2014). The micro-

scope took stitched images from every sample, which were then ana-

lyzed by a pixel color recognition algorithm counting the amount of

red, green, blue, and purple pixels. A range for hue, saturation, and

value/lightness (HSV/L) was defined for each color. The number of

colored pixels of each color in one image was then normalized by

dividing it by the total amount of colored pixels in that image. This

method for analyzing the samples was chosen to overcome the

tedious and time-consuming part of most historical tracer studies that

visually counted the number of tracer grains in a sample, which also

might be subject to human error (Black et al.2007).

Three microscope images of samples with only non-colored grains

were used to test the accuracy of the pixel color recognition algo-

rithm. In all three images, the algorithm counted about 0.1% colored

pixels relative to all pixels in the image. Therefore, only images where

the amount of counted, colored pixels was more than 10 times larger

(>1%) were considered in the analysis, which means that we used 1%

as colored pixel analysis threshold. Otherwise, the influence of the

erroneously counted pixels of non-colored grains (e.g., non-colored

brownish grains can have pixels that fall in the red HSV range) may

become too large and distort the results.

Figure 6 shows an example of the microscope images and the

pixels captured by the pixel color recognition algorithm in this image.

The algorithm captures most pixels of the colored grains. However,

some very dark or light pixels of the colored grains are not captured.

Additionally, some pixels of non-colored grains fall in the defined HSV

range of a certain color and are counted erroneously as pixels of the

colored grains.

2.4 | Bed development analysis using top-view
images

The top-view camera images were used to determine the change of

sediment color on the bed surface. The images were edited to a

time-lapse video to qualitatively describe the evolution of sediment

color on the bed surface. The time-lapse videos for experiments M04

(Camera A) and S03 (Camera B) can be found at Video S1. For a

more quantitative analysis, the images were post-processed using a

pixel color recognition algorithm, which counted the amount of dif-

ferent colored pixels, similar to the algorithm used in the sediment

sample analysis. The HSV ranges of the different colors were defined

and tested for varying natural light conditions during the experiments

to account for the different conditions in the field. This analysis

worked best for the Separated experiments (with only two very dis-

tinct tracer colors) and was therefore only used in this context. The

red or green pixels in a camera image counted by the algorithm were

then normalized by dividing them by the total number of all pixels in

that image.

Additionally, ripple characteristics were extracted from the top-

view images. Ripple migration rates, ur , were estimated by comparing

the location of ripple crests in two photos taken 4min apart from each

other. The 4min averages of ripple speed were converted to dimen-

sionless migration rates ur=
ffiffiffiffiffi
gd

p
inspired by the work of Sherman et al.

(2019) and related to 4min averages in dimensionless wind shear

velocity. The averaging period of 4min was chosen based on testing

different averaging intervals using linear regression analysis, similar to

the method by Sherman et al. (2019). Too-short intervals would result

in small absolute measurement errors of the traveled ripple distances,

which would grow into larger relative errors, and too-long intervals

would mask the effects of the dynamic response of the ripples to

changes in wind conditions. The same ripple crest was identified and

registered in subsequent photos to provide a distance traveled, and

F I G U R E 6 (a) Extract from a
microscope image of a sample downwind
of the placement site. (b) The same
microscope image as in (a) but the pixels
captured by the pixel color recognition
algorithm are highlighted due to an
increased saturation
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this was converted to a migration rate using the time elapsed between

images. The scaled images were also used to obtain estimates of ripple

wavelength.

2.5 | Bed elevation analysis using side-view images

The side-view camera images were used to track the changes in bed

elevation and volume over time. The images were edited to time-lapse

videos to qualitatively describe the changes in bed elevation. The

time-lapse video for experiment S01 (Camera C) can be found at

Video S1. For images 1 min apart from each other, the line at the

upper edge of the bed was traced. Then, the lines were compared to

each other, and the area between the two lines was calculated. Inter-

vals of erosion and deposition were identified. The influence of the

plexiglass screen on the measurements was taken into account by

comparing the side-view images to the top-view images, where the

bed change was indicated by erosion pins. The measurements were

only considered when the bed elevation close to the plexiglass was

similar to the bed elevation on the other side of the test site where no

plexiglass screen was placed.

3 | RESULTS

The field experiments (Table 1) display results of the mobilization and

transport of different grain size fractions, ripple formation and migra-

tion, as well as alternating phases of erosion and deposition. However,

one of the experiments (M02) failed to produce any useful results, as

no appreciable sediment transport was observed at the tracer place-

ment site or the beach area around. Even though the maximum

measured wind speed was 11.2 m/s, the heavy rain event before and

the light rain event during the experiment prevented all grains from

moving.

