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Abstract

In sandy beach systems, the aeolian sediment transport can be governed by the verti-

cal structure of the sediment layers at the bed surface. Here, data collected with a

newly developed sand scraper is presented to determine high-resolution vertical

grain size variability and how it is affected by marine and aeolian processes. Sediment

samples at up to 2 mm vertical resolution down to 50 mm depth were collected at

three beaches: Waldport (Oregon, USA), Noordwijk (the Netherlands) and Duck

(North Carolina, USA). The results revealed that the grain size in individual layers can

differ considerably from the median grain size of the total sample. The most distinct

temporal variability occurred due to marine processes that resulted in significant

morphological changes in the intertidal zone. The marine processes during high water

resulted both in fining and coarsening of the surface sediment. Especially near the

upper limit of wave runup, the formation of a veneer of coarse sediment was

observed. Although the expected coarsening of the near-surface grain size during

aeolian transport events was observed at times, the opposite trend also occurred.

The latter could be explained by the formation and propagation of aeolian bedforms

within the intertidal zone locally resulting in sediment fining at the bed surface. The

presented data lays the basis for future sediment sampling strategies and sediment

transport models that investigate the feedbacks between marine and aeolian

transport, and the vertical variability of the grain size distribution.

K E YWORD S

aeolian, coastal geomorphology, coastal processes, grain size, intertidal beach, sediment
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1 | INTRODUCTION

Aeolian sediment transport rates and threshold velocities depend on

the grain size composition of the bed (Bagnold, 1937b). Meanwhile,

aeolian transport alters the composition of the bed surface through

grain size-selective pickup and deposition (Bagnold, 1937a;

Bauer, 1991), and underlying sediment layers may be exposed through

erosion. When underlying sediment is exposed, aeolian transport rates

depend not only on the grain size composition of the uppermost sur-

face layer (< 2 mm) but on the vertical variability in grain size

distribution of the bed. In the intertidal zone, the grain size composi-

tion is influenced by both aeolian and marine processes (Figure 1) as

wave and tide induced currents erode and deposit sediment and

rework the bed (Reniers et al., 2013; Srisuwan & Work, 2015). Since

the intertidal zone can be an important sediment source for aeolian

transport (de Vries et al., 2014), the resulting grain size composition

and vertical stratigraphy could impact total transport rates from the

beach towards the dunes. This study analyses the temporal and spatial

grain size variability of millimeter-thick vertical layers of the intertidal

bed using a new sediment sampling device.
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During aeolian sediment transport, the grain size distribution at

the sediment surface can change as the wind selectively picks up

grains from the surface. Wind-blown sand deposits are generally

dominated by sediments with a grain size between 150 and

300 μm, with some grains as fine as 80 μm (Bagnold, 1941). The

sediment in the source areas is typically less well-sorted with larger

fractions of coarser elements (Bagnold, 1937a; Bauer, 1991). At the

bed surface where the wind-blown sediment originates, an increase

in the grain size can be expected when the finer grains are

removed. This increase in grain size was observed by Field and

Pelletier (2018) in an arid dune field. On a beach in Duck, North

Carolina, USA, Cohn et al. (2022) similarly observed a gradual coars-

ening within the saltation layer at a sub-hourly timescale despite

decreasing wind speeds, which may indicate an increase in grain size

at the bed surface. Coarsening of the bed can result in armoring

effects that reduce the aeolian transport rates because the coarse

particles cannot be moved by the wind. For example, Strypsteen

et al. (2021) observed that a coarse armor layer on Texel, the

Netherlands, was immobile for wind speeds up to 15 m/s.

The potential for sediment transport by marine processes is

expected to be larger, as marine processes are typically a more

powerful driver of sediment transport than aeolian processes

(e.g., de Vries et al., 2014; Hoonhout & de Vries, 2017; Van der

Wal, 2000). Marine processes that can affect the grain size

layering in the intertidal area are, for instance, sediment overturning

and mixing by waves, (tidal) currents, swash and backwash

(e.g., Jackson & Nordstrom, 1993; Masselink & Puleo, 2006). Gener-

ally, it is thought that the depth of mixing is larger in the lower

parts of the intertidal zone, coincident with larger wave dissipation

(Anfuso, 2005; Jackson & Nordstrom, 1993; Sherman et al., 1993;

Voulgaris & Collins, 2000). Apart from sediment mixing, the

removal and supply of sediment through advection can affect

spatio-temporal grain size variations (Aagaard & Greenwood, 2008;

Jackson et al., 2004; Osborne & Rooker, 1999). Erosion can expose

sediment layers with distinctly different grain sizes (Gallagher

et al., 2016). Bedform (e.g., bar, berm, rip channels) migration can

cause mixing (Sherman et al., 1993). Additionally, cross-shore

variations in grain size are caused by these morphological features

so they can cause changes in grain size when they migrate

(e.g., Gallagher et al., 2011; Medina et al., 1994; Sonu, 1972; Van

der Zanden et al., 2017).

The multitude and complexity of marine processes in the inter-

tidal zone make it difficult to predict the resulting grain size distri-

bution and stratigraphy after inundation due to, for example, high

tide, storm surge, wave setup, and swash. Several field studies have

shown a cross-shore gradient in grain size across the intertidal zone

(Bauer, 1991; Çeliko�glu et al., 2006; Edwards, 2001; Sonu, 1972;

Stauble & Cialone, 1997). Additionally, several model studies have

shown that marine processes may result in a vertical variability in

the grain size distribution (Reniers et al., 2013; Srisuwan &

Work, 2015). Gallagher et al. (2016) observed this type of variability

on the decimeter- to meter-scale in the field. However, from the

perspective of aeolian transport, vertical scales of millimeter up to

centimeter are of interest. Field data on the vertical grain size vari-

ability at the sub-centimeter scale within the intertidal zone could

provide insight into the influence of the interplay between marine

and aeolian processes on the bed composition and sediment supply

for aeolian transport.

Several methods and sampling techniques are available for grain

size analysis in coastal environments. Surface photographs (Barnard

et al., 2007; Buscombe et al., 2010; Rubin, 2004) can be used to

study the top of the bed surface. Trenching (Gallagher et al., 2016),

sand peels (Yasso & Hartman, 1972; Yokokawa & Masuda, 1991),

and sediment coring (Gallagher et al., 2016; Gunaratna et al., 2019)

can be used to study larger scale (vertical) patterns in grain size.

Another method is surface grab sampling (or bulk sampling), in

which typically the top 5–10 cm of the bed surface is collected

(Gallagher et al., 2011; Hallin et al., 2019; Huisman et al., 2016;

Masselink et al., 2007; Medina et al., 1994; Prodger et al., 2017;

Reniers et al., 2013; Stauble & Cialone, 1997). Combinations of

these methods are possible, for instance, as shown by Gallagher

et al., 2016, who used sediment coring, a digital imaging system

(similar to surface photographs) and trenching. However, none of

these methods have shown to facilitate feasible sub-centimeter

detailed sampling of the vertical grain size variability in the

intertidal zone.