3.1 | Mobilization and sediment transport of
different grain size fractions

3.1.1 | Experiments with separated sediment

The experiments with separated sediment of two grain-size frac-

tions placed as two stripes next to each other at the test site were

designed to validate the methodology with differently colored

grain-size fractions and automated color recognition. During moder-

ate wind conditions (S03), the amount of smaller, green grains that

traveled in a downwind direction and the distance they traveled

were larger than for the coarser red grains (Figure 7). This is repre-

sented by a relative increase of green pixels (i.e., fine grains) and

an almost constant amount of red pixels (i.e., coarse grains) over

time in the top-view camera images. This confirms the expectations

that smaller, lighter grains are easier to mobilize by the wind than

coarser grains. This indicates that for moderate wind conditions

the tracer method works as expected in aeolian beach

environments.

During higher wind conditions (S02), the placed tracer sand was

initially partly eroded and transported away (Figure 8a). However,

native sediment transported from upwind covered the remaining

tracer sand and prevented it from eroding. As a result, only two out of

the seven samples contained enough colored grains to include in the

F I GU R E 7 Analysis of GoPro top-view images during moderate
wind conditions (S03). (a) Amount of red or green pixels relative to all
pixels (12 megapixels) over time found in Camera B images. (b) Start
and end Camera B image with black dashed lines indicating 5 cm
scales. The smaller, green grains traveled farther than the larger, red

ones, and a larger amount of green grains was mobilized

F I G U R E 8 Analysis of the stitched microscope images during
high wind conditions (S02). a) Normalized amount of red or green
pixels relative to all colored (red and green) pixels and (b) total amount
of all colored (red and green) pixels relative to all pixels over time
found in the stitched images of the surface samples collected 0.5 m
downwind from the placement area. In five out of seven samples
(under the red 1% line), the total amount of colored pixels w.r.t. the
total amount of all pixels was too small to be considered in the

analysis
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analysis (Figure 8b) and the tracer color movement on the bed surface

was not visible in the top-view GoPro images. It is therefore not pos-

sible to trace the individual horizontal movement of the grain size

fractions in this experiment.

3.1.2 | Experiments with mixed sediment

A clear signal in transport variability for differently sized grains was

found for moderate wind speed (later referred to as Regime I) during

M03 and M04 (Figure 9). After the mixed tracer sand was

implemented, grains of all four fractions were exposed to the wind in

a similar way on a flat surface. Shortly after placement, grains of all

four fractions were found back in sediment samples at locations 0.5,

2, and 4 m away from the placement site (Figure 9). Over time, ripples

developed, and the amount of the smaller fractions decreased

(Figure 9a,c), while the amount of coarser grains stayed almost con-

stant (relative increase of red pixels in Figure 9a,c, while the absolute

number of colored pixels decreased; see Figure 9b,d). This was the

case for all three locations except for the 2 m location during M04,

where a slight decrease in the relative amount of red pixels over time

was found. For M04, no colored sediment was observed at a 4 m dis-

tance from the placement site. For M03, there were four out of

28 samples where not enough colored pixels were found for the sam-

ple to be considered in the analysis (threshold indicated by red line in

Figure 9b).

For higher wind conditions (later referred to as Regime II) during

M01, one part of the initially placed tracer sand was transported rela-

tively quickly in the downwind direction. The other part stayed at the

placement site but became covered with upwind sand, which

prevented the remaining tracer sand from eroding, similarly to what

was observed in S02.

3.2 | Ripple migration

For moderate wind conditions (later referred to as Regime I) during

M03 and M04, the formation and movement of ripples were observed

(Figure 10). Ripple wavelengths varied between 4 and 10 cm, with an

average length of 7 cm. For higher wind conditions (S01, S01, and

F I GU R E 9 Analysis of the stitched microscope images during moderate wind conditions (M03 and M04). (a) Normalized amount of red,
green, blue, or purple pixels relative to all colored (red, green, blue, and purple) pixels, and (b) total amount of all colored (red, green, blue, and
purple) pixels relative to all pixels over time found in the stitched images of surface samples during experiment M03. (c,d) The same, but during
M04. For samples under the red 1% line in (b) and (d), the total amount of colored pixels w.r.t. the total amount of all pixels was too small to be
considered in the analysis

F I GU R E 1 0 Example of ripple wavelengths and movement during moderate wind conditions (M04) observed from the top-view Camera A
images. (a) Ripple wavelengths (black arrows) 20 min after the placement of the tracer sand. (b) Movement of two individual ripple crests (black
arrows) within 4 min. The vertical black dashed lines indicate the position of the ripple crests at 15:42:00. (c) Movement of two individual ripple

crests (black arrows) within 8 min. The vertical black dashed lines indicate the position of the ripple crests at 15:42:00
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M01) and for wet sand conditions (M02), no ripples were observed at

the test site or the adjacent beach area.

Figure 11 shows the dimensionless ripple migration rates, ur=
ffiffiffiffiffi
gd

p
,

determined based on the top-view images from experiments M03 and

M04 as a function of the dimensionless wind shear velocity, u ∗ =u ∗ t.

The 31 observations of ur=
ffiffiffiffiffi
gd

p
and u ∗ =u ∗ t are 4min averages.

From linear regression analysis, a relationship where ur=
ffiffiffiffiffi
gd

p ¼
0:0051ðu ∗ =u ∗ t�1:49Þ with n¼31 and R2 ¼0:87 is found. The value

of 1.49 can be considered as a threshold value for ripple movement;

that is, when u ∗ =u ∗ t exceeds 1.49, ripple movement is initiated. For

dimensionless wind shear velocities above 2.1, which corresponds to

measured wind speeds above 8.2m/s at a height of 1.80m, the linear

approximation does not describe the observed variability well; several

observations lie outside the upper boundary of the 90% interval. Both

u ∗ and ur are scaled with
ffiffiffiffiffi
gd

p
(see Equation 4 and Figure 11), making

them no longer independent. This means that changing the grain

diameter will not change the trend line, but shifts the data points

along the ‘expected value’ line.

3.3 | Deposition and erosion of the bed surface
layer

Deposition and erosion of differently sized grains were observed in a

time sequence of the camera images from the top (e.g., Figure 12) and

side views. For the moderate wind conditions (later referred to as

Regime I) during M03 and M04, a thin layer of mixed colored sand

was initially eroded and transported in the downwind direction. The

colored sediment mixture separated and ripples formed. The coarser

red grains accumulated on the ripple crests, while the mix of finer

(blue, green, and purple) grains accumulated in the ripple troughs. The

colored sediment was slowly mixed with individual sand grains from

the upwind direction which were transported on the test site. Over

time, the placement site was covered by ripples propagating into the

site from the upwind direction, which inhibited erosion of the

remaining colored sand. From the top- and side-view images, patches

of tracer sand were visible underneath the incoming ripples of upwind

sand during the entire duration of both experiments. The vertical bed

elevation changes were in the range of the ripple heights, of the order

of a few millimeters.

For high wind conditions (later referred to as Regime II) in experi-

ments S01, M01, and S02, a small amount of colored sand was eroded

at the beginning of the experiments. After this initial erosion, native

sand from the upwind direction deposited on top of the placement

site, preventing the remaining colored sand from further movement.

The observed sediment transport was mostly supplied from upwind

source areas. The upwind sand cover on top of the tracer sand moved

up and down due to phases of erosion and deposition (indicated in

Figure 13 for S01), but the colored sand layer underneath was not re-

exposed once it was fully covered by upwind sand. From the digitized

side-view images during S01 (see Section 4), a total movement of the

upwind sand cover of 2 cm was observed. For the experiments M01

and S02, a similar magnitude of vertical movement was found from

erosion pins in the top-view images. The observed bed-level variabil-

ity was much larger than during moderate wind conditions, which was

in the range of millimeters.

The phases of erosion and deposition from experiment S01 are

compared to wind direction and speed (Figure 13). The wind was

blowing from WSW with an average direction of 256�. Fluctuations in

F I GU R E 1 1 Dimensionless ripple migration rates as a function of
dimensionless wind shear velocity (n¼31, R2 ¼0:87) during moderate
wind conditions (M03 and M04). The solid line indicates the expected
value from the regression model of all measurement points
ur=

ffiffiffiffiffi
gd

p ¼0:0051ðu ∗ =u ∗ t�1:49Þ� �
. The dashed lines indicate the

boundaries of the 90% confidence interval. For 10% of the
measurements, the dimensionless ripple speed ur=

ffiffiffiffiffi
gd

p
deviates more

than 0.0009 from the expected value

F I GU R E 1 2 Vertical sorting of grain size fractions observed from the top-view Camera A images during moderate wind conditions (M03 and
M04): coarser, red grains accumulated on the ripple crests, while a mix of finer, blue, green, and purple grains (which mix appears in the picture as
dark-gray areas) accumulated in the ripple troughs. Patches of tracer sand underneath incoming upwind sand ripples are visible during the entire

duration of both experiments, indicating a constant bed level
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wind direction were small, within a range from 240� to 269�, and are

therefore unlikely to influence the observed erosion and deposition

phases. The wind speed fluctuated around an average of 15.1 m/s,

with a maximum of 21.4 m/s and a minimum of 10 m/s. Theoretically,

deposition would be expected in phases of decreasing wind speed

and erosion during increasing wind speed. However, deposition was

only observed during one period of decreasing wind speed, from

16:05 to 16:10. In contrast, from 15:52 to 15:57, erosion was

observed during a period of decreasing wind speed. Performing linear

regression analysis for 1 min averages in volume change and wind

speed change results in a small coefficient of determination of

R2 ¼0:018. This indicates that alternating phases of erosion and

deposition of upwind sand were not directly correlated with gradients

in the local wind speed.