In this study, a new sand scraper method is introduced that

allows for measurements of vertical variability of grain size distribu-

tion with a resolution of 2 mm down to 50 mm depth. The sand

scraper is used to collect samples from three different beaches in

Waldport (Oregon, USA), Noordwijk (the Netherlands) and Duck

(North Carolina, USA). For these three case studies, it is investigated

(1) whether near-surface sediment layers differ in grain size from

the median grain size derived from bulk sampling, (2) the effect of

aeolian sediment transport on vertical grain size layering, and (3) the

effect of marine processes on vertical grain size layering at the

intratidal timescale.

F I GU R E 1 Marine and aeolian processes overlap in the intertidal
zone between the most seaward location that becomes exposed and
the most landward location that becomes inundated. Note that these
boundaries vary in time and space depending on beach morphology,
tides, waves and runup. When considering the vertical variability of
the grain size distribution, marine and aeolian processes could, for
example, have the following effects: (a) aeolian transport may cause

coarsening of the upper layer of the surface due to selective pickup
by the wind during low tide; (b) marine processes may cause
homogenization of the vertical grain size layering due to mixing
occurring during high tide, which results in an increase of fine
particles near the surface. It should be noted that the schematized
effects of the marine and aeolian processes in this figure are only
examples, and that other effects also can occur.
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This article presents the methodology and sampling strategy used

to obtain the vertical variability of the grain size distribution

(Section 2). Additionally, the collected data per field site are

shown, including samples that were collected to provide insight into

the repeatability of the sampling method, the presence of bedforms

and the occurrence of spatial variability (Section 3). Following, the

spatio-temporal trends in grain size due to both marine and aeolian

processes, the advantages and disadvantages of the sand scraper sam-

pling method, and the implications for sediment availability and future

research are discussed (Section 4).

2 | METHODOLOGY

2.1 | Field sites

This study was conducted by collecting sediment samples showing

the vertical variability of the grain size distribution in Waldport

(Oregon, USA), Noordwijk (the Netherlands) and Duck (North Caro-

lina, USA) (Figure 2). The three beaches have different hydrodynamic

and morphological characteristics (Table 1). Beach widths above mean

sea level range from less than 50 m in Duck to 200 m in Waldport.

F I GU R E 2 Locations where vertical grain size distributions were collected in the United States (Waldport, Oregon and Duck, North Carolina)
and the Netherlands (Noordwijk). The numbers in the maps correspond to those of the photographs. Pictures 1 and 2 were mirrored horizontally
to aid comparison between locations. Photographs: Christa van IJzendoorn

T AB L E 1 Overview of morphological and marine characteristics of field sites in Waldport (Oregon, USA), Noordwijk (the Netherlands) and
Duck (North Carolina, USA)

Waldport Noordwijk Duck

Sampling location N 44�26013.500 , W 124�505.100 N 52�14031.900 , E 4�25029.500 N 36�1105.200 , W 75�4506.300

Beach slope 1:40a 1:30 1:15g

Beach width (m) 200a 100–150 <50

Tidal range (m) 1.5–2b 1.4e 1.0

Springtide range (m) 3–4b 1.8e 1.5

Mean wave height (m) 1.5c (summer) 1 1

Storm wave height (m) 10b 5 6h

Expected grain size (D50) (μm) 200–250d 250–300f 300 (with coarser present)i

aBased on beach data available through http://nvs.nanoos.org/.
bRuggiero et al., 2010.
cTillotson & Komar, 1997.
dTwenhofel, 1946.
eOjeda et al., 2008.
fvan Bemmelen, 1988.
gDoran et al., 2015.
hLarson & Kraus, 1994.
iGallagher et al., 2016.
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Compared to the other beaches, Waldport has a larger spring tide

range and the highest storm waves. The beach in Duck is distinct from

the others because it is intermediate (compared to dissipative), micro-

tidal, and mixed grained. Additionally, the lower beach morphology in

Noordwijk and Waldport are dominated by the presence of intertidal

bars, while the beach in Duck has a pronounced berm. The expected

median grain size for the different sites ranges from 200 to 250 μm in

Waldport to > 300 μm in Duck.

2.2 | Sediment sample collection and analysis

A new instrument has been developed to measure the vertical grain

size variability at the appropriate scales of interest to sediment avail-

ability for aeolian sediment transport (Figure 3). The custom-made

sand scraper was inspired by a surface sediment sampler presented by

Wiggs et al. (2004). The sand scraper consists of a base plate (59 cm

� 40 cm) and a sand scraper mechanism (32 cm � 16 cm � 28 cm,

Figure 3a). The base plate can be placed on the beach surface and the

sand scraper mechanism is then inserted through the base plate into

the sand. A dialing mechanism with depth bars that is attached to the

base plate determines how deep the sand scraper mechanism is

inserted into the sand (Figure 3a). The sediment can be scraped off

from the beach surface in precise layers of 2 mm down to 50 mm

depth (Figure 3b).

The base plate and sand scraper mechanism were constructed

out of sheets of stainless steel, and they can fit into a shipping box of

60 cm � 40 cm � 40 cm when disassembled. Together, these ele-

ments weigh a total of 8.5 kg. Thus, one person can handle the device

but for extended walking distances the use of a hand cart for trans-

portation is recommended. The main costs of device construction for

this research were labor costs associated with the design and testing

of the device. The costs of reproduction will depend on hourly labor

costs and the production facilities available. In case of a well-equipped

workshop with a water jet cutter and spot-welding capabilities at its

disposal, production time and cost might be limited to one work week.

More information on the design of the sand scraper is available in the

4TU repository (10.4121/c.5736047).

The scraper was designed for sampling of flat beds within the

intertidal area. The device can be used on irregular surfaces but the

layered sampling will then be less accurate, especially at the top layer.

The maximum sampling depth of 50 mm was chosen to reflect the

upper portion of the bed that determines sediment supply for aeolian

transport. Thus, it is not expected that the device can fully measure

mixing effects that occur due to marine processes as these often have

a sediment disturbance that is deeper than 50 mm (Anfuso, 2005;

Voulgaris & Collins, 2000). The 2 mm vertical increment was chosen

to be only a (few) grain diameter(s) thick to assess micro-scale changes

not achievable with conventional grab sampling.

The scraper has a 16 cm radius (0.04 m2 surface) so that a

2 mm sampling layer, results in a big enough sample for sieving, that

is, approximately 150 g. Depending on the required application

needs, multiple 2 mm samples can be combined into one bigger

sample to reduce the layering resolution. For this research, a more

detailed layering resolution was chosen near the surface (i.e., layers

of 2 and 4 mm) compared to deeper in the bed (i.e., layers of

6 mm). In total, 10 samples per sampling location were collected

when sampling down to 50 mm depth. The sample collection with

the sand scraper requires removal of sediment. Therefore, when

following the development of the bed through time, consecutive

measurements at the same sampling location need to be completed

at an adjacent location (< 3 m).