4 | DISCUSSION

This field study provides new information and insights on the sedi-

ment sorting processes in time and space, the observation of bedform

development during different wind speeds, the ripple migration speed,

and the interaction between bedform development and transport of

differently sized sediment. Here, these results are discussed in relation

to previous research and aeolian transport models through a proposed

conceptual model framework (Figure 14). The model framework aims

to describe different aeolian transport regimes on sandy beaches,

depending on wind forcing and grain size. Most sediment transport

and the interaction between wind flow and sand particles occur at

and near the sediment bed. In an effort to model aeolian sediment

transport in this area at and near the sediment bed, we define the

concept of an active bed surface layer (ABSL). The ABSL concept is

similar to existing active layer concepts used to model river

morphodynamics (e.g., Chavarrías et al., 2019; Hirano, 1971). We will

use the ABSL concept to interpret the collected data during the

fieldwork and we anticipate the use of the ABSL concept in future

numerical model schematizations. Such an ABSL would, for instance,

be compatible with the process-based model AeoLiS by Hoonhout

and de Vries (2016), which already uses different layers for the bed

discretizations.

4.1 | Definition of an active bed surface layer
(ABSL)

The definition of the ABSL is based on both our field observations

and literature. The ABSL includes the aeolian transport layer of

grains in the creep and saltation mode, and the mobile/erodible

bed described by its grain size and bedform characteristics. The

mobile bed as part of the ABSL allows to account for both bedload

transport and elevation changes due to erosion and deposition.

Within the ABSL, grains can move between the mobile bed and

the transport layer. In our experiments, we did not explicitly mea-

sure modes of transport, but only optically in the field and through

the videos.

The upper boundary of the ABSL is the height to which the

saltating particles can reach. The height of the aeolian saltation layer

has been found to be independent of variations in wind speed but can

be described as a function of the median particle diameter, d50

(Martin & Kok, 2017). Saltation heights are of the order of 150–200

times the d50—that is, of the order of centimeters for sand-sized

particles.

The lower boundary of the ABSL is at the boundary between

the dynamic and static bed. The static bed is defined as having no

changes in elevation or grain size characteristics during the time-

scale considered. Such a static bed was observed in all experiments

and has also been observed in previous studies of Dutch beaches

over the timescale of years (de Vries et al., 2015). The elevation of

the static bed is assumed to be controlled by physical properties,

such as grain size, surface moisture, and transport capacity. During

the experiments, the 3 cm thick tracer sand layer was never

completely eroded. Thus, for the prevailing conditions at the field

site, the dynamic bed thickness was estimated to be of the order of

centimeters.

4.2 | Sediment transport processes in the ABSL

Inspired by the work of Sherman et al. (2019) and Pye and Tsoar

(2009), two transport regimes (I and II) with different transport and

bedform characteristics are defined (Figure 14). The two regimes are

distinguished based on the dimensionless wind shear velocity, u ∗ =u ∗ t

(Sherman et al., 2019), incorporating both wind and sediment

characteristics.

Regime I is defined for 1 < u ∗ =u ∗ t ≤4 and Regime II for

u ∗ =u ∗ t >4, corresponding to moderate and high wind speeds, respec-

tively. The lower boundary of Regime I is the threshold velocity; when

u ∗ =u ∗ t ≤1, there is no sand transport in the ABSL. The boundary

between Regime I and II, u ∗ =u ∗ t ¼4, is based on bedform characteris-

tics. When the threshold wind shear velocity is about three to four

times the fluid threshold velocity, ripples disappear, and a planar sur-

face is formed (Pye & Tsoar, 2009). Experiments M02, M03, M04, and

F I GU R E 1 3 Wind direction and speed measured during high
wind conditions (S01) at a frequency of 0.5 Hz and at a height of
1.80 m, and 1 min averaged volume difference between observed
volume and initial volume at the placement site observed through the
plexiglass screen. During the red intervals (E) sediment was eroded
from the placement site, while during the green intervals (D) sediment
was deposited
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S03 are categorized as Regime I events, while M03, M04, and S03 are

Regime II events (Figure 15).

In Regime I most transport in the ABSL takes place in close con-

tact with the bed in the form of ripple movement, creep and saltation,

whereas in Regime II most transport in the ABSL takes place in the

form of saltation. It is assumed that the different transport character-

istics influence the magnitude of aeolian sediment transport and thus

require different modeling approaches.

4.2.1 | Regime I

The results of experiments with moderate wind speeds (M03, M04,

and S03) displayed the following characteristics associated with

Regime I: (1) ripples formed with coarser grains on the ripple crests

and smaller grains in the ripple troughs (see Figure 12); (2) ripples

propagated in downwind direction with a linear relationship between

dimensionless ripple propagation speed and dimensionless wind shear

velocity (see Figure 11); (3) once ripples had formed, the supply of

finer grains in the downwind direction decreased, while the supply of

coarser grains stayed constant (see Figure 9).

Bagnold (1941) was one of the first who explained the formation

of aeolian ripples due to the instability of a flat bed. From observa-

tions, he found that a flat sand surface must become unstable when

sand grains saltate, since the saltation impacts are higher on the wind-

ward than on the leeward slopes of any small deformations of the bed

surface. This explanation remains the basis of modern understanding

of the initial stage of flat surface instability (Manukyan &

Prigozhin, 2009). The subsequent formation of ripples and vertical

sorting can be explained by the different transport trajectories of

coarse and fine grains (Anderson & Bunas, 1993; Bagnold, 1941;

Durán et al., 2011; Wang et al.2019). Smaller grains tend to saltate

over the crest and reach the trough, or beyond it, before coming to

rest, whereas the larger grains tend to stop at the crests immediately

(Bagnold, 1941).

The observed ripple migration rates are similar to observations in

previous studies. Sherman et al. (2019) compared observations from

their field studies (Jericoacoara, Brazil, 2008, and Oceano, California,

F I GU R E 1 4 Schematic definition of the active bed surface layer (ABSL) modeling framework. The ABSL is defined by the red square.
Transport processes are described for two regimes determined by wind speed and grain size characteristics. (a) Regime I: On top of a static bed
(gray), ripples form as part of the ABSL with coarse grains (brown) at the ripple crests and finer grains (beige) in the ripple troughs. The ripples of
height hr move with a speed ur . The supply of bed sediment for saltation is likely to be limited, causing the actual transport of Regime I, qI, to be
smaller than the sediment transport capacity by wind, qcap. The vertical fluxes of erosion, E, and deposition, D, are assumed to be small.
(b) Regime II: On top of a static bed (gray), upwind sediment temporarily deposits, D, and erodes, E, causing the mobile bed of the ABSL to move
up and down in the order of centimeters. Above the mobile bed layer, both fine (beige) and coarse (brown) grains move mainly in saltation.
Sediment transport of Regime II, qII , can be smaller than or equal to the sediment transport capacity by wind, qcap

F I G U R E 1 5 Regime classification based on median grain size and
wind shear velocity. The striped gray area underneath the u ∗ ¼ u ∗ t

line corresponds to no transport in the ABSL, the area between the
u ∗ ¼ u ∗ t and u ∗ ¼4u ∗ t line corresponds to Regime I, and the area
above the u ∗ ¼4u ∗ t line corresponds to Regime II. The colored dots
indicate in which regime the experiments M01–M04 and S01–S03 lie.
The regime classification is meant for sandy beaches and is thus not
valid for beaches with mainly mud-sized particles (brown area on the
left)
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2015) to ripple migrations by Sharp (1963) and Andreotti et al. (2006).

They also found a linear relationship between dimensionless shear

velocity and ripple speed, where ur=
ffiffiffiffiffi
gd

p ¼0:0040ðu ∗ =u ∗ t�0:65Þ
with n¼161 and R2 ¼0:63 (Sherman et al., 2019). Performing linear

regression analysis for all data results in a relationship where

ur=
ffiffiffiffiffi
gd

p ¼0:0039ðu ∗ =u ∗ t�0:72Þ with n¼192 and R2 ¼0:59

(Figure 16). The threshold value for ripple movement for all data (0.72)

is smaller compared to our data (1.49), which may be due to different

environmental conditions during the experiments (e.g., temperature,

beach slope, wind direction w.r.t. coastal orientation). Ripple move-

ment speeds might be higher for warmer temperatures due to a likely

smaller moisture content of the surface sands. Furthermore, ripple

movement might also be faster for ripples traveling up mildly sloped

beaches due to smaller gravity forces. The wind direction w.r.t. the

beach orientation influences whether ripples travel up or down beach

slopes: Ripples are likely to travel faster down beach slopes than up

due to gravity. The wind direction w.r.t. the beach orientation also

influences the fetch length and therefore the amount of saltating par-

ticles. Ripples might travel faster if a long fetch is available

(e.g., alongshore winds) and thus more particles are saltating, which

can cause further movement due to their impact/collision with parti-

cles on the ground. Compared to the other field observations, our rip-

ple migration rates are consistently slower for the same dimensionless

shear velocity.