The samples collected with the sand scraper were oven-dried and

then analyzed to determine their grain size distribution (Figure 4). The

grain sizes of the samples from Noordwijk were determined by dry

sieving with 10 sieve screens ranging from 63 μm to 3350 μm, based

on BS1377-2 (1990). The grain sizes of the samples from Waldport

and Duck were determined using a Camsizer (Retsch Technology,

Haan, Germany). The grain size range of the Camsizer was set

between 20 and 2000 μm and divided into 200 bins.

From the obtained grain size distributions, various grain size char-

acteristics were determined. First, the median grain size, D50 was

determined per layer as an indication of the primary grain size charac-

teristics at each site, location and depth. Second, the D16, D25, D75,

and D84 quantiles were calculated to assess the width of the distribu-

tion and the corresponding contributions of the finer and coarser par-

ticles within each sample. Third, the weighted average median grain

size of all layers in a cross-section, ø50, was calculated. This value can

be seen as a representation of the D50 that would have been found if

a bulk sample was collected.

F I GU R E 3 Overview of sampling with the sand scraper. (a) The
dialing mechanism on the base plate that is used to set the depth at
which a sample is collected with the sand scraper mechanism. (b) The
sand scraper in use on the beach, surrounded by the top plate,
sampling bags, a brush and a small shovel that are used to collect the
sand samples. This photograph is a still of a video that is published in
the 4TU repository as video 1.mp4 (10.4121/c.5736047). The video
shows how one layer can be collected in a sample bag. Subsequently,
the dialing mechanism can be used to increase the sampling depth,
then, the sand scraper mechanism can be pressed deeper into the
sand and the layer collection can be repeated with a new

sampling bag.

4 VAN IJZENDOORN ET AL.
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The results are presented in color-coded boxplots. Figure 5 illus-

trates three example results based on synthetic data as a guide to

interpreting the results. Figure 5(a) shows an example where the grain

size is larger near the surface (2 mm bin) than the grain size sampled

at larger depths (e.g., 50 mm depth). When there is a gradual change

in grain size between this relatively coarse surface sample and rela-

tively fine deeper sample, this is henceforth referred to as a fining

downward gradient. Conversely, the opposite trend in which there is

a gradual increase in grain size from the surface to deeper depths,

such as shown in Figure 5(b), is referred to as a coarsening downward

gradient. Not all trends shown in the data are gradual. Boundaries,

where there are large jumps in grain size, are also noted, as shown in

the example in Figure 5(c) at 20 mm depth. The examples provided in

Figure 5 also show how increased vertical resolution could aid in

studying the sediment availability at the bed surface. For instance,

Figure 5(b,c) have a similar ø50 but in Figure 5(b) fine sediment is avail-

able at the surface, whereas coarse sediment is present at the surface

in Figure 5(c) which impedes aeolian sediment transport.

2.3 | Sampling strategy

The influence of marine processes and aeolian transport on the verti-

cal grain size variability was studied by repeating the sand scraper

sampling at specific times during the tidal cycle (Figure 6). To study

the effect of marine processes on the observed grain sizes, samples

were collected right before high water (B-HW) and after high water

(A-HW), thus, excluding contributions from aeolian transport. To

study the bed surface after aeolian transport, samples were collected

right after high water and right before high water (after aeolian trans-

port [A-AT]), thereby excluding marine processes. Preferably, mea-

surements were executed during consecutive low and high waters to

link the effects of the marine and the aeolian processes. However, in

some instances, the environmental conditions only allowed sample

collection around a single high water or a single aeolian transport

event. In most cases, the limiting factor was the occurrence of aeolian

transport during low water.

Several studies have shown that beaches show a cross-shore gra-

dient in grain size (e.g., Çeliko�glu et al., 2006; Stauble &

Cialone, 1997), and spatial variations in aeolian transport can occur in

the intertidal area related to spatial patterns in moisture content

(e.g., Davidson-Arnott et al., 2008) and the fetch effect (e.g., Delgado-

Fernandez, 2010). To take these spatial variations into account, three

locations throughout the intertidal zone were sampled during each

field experiment.

The exact sampling locations in the intertidal zone were deter-

mined by the extent of the swash/tide excursion during the high

water and extent of the area affected by aeolian transport. The most

seaward sampling location should not be too close to the low water

line as there is no transport expected due to the high moisture con-

tent and, with onshore directed wind, due to the fetch effect.

F I GU R E 5 Synthetic data used to show examples of vertical variability in the grain size distribution. Colors indicate the median grain size.
Box plot dimensions are based on the D25 and D75, and the extent of the whiskers on the D16 and D84. For each vertical grain size distribution,
the ø50 is included. (a) A fining downward gradient, (b) a coarsening downward gradient with widening distribution with depth and (c) coarser

sediment on top of finer sediment, with a boundary at 20 mm depth, which is emphasized with the gray dashed line.

F I GU R E 4 Representative grain size distributions for the three
different field sites (Waldport, Noordwijk, and Duck). The Waldport
and Duck graphs were determined based on 200 grain size bins for
which the volume weighted percentage was determined by a
Camsizer. The Noordwijk graph was based on sieve analysis, so the
weight percentage per sieve size (indicated by the green diamonds) is
shown on the right y-axis. When assuming that the particle density is
constant, the particle size distribution based on volume and mass are
the same, allowing for comparison between the different graphs.

VAN IJZENDOORN ET AL. 5
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Additionally, the most landward sampling location should be at a low

enough elevation to be impacted during high water. Wind predictions,

water level predictions, measurements of the maximum runup during

the preceeding high tide and visual cues in the field (e.g., the wreck

line and berm location) were used to determine the most favorable

sampling moment and locations.

Since the sand scraper is an intrusive sampling method, consecu-

tive samples (in time) from the same reference cross-shore location

were taken approximately 1–3 m apart in the alongshore direction.

real time kinematic global positioning system (RTK GPS) measure-

ments were collected to determine the exact horizontal and vertical

coordinates of each sampling location. Alongshore grain size variabil-

ity can be expected due to, for instance, aeolian sand strips (Hage

et al., 2018; Nield et al., 2011), rips (Gallagher et al., 2011), and lag

deposits (Zhenlin Li & Komar, 1992). Thus, the applied alongshore

spacing could introduce deviations between consecutive samples that

are not related to the temporal signals driven by waves and winds but

related to the local alongshore variability. For this study, we initially

assume that the signals related to the temporal signals dominate over

the local alongshore variability.