To the best of our knowledge, the observed decrease of transport

of the finer fractions after ripples formed (see Figure 9) has not previ-

ously been observed in the context of aeolian sediment transport. We

hypothesize that the formation of ripples and the associated sediment

sorting cause an armoring of the bed, which reduces sediment supply.

The explaining mechanism could be that the asymmetric shape of aeo-

lian ripples results in more impacts of saltating grains on the mildly

sloped upwind side of the ripples than on the steeply sloped lee side

(Bagnold, 1941; Kok et al., 2012; Sharp, 1963). Each collision of a

saltating grain with the bed surface may result in the ejection of many

creeping particles. At the upwind side of the ripples, which contains

the crest, mainly coarser grains were found (see Figures 10 and 12).

These coarser grains at the less steep upwind side of the ripples are

highly impacted by saltating grains, which causes them to be set in

motion and mainly be transported through creep in near-continuous

contact with the sand bed. At the lee side of the ripples, which con-

tains the trough, mainly finer grains were found (see Figures 10 and

12). These finer grains at the steep lee side of the ripples are less likely

to be impacted by saltating grains, causing them to be sheltered and

only occasionally start moving. This means that less sediment is sup-

plied from the moving bed into the creep/saltation layer compared to

a situation with a well-mixed, flat bed (Regime II).

For Regime I, sediment in the ABSL is partly transported as

bedload in the form of ripples, qr , with the ripple velocity, ur , and

height, hr , and partly in the form of saltation, qs. Further, it was

observed that some individual grains moved as creep across ripple

surfaces, qc, faster than the ripple migration. Then, the total sediment

flux for Regime I, qI, is expressed through

qI ¼ qr þqsþqc: ð5Þ

During experiments M03 and M04, no significant bed-level

changes were observed. Thus it is assumed that all sediment entering

the ABSL from the upwind direction leaves the ABSL in the downwind

direction.

The mass of sand transported by ripple movement, qr , can be esti-

mated according to Jerolmack et al. (2006):

qr ¼ð1�pÞρsur
hr
2
, ð6Þ

where p is porosity of the bed. Assuming that variations in p, ρs, and

hr are small, the magnitude of ripple sediment transport depends on

the ripple speed only. Thus the linear relationship between wind

speed and ripple speed (Figure 11) can then be used for sediment

transport predictions if the wind speed is known.

The saltation and creep sediment fluxes qs and qc can be esti-

mated by relating ripple transport rates to total sand transport rates

(Sherman et al., 2019), who found that qr=qI increases weakly with

shear velocity, indicating that the proportion of qr relative to the total

sediment transport qI is nearly constant. Defining X¼ qr=qI, the total

sand transport rates can be related to ripple migration rates:

qI ¼
1
X
qr ¼

1
X
ð1�pÞρsur

hr
2
: ð7Þ

Sherman et al. (2019) found that the proportion of ripple trans-

port relative to the total transport averages X¼0:036 (standard devi-

ation = 0.023). In this study, no sediment fluxes were directly

measured. In future studies, it would be useful to design experiments

that measure both sediment fluxes and ripple migration speeds to fur-

ther investigate the proposed relationship.

F I GU R E 1 6 Dimensionless migration rates as a function of dimensionless shear velocity ðn¼192,R2 ¼0:59Þ. The solid line indicates the
expected value from the regression model of all measurement points ur=

ffiffiffiffiffi
gd

p ¼0:0039ðu ∗ =u ∗ t�0:72Þ� �
. The dashed lines indicate the

boundaries of the 90% confidence interval. For 10% of the measurements, the dimensionless ripple speed ur=
ffiffiffiffiffi
gd

p
deviates more than 0.00356

from the expected value
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Generally, for supply-limited situations, the actual sediment trans-

port is smaller than the theoretical sediment transport capacity by

wind, qcap (Equation 1). Upscaling ripple sediment transport rates, qr ,

to total sediment transport rates, qI, by using a constant factor, X,

would imply that sediment transport is linearly proportional to wind

speed. A linear relationship between wind speed and total transport

rates during supply-limited conditions is supported by previous

research by de Vries et al. (2014).