Additionally, the sand scraper requires insertion into the bed

surface. This invasive process may disturb the near-surface sedi-

ments by pushing them upwards, leading to some uncertainty in the

precise depth below the surface at which sediment samples are

collected. In cases where these disturbances occurred, the maximum

vertical deviation is estimated to be around 2 mm. This can translate

to vertical deviations between the depth of layers in samples that

were collected at the same cross-shore location, but at different

times (and thus different alongshore locations). However, these

possible vertical deviations are limited, so temporal trends in the

vertical variability of the grain size distribution are expected to be

visible despite them.

2.4 | Topographic surveys

At every field site, topographic surveys of the subaerial beach profile

were conducted. These profiles were collected to determine the

occurrence of erosion and deposition at the bed surface, as this is cru-

cial to interpret the changes in the vertical variability of the grain size

distribution. In Noordwijk and Waldport, RTK GPS transects were

measured, and in Duck bed elevation data from a co-located continu-

ously scanning terrestrial laser scanner were used (O’Dea et al., 2019).

The elevations in the United States were measured relative to

NAVD88 and in the Netherlands relative to NAP. The error margin of

the GPS measurements was in the order of 0.01–0.02 m. The largest

changes in elevation occurred due to marine processes, so most pro-

files were measured before and after high water. In Waldport and

Noordwijk, the cross-shore location of the maximum swash excursion

was measured to indicate the extent of the marine processes during

high water. The elevation changes due to the formation of deposi-

tional patterns during aeolian sediment transport were often within

the error margin of the survey methods. Thus, during experiments

where the initiation of these patterns was expected/observed, erosion

pins were used to provide a more detailed indication of erosion and

deposition.

2.5 | Experiment specifications

A total of nine experiments were conducted divided over the three

field sites (Table 2), resulting in 400+ individual samples. During most

of the experiments, samples were collected to determine the effect of

both marine and aeolian processes on the vertical variability of the

grain size distribution (according to the sampling strategy in Figure 6).

Additional samples were collected to evaluate the sampling method

and to determine the effect of spatial variability.

The repeatability of the developed sand scraper sampling method

was tested in Duck and Noordwijk by collecting two duplicate sam-

ples within 1–2 m distance of each other (repetition sampling,

Table 2). By comparing these samples an indication of the extent of

inherent variations in grain size and vertical deviations can be given.

The effect of marine and aeolian processes on the vertical vari-

ability of the grain size distribution were examined at all three field

sites. In Waldport, on August 23. 2021 (Table 2), samples were col-

lected in the intertidal zone before and after high water (B-HW and

A-HW/B-AT, Table 3). Subsequently, aeolian transport occurred dur-

ing low water. However, during this event, aeolian transport was lim-

ited (see wind event described in Table 4). Thus, sampling after

aeolian transport (A-AT) was only carried out at the most landward

location where sediment transport had been observed. At this

F I GU R E 6 Conceptual representation of the spatial and temporal
sampling strategy that was used to assess the vertical variability of
the grain size distribution in the intertidal zone on the intratidal
timescale. Black triangles indicate times and locations at which the
vertical grain size distribution is sampled. (a) The impact of the marine
processes on the vertical grain size variability (blue shaded area) is
determined by sampling the bed surface before high water (B-HW)
and after high water (A-HW). The inundation during high water could
be caused by high tide, storm surge, wave setup, and/or swash. The
influence of the aeolian processes (yellow shaded area) is determined
by sampling before aeolian transport (B-AT) and after aeolian

transport (A-AT), possibly during a low water. (b) Three locations in
the intertidal zone, between low water (LW) and high water (HW), are
sampled to get an indication of the cross-shore variability in the
vertical grain size layering. Each sampling location has a different
elevation so they are each exposed and submerged at different times
in the tidal cycle. Thus, the sampling time depends on the sampling
location, as indicated by the corresponding numbers between subplot
(a) and (b).
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location, bedforms occurred during the event. Samples were collected

on the crest and in the trough of the bedform to determine spatial

variations in grain size.

In Noordwijk, on February 5, 2020, samples were collected before

and after high water (B-HW and A-HW) to determine the effect of

marine processes on the vertical variability of the grain size distribu-

tion (Tables 2 and 3). On January 21, 2021, samples were again

collected before and after high water (B-HW and A-HW/B-AT)

followed by sampling after aeolian transport (A-AT), which had

occurred during low water. The high-water event was associated with

relatively large waves and a surge that was largest before high tide

but reduced to 0.4 m around the high tide peak (Table 3). The wind

event that caused the aeolian transport was intense with large

amounts of transport (Table 4).

T AB L E 2 Detailed overview of the field experiments. The sampling type indicates whether the samples were collected to determine the
effects of marine and aeolian processes (Marine and aeolian), cross-shore variability (Cross-shore), local influence of bedforms (Bedform), or local/
background variability (Repetition). The sampling times include the exact timing and the abbreviation that refers to Figure 6(a); before high water
(B-HW), after high water (A-HW), before aeolian transport (B-AT), during aeolian transport (D-AT) and after aeolian transport (A-AT)

Field site Sampling type Date Sampling times

Waldport Marine and aeolian August 23, 2021 11 a.m. (B-HW), 6 p.m. (A-HW/B-AT) and 9 p.m. (A-

AT)

Bedform August 23, 2021 9 p.m. (A-AT)

Noordwijk Marine February 5, 2020 8 a.m. (B-HW) and 4 p.m. (A-HW)

Marine and aeolian January 21, 2021 4 a.m. (B-HW), 1 p.m. (A-HW/B-AT) and 6 p.m. (A-AT)

Repetition November 21, 2020 3 p.m.

Duck Aeolian September 1, 2021 8 a.m. (B-AT), 2 p.m. (D-AT) and 5 a.m. (A-AT)

September 2, 2021

Marine September 2, 2021 8 a.m. (B-HW, September 2, 2021), 10 a.m. (A-HW,

September 3, 2021)September 3, 2021

Cross-shore September 2, 2021 8 a.m.

Repetition September 1, 2021 9 a.m.

T AB L E 3 Description of the high-water events during which samples were collected with the sand scraper

Event
Wave height
(m)

Tidal range
(m)

Maximum water level
(m) Storm surge

Waldport August 23, 2021 1.6a 1.5b 2.0b —c

Noordwijk February 5, 2020 1.0d 1.3e 0.5e —

Noordwijk January 21, 2021 3.4d 1.3e 1.3e avgerage 0.4 m maximum 1

me

Duck September 2, 2021 peak from 4 p.m. to

1 a.m.

1.3f 0.8g 1.4g 0.3 mg

aWave height from NOAA station 46098 offshore of Newport.
bPredicted value from NOAA station 9434939 in Waldport.
cNo storm surge expected based on measurements at nearby stations.
dEuro platform offshore of Noordwijk.
eScheveningen water level station.
fNOAA station 44056 offshore of Duck.
gNOAA station 8651370 on FRF pier.

T AB L E 4 Description of the three wind events that resulted in aeolian transport during which sample samples were collected with the sand
scraper

Event Wind direction
Average wind speed
(m/s) Wind gusts

Waldporta August 23, 2021 Alongshore winds, slightly

onshore

7 Up to 12.5 m/s

Noordwijkb January 21, 2021 Alongshore winds, slightly

offshore

14 Up to 23 m/s

Duckc September 1, 2021 peak from 12 a.m. to

6 p.m.

Alongshore winds, slightly

onshore

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

s

aNOAA station 9435380 in Newport.
bKNMI station in Hoek van Holland.
cMeasured at 5.5 m above the dune.
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In Duck, sampling took place during a wind event and storm surge

event related to remnants of Hurricane Ida as it passed along the east

coast of the United States (Beven et al., 2022). Samples were col-

lected to determine the effect of both marine and aeolian processes

on the vertical variability of the grain size distribution. The samples

were collected before, during, and after aeolian transport (B-AT, D-

AT, and A-AT) that occurred during the peak of the wind event on

September 1, 2021 (Table 4). The vertical variability of the grain size

distribution measured after the aeolian transport event was sup-

plemented with beach surface samples down to 8 mm depth along an

array with a cross-shore spacing of 1–2 m. The purpose of this experi-

ment was to get a more detailed indication of the cross-shore gradi-

ents in grain size that were present in Duck, which were not fully

captured by the three cross-shore sample locations.

The winds continued after September 1, 2021 but they were not

strong enough to cause aeolian transport. However, during the day-

time of September 2, 2021, the wind got a more onshore directed

component, which resulted in a surge of approximately 0.3 m along

the coast (Table 3). Samples were collected before and after the storm

surge (B-HW and A-HW) to determine the effects of this high-water

event on the grain size distribution.

3 | RESULTS

In this section, the observed spatio-temporal patterns and vertical

grain size variability in Waldport, Duck, and Noordwijk are presented.

Initially, the repeatability of the new sampling method is shown. Then,

each sampling occasion that provides insight into the marine and aeo-

lian processes on the vertical variability of the grain size distribution is

shown per field site. For most of the sampling locations, a comparison

is made between the grain size distribution in each layer and the ø50

(weighted average median grain size of all layers in a cross-section) to

provide insight into the comparison between bulk sampling and sam-

pling with the sand scraper. Additionally, locations are pointed out

where the vertical grain size variability could have an effect on the

sediment availability for aeolian sediment transport. To provide insight

into the spatial variations in the vertical grain size layering, the spatial

variability due to bedforms in Waldport, and the spatial variability due

to cross-shore gradients in Duck are discussed.

3.1 | Repetition samples

Repetition samples were collected in Noordwijk and Duck to deter-

mine local grain size variability at the beach surface, and assess the

repeatability of the new sampling method (Figure 7). Here, we qualita-

tively compare the two adjacent samples that were taken at each field

site. The samples from Noordwijk showed a comparable gradient with

finer sand on top of coarser sand. However, there was a vertical shift

in the boundary between the finer and coarser sand (dashed line in

Figure 7). Possibly, the layer at 14 mm depth for Noordwijk 2

consisted of a mixture of the layers at 8 and 14 mm in Noordwijk

1, which would explain the intermediate grain size. In that case, the

vertical deviation is smaller than 6 mm. Correcting for this vertical

shift, corresponding layers from the two sample locations displayed

minor deviations in median grain size, ranging from 5 to 15 μm. The

repetition samples from Duck, show similar variations in vertical

grain size as those from Noordwijk. Perhaps, the gradient from

the surface down to 38 mm in Duck 1, where there is first fining and

then coarsening, corresponds to the gradient down to 26 mm depth

in Duck 2 (dashed line in Figure 7). The averaged median grain size,

ø50, varied in the order of 5 μm and the vertical deviation is in the

order of 6 mm.

3.2 | Measured spatial and temporal variations in
Waldport

The influence of marine and aeolian processes on the vertical grain

size variability in Waldport was investigated through repeated sam-

pling before high water (B-HW) and after high water (A-HW/B-AT),

F I GU R E 7 Vertical variability of the grain size distributions measured on November 21, 2020 in Noordwijk, and September 2, 2021 in Duck.
Colors indicate the median grain size. Box plot dimensions are based on the D25 and D75, and the extent of the whiskers on the D16 and D84. The
ø50 indicates the averaged D50 in micrometers. At each field site, two samples were collected within 2 m of each other. The dashed gray lines
indicate comparable trends that are present in the samples of each field site. For Noordwijk, the dashed gray lines emphasize a boundary between

fine and coarse sediment which occurs in both samples, and for Duck they emphasize a vertical gradient that occurs in both samples.
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and after aeolian transport (A-AT) (Figure 8). After aeolian transport,

sampling was only repeated at Location 3, since this was the only

location with observed transport. Data were collected down to

50 mm at all sample locations in Waldport except at Location 1, where

layers were only collected down to 32 mm due to rising tides during

the B-HW collection.

Distinct spatial variations were visible in the vertical variability of

the grain size distributions sampled from Location 1 (lower intertidal

F I GU R E 8 Overview of transects and the vertical variability of the grain size distributions measured on August 23, 2021 in Waldport.
(a) Cross-shore profiles measured before (black) and after (gray) high water (HW). The upper blue line indicates the maximum swash excursion
during high tide. The two lower blue lines indicate the low low water (LLW) that occurred before the HW and the high low water (HLW) that
occurred after the HW. Sample locations are indicated by black triangles. (b) Vertical grain size distributions sampled before high water (B-HW),

after high water (A-HW/B-AT) and after aeolian transport (A-AT) which occurred during the subsequent low water. Colors indicate the median
grain size. Box plot dimensions are based on the D25 and D75, and the extent of the whiskers on the D16 and D84. The ø50 indicated by the dark
gray vertical line represents the averaged D50 in micrometers. Location numbers correspond to the locations in (a).

VAN IJZENDOORN ET AL. 9
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zone) to Location 3 (upper intertidal zone). The averaged median grain

size, ø50, decreased in the landward direction (Figure 8). Additionally,

the grain size distribution was most narrow and the D50 per layer

resembled most closely the ø50 for Location 3. In contrast to Location

1, where the vertical variability in the grain size distribution was the

most heterogeneous, with the D14 and D86 covering a range from

210 to 460 μm.

The total water level covered all three sample locations between

the B-HW and A-HW collections, and all locations showed a change

in the vertical variability of the grain size distribution A-HW compared

to B-HW. At Location 1, the D84 showed less peaks above 400 μm,

and finer sand was available at the surface after high water, indicating

that the sediment availability for aeolian transport might have

increased. Before high water (B-HW), Location 2 showed fining down-

wards down to 32 mm depth, and coarsening in the deeper layers.