4.2.2 | Regime II

The results of experiments S01, M01, and S02 displayed the following

characteristics associated with Regime II: (1) no ripples were present;

(2) different grain size fractions did not show distinct differences in

transport rates (see Figure 7); (3) alternating phases of erosion and

deposition of upwind sand were not directly correlated with gradients

in the local wind speed (see Figure 13); (4) eroded and deposited vol-

umes were of the same order of magnitude, so that the net bed level

did not change over the course of the experiments (see Figure 13).

The absence of ripples in Regime II can be explained by the

coarser sediment at the ripple crest observed in Regime I being

brought into saltation (Pye & Tsoar, 2009). When the ripples lengthen

and flatten out, the armor layer disintegrates, and previously sheltered

particles become available for sediment transport. Consequently, no

grain size-induced supply limitations are present, and the dominant

sediment transport mode is simultaneous saltation of finer and

coarser grains. However, the sediment in the static bed might be sup-

ply limited due to other factors, such as moisture.

Aeolian sediment transport models typically relate transport and

bed-level changes to changes in wind speed (e.g., Kroy et al., 2002;

Sauermann et al., 2001; Werner, 1990). However, in the Regime II

experiments, the alternating phases of erosion and deposition could

not be directly related to the local wind speed. The transported sedi-

ment, originating from an upwind sediment source, appeared to be

deposited on a static bed. Previous research observed similar behavior

and related temporal variations in sediment transport fluxes not only

to temporal changes in wind speed, but also to temporal changes in

upwind sediment supply (de Vries et al., 2013, 2014). Temporal varia-

tions in upwind sediment supply can, for example, occur due to the

interaction between marine and aeolian processes in the intertidal

zone. In order to simulate bed-level changes in the area between the

intertidal zone and the dune toe, temporal changes of upwind sedi-

ment supply next to temporal variations in wind-driven transport

capacity should be taken into account. The area between the inter-

tidal zone and the dune toe then functions as a pathway for sediment

from upwind sources and undergoes bed-level fluctuations above the

static bed in alternating phases of erosion and deposition.

The phases of erosion and deposition can be explained using an

Exner (1920)-style approach by a sediment balance of the ABSL. In

case qin < qout sediment erodes from the active bed (E�D>0) and in

case qin > qout sediment accretes (E�D<0). For qin ¼ qout the bed is

constant. Temporary deposition occurs when the transport capacity

by wind is reached, qII ¼ qcap. The transport capacity can be estimated

by a third power relationship to the wind speed—for example, the

Bagnold equation (Equation 1). Temporary erosion occurs when

qII < qcap. Additional sediment is then added to the saltation/creep

layer from the mobile bed. To account for spatiotemporal variations in

wind speed and supply limitations, both the transport capacity

(Equation 1) and the upwind sediment supply should be taken into

account. A process-based area model such as AeoLiS (Hoonhout & de

Vries, 2016), simulating spatiotemporal variations in bed surface prop-

erties and sediment availability, could be adopted for this purpose.

4.3 | Outlook for the application of the ABSL

We explored the concept of an ABSL that can support aeolian sedi-

ment transport modeling efforts, including the effects of wind speed,

sediment supply, and bed characteristics such as grain size and

bedforms. The conceptual model framework is based on our observa-

tions of sediment transport and sorting in the interaction zone

between the bed and the moving air. The conceptual model frame-

work differentiates between two regimes for different transport char-

acteristics and proposes different modeling approaches for these two

regimes to estimate aeolian sediment transport rates in coastal envi-

ronments. The two regimes are defined based on the dimensionless

wind shear velocity, u ∗ =u ∗ t, which allows for comparison of results

from other research studies and enables new empirical findings to be

placed in a context.

The proposed concepts are mainly based on observations from

one beach—Noordwijk in the Netherlands—and only from the

supratidal area. Future work should focus on investigating the trans-

ferability of these results to other beach environments and expanding

the conceptual model by introducing limiting factors, such as mois-

ture. Moisture may influence both the threshold for transport, but

also bed characteristics. Nield et al. (2011) found that, after rainfall,

adhesion structures developed that were much larger than ripples.

Due to their different dimensions, they might influence aeolian sedi-

ment transport differently from ripples and be described as an addi-

tional transport regime.

Existing numerical area models—for example those by Hoonhout

and de Vries (2016) and Durán and Moore (2013)—do not yet

account for complex interactions between the sediment bed and the

wind. The ABSL framework could be introduced in these models to

account for the supply-limiting effects of bedforms. The ABSL can

also be applied to prevent the simulation of unrealistic erosion pat-

terns by introducing the static bed concept. However, for this pur-

pose, a quantitative description of the static bed would be required.