This gradient was not as distinct after high water and larger variations

in grain size occurred. This change in the vertical grain size variability

is probably related to the morphological change (approximately

0.05 m of erosion) that occurred at this location (Figure 8a). Location

3 was influenced by only several swash excursions. In the 2 mm thick

surface layer, the median grain size increased from 242 to 267 μm

after the high water. Below the upper layer, there were small changes

(order of 10 μm) in the vertical variability of the grain size distribution

A-HW compared to B-HW. Given the lack of marine influence at the

upper limit of the intertidal zone, these variations are more likely to

be related to natural spatial variations in grain size than the effect of

marine processes.

At Location 3, a 2 mm layer of finer sand was present on top of

coarser material (2–8 mm depth) after the aeolian transport event (A-

AT). The coarser material is probably related to the coarse deposit

seen in the upper 2 mm A-HW. Potentially, there was a different dis-

tribution of the coarse layer between the sampling layers of the sand

scraper resulting in the inclusion of more fine sediment in the samples

and thus more moderate grain sizes. Four erosion pins were used in

the field within 2 m of Location 3 during the aeolian transport event,

which showed accretion in the order of 3 to 9 mm. Thus, it seems that

the coarse bed surface was buried with a thin layer of fine sediment.

This deposition might have been related to a meter-scale bedform

that formed during the aeolian transport. Samples from the crest and

in the trough of the bedform (Figure 9) show that the vertical grain

size layering of the crest consisted of a 2 mm thick, fine sand layer on

top of downward fining sediment. This downward fining gradient is

also visible in the cross-section from the trough; however, the fine

sediment layer on top is not present.

3.3 | Measured spatial and temporal variations in
Noordwijk

In Noordwijk, the vertical grain size variability due to the influence of

marine processes was studied by sampling before high water (B-HW)

and after high water (A-HW) on February 5, 2020 (Figure 10). In both

the B-HW and A-HW samples, the coarsest grain sizes were found on

the landward side of the coastal profile (Location 3), but the ø50 of

Locations 1 and 2 did not show a distinct cross-shore trend.

For Location 1, the vertical grain size layering was reversed

after high water, with fine sand on top instead of in the deeper

layers as before the high water. Despite this clear change in the

vertical layering, the ø50 remained approximately the same. Thus, a

bulk sample would have shown a relatively small change in grain

size, whereas the vertical layering shows an increase in the availabil-

ity of fine sand near the surface. The coastal profiles (Figure 10a)

show that the bar moved landward (cross-shore distance = 20 m),

corresponding to elevation changes up to 0.1 m and, thus, indicating

mobilization of a considerable amount of sediment around Location

1. This is in contrast to Location 3, where the calculated elevation

change for Locations 2 and 3 was around 0.005 m, which was

within the error margin of the GPS measurements. At this Location,

only the upper limit of the gradient (dashed gray line in Figure 10)

showed an upward 6 mm shift and the layers beneath that a shift

of up to 18 mm.

On January 21, 2021, a second field experiment was completed

in the intertidal zone of Noordwijk. Samples were collected before

and after high water (B-HW and A-HW/B-AT) and after the

F I GU R E 9 Schematic representation of a meter-scale bedform with a height in the order of millimeters and the vertical variability of the grain
size distributions in its crest (a) and trough (b) as measured on August 23, 2021 in Waldport. The bedform occurred on the landward end of the
intertidal zone after a period of aeolian transport, as shown in (c). Colors in (a) and (b) indicate the median grain size. Box plot dimensions are

based on the D25 and D75, and the extent of the whiskers on the D16 and D84.
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occurrence of aeolian transport (A-AT) during low water when a wind

event occurred (Figure 11). Large amounts of transport were observed

during the field data collection period (see conditions in Table 4).

Thus, even when the A-HW/B-AT sampling was executed within an

hour of the water receding, aeolian transport was already occurring.

For Location 2, the exposure to aeolian transport was approximately

half an hour, and for Location 3, 1 h. Similarly, the GPS transect mea-

sured after high water (Figure 11a, gray line) can also include some

elevation changes due to aeolian transport that occurred. It was col-

lected around low water when the profile had already been affected

by aeolian sediment transport.

The largest change in the vertical variability of the grain size dis-

tribution after the high-water event can be seen at Locations 1 and

3 (Figure 11b). Before high water, the vertical grain size variability at

Location 3 was relatively uniform, with an averaged median grain size

of 281 μm. However, after high water, a 14 mm thick layer of finer

sand (255 μm) covered a layer of coarser sand (298 μm). This vertical

layering, indicated by a dashed gray line in Figure 11(b), is not shown

by the change in ø50 (from 281 μm B-HW to 285 μm A-HW). This

change in the vertical variability of the grain size distribution at Loca-

tion 3 corresponded to a considerable change in morphology

(Figure 11a). At Location 1, comparable downward coarsening

gradients were present in the sediment B-HW and A-HW (dashed

gray lines in Figure 11b). However, the lower limit of this gradient,

defined here as the coarsest grain size present, became 12 mm

deeper. Changes at Location 2 were relatively small, although the dif-

ference in grain size between the upper and lower layers became

more pronounced (dashed gray line in Figure 11b). This resulted in a

7 μm increase of the ø50, although the grain size in the upper layers

decreased.

The vertical variability of the grain size distribution changed con-

siderably after the aeolian transport in Locations 2 and 3. During the

aeolian transport, meter-scale bedforms were migrating past Loca-

tions 2 and 3. On the contrary, Location 1 did not show any major

changes, and no clear bedforms were present. At Location 2, the verti-

cal grain size variability became more uniform, with relatively fine

sand compared to the other sampling locations and times. This might

be related to the presence of aeolian deposits related to the bedforms

that had an elevation in the order of millimeters to centimeters (based

on measurements with erosion pins). At Location 3, finer sand

(256 μm) was present in the upper 14 mm before aeolian transport

(dashed gray line in Figure 11b). After aeolian transport, Location

3 was located outside of a depositional patch. The layer of finer sand

was no longer present, and the grain size of the upper 14 mm

F I GU R E 1 0 Overview of transects
and vertical variability of the grain size
distributions measured on February
5, 2020 in Noordwijk. (a) Cross-shore
profiles measured before (black) and after
(gray) high water. The upper blue line
indicates the maximum swash excursion
during high tide. The lower blue line
indicates the low water (LW) elevation.
Sample locations are indicated by black
triangles. (b) Vertical grain size
distributions sampled before high water
(B-HW) and after high water (A-HW).
Colors indicate the median grain size
(D50). Box plot dimensions are based on
the D25 and D75, and the extent of the
whiskers on the D16 and D84. The ø50
indicated by the dark gray vertical line
represents the averaged D50 in
micrometers. Location numbers
correspond to the locations in (a). The
dashed gray lines emphasize a comparable
vertical gradient that was present in the

samples from B-HW and A-HW at
Location 3.
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increased to 289 μm. This could indicate that erosion of the fine sedi-

ment occurred during aeolian transport.

3.4 | Measured spatial and temporal variations in
Duck

On September 1, 2021, three locations on the dry beach in Duck

were sampled (Figure 12). They were located above mean high

water on a flat berm susceptible to inundation during storms

(Figure 12a). The sampling on September 1, 2021 was repeated

before, during, and after the aeolian transport event (B-AT, D-AT,

and A-AT), during a period where none of the three locations

were inundated. The measured vertical variability of the grain size

distributions showed vertical gradients but no clear spatial or

temporal coherence (Figure 12b).

Overall in Duck, no clear temporal trend was visible in the vertical

grain size variability of each location between the B-AT, D-AT, and A-

AT sampling times. Still, there are large variations visible between the

different times of each location, as indicated by variability in the ø50

and changes in the apparent vertical distributions of grain size

(Figure 12b). The LiDAR-derived topography data (Figure 12a) indi-

cates that there was < 0.01 m of vertical change at all sampling sites

over this period. Given these small net variations, limited observations

of aeolian bedforms, and the absence of marine processes at the sam-

pling locations, the observed temporal variability is presumed to

reflect alongshore spatial variations more so than changes due to the

occurrence of aeolian transport.

In the cross-shore, the averaged median grain size, ø50, for Loca-

tion 1 (most seaward) was finer than those at Locations 2 and 3 (most

landward). However, due to the large grain size variability, no clear

cross-shore trend was present (Figure 12). Cross-shore sampling with

decreased horizontal spacing (1–2 m compared to 4–6 m) was exe-

cuted after the aeolian transport event (A-AT) (Figure 13). At this res-

olution, there was still significant vertical variability in the grain size

distribution but an increase in grain size in the landward direction was

visible.

After the aeolian transport event, the wind became more onshore

directed, which contributed to a storm surge of approximately 0.3 m

along the coast (Table 3). Several locations were sampled before inun-

dation (B-HW) and after inundation (A-HW) to determine the effect

of marine processes (Figure 14). During the high-water event, consid-

erable erosion occurred, which resulted in the formation and landward

movement of a beach scarp (� 0.2 m high, Figure 14a). Before inunda-

tion, Location 1 was on the dry beach near the most landward edge of

the intertidal zone. After inundation, the scarp had formed and ret-

reated landward of Location 1, resulting in bed lowering at Location

1 and marine inundation during high tide. At this point, Location

F I G UR E 1 1 Overview of transects
and vertical variability of the grain size
distributions measured on January
21, 2021 in Noordwijk. (a) Cross-shore
profiles measured before (black) and after
(gray) high water. The upper blue line
indicates the maximum swash excursion
during high tide. The lower blue line
indicates the low water (LW) elevation.
Sample locations are indicated by black
triangles. (b) Vertical grain size
distributions sampled before high water
(B-HW), after high water (A-HW/BAT)
and after aeolian transport (AAT) which
occurred during the subsequent low
water. Colors indicate the median grain
size. Box plot dimensions are based on
the D25 and D75, and the extent of the
whiskers on the D16 and D84. The ø50
indicated by the dark gray vertical line
represents the averaged D50 in
micrometers. Location numbers
correspond to the locations in (a). The

dashed gray lines in the vertical
distributions of Location 1 emphasize a
coarsening downward gradient that was
present both B-HW and A-HW. The
dashed gray lines in the vertical
distributions of Locations 2 and
3 emphasize a boundary between finer
sediment and coarser sediment that is
present A-HW/B-AT at both of these
locations.
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12 became the most seaward point landward of the scarp. During the

high tide of the high-water event, this location was influenced by

some wave runup.

The vertical grain size variability in the intertidal zone changed

considerably where erosion occurred during the high-water event

(Figure 14b). The most seaward location (Location 10), showed

F I GU R E 1 2 Overview of transects
and vertical variability of the grain size
distributions measured on September
1, 2021 and September 2, 2021 in Duck.
(a) Cross-shore profiles measured before
(black), during (gray), and after (gray,
dashed) aeolian transport. (b) Vertical
variability of the grain size distributions
sampled before (B-AT), during (D-AT) and
after aeolian transport (A-AT). Colors
indicate the median grain size. Box plot
dimensions are based on the D25 and D75,
and the extent of the whiskers on the D16

and D84. The ø50 indicated by the dark
gray vertical line represents the averaged
D50 in micrometers. Location numbers
correspond to the locations in (a).

F I GU R E 1 3 Overview of transect and vertical variability of the grain size distributions measured on September 2, 2021 in Duck. (a) Cross-
shore profile based on laser scan with sampling locations indicated by black triangles. (b) Vertical grain size variability sampled after aeolian
transport. Colors indicate the median grain size. Location numbers correspond to the locations in (a).
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downward coarsening in grain size before inundation, which changed

into a downward fining gradient. Although, these additional samples

had a maximum depth of 8 mm, which is far smaller than the total net

erosion (up to 0.2 m) in this zone.

The vertical gradient in the grain size distribution at Location

12 kept fining downwards, although the range between the D14 and

D86 became larger A-HW compared to B-HW. Especially, the surface

layer became coarser which may be related to swash-related sediment

transport that occurred at this location. In contrast, Locations 11 and

1, where the scarp moved landward, showed more substantial

changes. Both locations changed from a vertical layering with the

coarsest grain sizes on top to coarse sediment overlain with a 4–

8 mm thick layer of fine sand. Based on visual inspection, the coarse

material measured after inundation at 8 mm depth for Location

11, and 14 mm depth for Location 1 continued for at least several

centimeters into the bed.

4 | DISCUSSION

A newly developed sand scraper was used to measure vertical grain

size variability in the intertidal area at Waldport, Noordwijk, and Duck.

Based on these case studies, we discuss to what extent marine and

aeolian processes influenced the observed grain size variability and

sediment availability for aeolian transport at the three field sites. Addi-

tionally, we discuss the applicability of the new sand scraper sampling

method, and how the findings collected with the sand scraper can

inform future research and modeling.

4.1 | Observed spatial grain size variability

In agreement with previous studies (e.g., Çeliko�glu et al., 2006;

Stauble & Cialone, 1997), cross-shore gradients in grain size were

observed at all three field sites (Figure 15). The maximum range in the

ø50 measured horizontally between sampling locations was 32 μm for

Waldport, 51 μm for Noordwijk and 65 μm for Duck. The data

collected in Duck indicates that there can be alongshore variations in

grain size that have a similar magnitude as the cross-shore variations,

even at alongshore distances < 10 m. The longshore variability of

grain size at Duck might be related to alongshore morphological fea-

tures, such as beach cusps, or bioturbation due to ghost crab

burrowing (Chakrabarti, 1981; Schlacher et al., 2016). Additionally, the

considerable spatial grain size variation at Duck could be related to

the wide grain size distribution that is present at this field site.