Future research could investigate the feasibility of hydrodynamic

concepts that define a vertical limit to bed movement based on

physical or modeling considerations in the aeolian environment,

such as the concept of depth of disturbance (DoD) (King, 1951)

or sediment layers with source–sink exchange (SILKE)

(Chavarrías et al. 2019).

The tracer study is a promising method to investigate sorting pro-

cesses and increase the knowledge base for the ABSL. However, the

experimental setup used for this tracer study is not feasible for esti-

mates of sediment fluxes. Future tracer field studies can benefit from

combining qualitative tracer observation with quantitative flux mea-

surements. However, aeolian process measurements generally lack a

standardized method to compare measurements from one study to

another (Barchyn et al., 2011). The most common methods to mea-

sure aeolian sediment transport are sediment traps, saltiphones, and
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laser sensors (van Rijn, 2019), which are all point measurement

methods. The introduction of standardized methods for some of these

point measurement instruments has, for example, been addressed by

Ellis et al. (2009) by providing a protocol for the use of sediment traps.

However, no method for measuring aeolian sediment fluxes is widely

applied and accepted in the aeolian community yet. Future research

should focus on collecting more comparable data by adopting the

methods to the standardized protocol. Additionally, more standard-

ized protocols for different aeolian sediment transport measurement

methods should be established to overcome comparison problems

between different studies and to allow a more quantitative interpreta-

tion of measurement results.

5 | CONCLUSIONS

A set of field experiments with tracers was carried out on the

supratidal beach at Noordwijk, the Netherlands, to improve our

understanding of aeolian grain-size-selective transport on beaches.

The novel field study technique using colored grain size fractions and

automated pixel-color recognition resulted in several observations of

sorting, bedform, and transport processes. During moderate wind con-

ditions, the tracer sand interacted with the sediment entering the test

site from the upwind direction, forming aeolian ripples with coarser

grains on the ripple crests and finer grains in the ripple troughs. Once

the ripples formed, the supply of finer tracer grains in the downwind

direction decreased over time, while the supply of coarser grains

remained constant. A linear relationship between dimensionless ripple

propagation speed and dimensionless wind shear velocity was found.

For higher wind velocities, no ripples or differences in transport of dif-

ferent grain sizes in downwind direction were observed. Temporally-

varying phases of erosion and deposition of up to 2 cm upwind sand

were observed, which could not be related to local gradients in wind

speed.

The observations were translated into a conceptual framework

for modeling aeolian transport, erosion, and deposition at the bed sur-

face through the concept of an active bed surface layer (ABSL). The

most important characteristics of the ABSL are explained for two

transport regimes corresponding to moderate (I) and high (II) wind

speeds. The dimensionless wind shear velocity, defined as the ratio of

wind shear velocity, u ∗ , over wind shear threshold velocity, u ∗ t, is

used to distinguish between the regimes. The two regimes can be dis-

tinguished based on their different characteristics.

In Regime I (1 < u ∗ =u ∗ t ≤4), ripples form as part of the ABSL.

Sediment is sorted with coarser grains at the ripple crests and finer

grains in the ripple troughs. The sorting and partly sheltering of the

finer sediment limit the supply of sediment from the bed. Sediment is

partly transported as bedload in the form of ripples, which scales lin-

early with wind speed, and partly transported above the bed in the

form of creep and saltation. We propose to upscale the linear rela-

tionship between ripple transport and wind speed to make total sedi-

ment transport predictions for Regime I by using a constant value for

the proportion of ripple transport compared to total transport

according to Sherman et al. (2019). This would mean that total sedi-

ment transport is linearly proportional to wind speed, which is less

strong than a third power relationship for aeolian sediment transport

capacity.

In Regime II (u ∗ =u ∗ t >4), the dynamics of the ABSL are mainly

influenced by the supply of upwind sediment and spatiotemporal vari-

ations in wind speed. Possibly, temporally varying gradients in upwind

sediment supply and wind speed result in temporal phases of erosion

and deposition. A third power relationship between sediment trans-

port and wind speed in combination with a process-based model that

accounts for supply limitations seems suitable for making aeolian sedi-

ment transport predictions for Regime II. The time average of the

eroding and accreting phases seems to be very small, which indicates

that the considered beach area functions as a pathway for sediment

eroded from upwind areas rather than as a source for aeolian sedi-

ment itself.

The ABSL concept helps to better quantify aeolian sediment

transport by focusing on the most important processes in the ABSL

and by using different transport regimes for different wind speeds.

We therefore anticipate the use of the ABSL concept in future numer-

ical model schematizations.
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