Despite this large heterogeneity in sediments alongshore at Duck,

there was a clear cross-shore gradient in grain size when additional

locations were added to increase spatial resolution. This indicates that

more spatially frequent sampling may be required to characterize the

full heterogeneity of the spatio-temporal grain size dynamics of the

bed. Combining the sand scraper with other grain size measurement

methods could provide a viable solution. We especially recommend

this approach for intermediate, mixed grain beaches where consider-

able spatial grain size variations could be expected.

4.2 | Observed temporal grain size variability

By using the sand scraper, this study could show the detailed grain

size layering at the bed surface and how it changed through time due

to marine and aeolian processes. The most distinct temporal variations

occurred where there was a significant morphological change after a

high-water event. This is consistent with studies from other field sites,

which have attributed changes in grain size of the bed surface within

the intertidal zone to sediment advection and sediment mixing due to,

for instance, sandbar, bedform and berm migration (e.g., Gallagher

et al., 2011; Jackson & Nordstrom, 1993; Medina et al., 1994;

Sherman et al., 1993; Sonu, 1972).

The measurements show that marine processes resulted in fining

of the surface sediments in several cases. At the Noordwijk site Loca-

tion 1 in Figure 10, a bed of fine sand overlain with coarser sand

before the high tide changed into coarse sand overlain with finer sand

after the high tide. Similar trends were noted at both Location 3 in

Figure 11 (Noordwijk) and Location 1 in Figure 14 (Duck), where

F I G UR E 1 4 Overview of transects
and vertical variability of the grain size
distributions measured on September
2, 2021 and September 3, 2021 in Duck.
(a) Cross-shore profile based on laser
scans and sketches from before (black)
and after (gray, dashed) a storm surge
occurred. (b) Vertical variability of the
grain size distributions sampled before
marine (B-HW) processes and after
marine (A-HW) processes occurred due to
the storm surge. Colors indicate the
median grain size. Box plot dimensions
are based on the D25 and D75, and the
extent of the whiskers on the D16 and
D84. Location numbers correspond to the
locations in (a). Location 1 corresponds to
Location 1 in Figure 9. The sampling
before marine processes occurred after
aeolian transport (A-AT), which
corresponds to Figure 9.
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temporal fining occurred. In these cases, the contrast between the

upper finer and the lower coarser layers increased after the high-

water event. The measured morphological change at these sampling

locations was typically small, < 0.1 m, except in the case at Duck. Still,

the changes in the intertidal profile indicated that a combination of

both sediment advection and mixing likely had occurred. Based on the

available data, the exact hydrodynamic mechanisms that affected sed-

iment redistribution within the intertidal zone cannot be determined.

However, the results indicate that marine processes can be an impor-

tant means of introducing fine sediments to the bed surface.

Meanwhile, other observations indicate that the marine processes

can also result in coarsening of surface sediments. There were two

cases where the surface layer changed and became coarser after the

high water at the upper portion of the intertidal zone, in Waldport

Location 3 in Figure 8 and Duck Location 12 in Figure 14. In the Wal-

dport case, it appears that a thin veneer of coarser grains was depos-

ited directly on top of the fines. Bauer (1991) observed a similar

veneer and related it to a large wave’s swash excursion that occurred

during high tide. According to Bauer (1991), the coarse sand was

transported by the uprush, followed by rapid deposition as consider-

able infiltration reduced the flow during the downrush. A different

formation mechanism was given by Clifton (1969) and Sallenger

(1979), who described how vertical segregation of grains during wave

backwash can result in lamination with coarse grains near the surface.

In this research, the specific explaining mechanism is unclear. How-

ever, both occasions of near-surface coarsening that were recorded

were located near the upper limit of wave runup during high tide, indi-

cating that formation of the coarse layer could indeed be related to

the backwash that occurred during receding tide. In summary, the

results show that marine processes alter grain size variability and that

these processes, depending on which small-scale processes are occur-

ring and which antecedent bed composition is present, may lead to

either coarsening or fining of the surface sediment.

When considering aeolian sediment transport, the surface layer

was expected to become coarser due to grain size-selective pickup by

the wind. However, the observations following aeolian transport

events saw both coarsening and fining of the bed surface. At

Noordwijk Location 3 in Figure 11, the grain size in the surface layer

coarsened after an aeolian transport event, possibly due to the

removal of fine sand. In contrast, there were two occasions, Waldport

Location 3 in Figure 8 and Noordwijk Location 2 in Figure 11, where

the grain size in the surface layer decreased. The decrease in grain size

was associated with an increase in the bed elevation, indicating depo-

sition of aeolian transported sediment. The deposition in Waldport

occurred during conditions with alongshore winds that caused

meter-scale bedform formation (Figure 9). On the crest of the

bedform, fining of the bed surface occurred, while coarser sediment

was present in the surface layers of the trough. The observations

show that fine sediment, which increases the sediment availability,

could be supplied to the intertidal zone from upwind areas during

aeolian transport events.

4.3 | Implications for sediment availability for
aeolian transport

Aeolian transport rates are influenced by grain size in many ways. In

the commonly used aeolian transport equations by Bagnold (1937b),

the transport rate, threshold velocity, and parameterization of the bed

roughness all depend on the grain size. de Vries et al. (2014) proposed

that the intertidal zone is an important source area for aeolian trans-

port towards the dunes. A following study demonstrated wind-

induced erosion of about 20 mm/h in the intertidal area during low

tide using a terrestrial laser scanner (e.g., de Vries et al., 2017). Thus,

the grain size of the upper layers in the intertidal zone is assumed to

be important for the sediment supply of aeolian transport towards the

dunes.

The observations in this study showed that individual layers could

significantly deviate from the vertically averaged median grain size,

ø50, in the upper 50 mm of the bed surface. If vertical grain size vari-

ability were determined based on the ø50, it would be assumed that

the sediment availability for aeolian sediment transport is uniform in

the vertical. Such assumptions could lead to errors because of the

strong relationships between grain size and aeolian transport pro-

cesses. For example, in the case of the Duck measurement campaign

the measured D50 for Location 1 (A-AT) was 349 μm at 2 mm and

286 μm at 50 mm below the bed surface (Figure 12b), with a ø50 of

310 μm. These measurements result in threshold velocities for aeolian

F I GU R E 1 5 Overview of the cross-shore gradients in grain size and the associated standard deviation (shown as error bars), calculated as
the temporally averaged ø50 and standard deviation per field site, respectively. The cross-shore and marine sampling from Duck were excluded
due to the limited sampling depths. Note that the sampling locations (Locations 1, 2, and 3) belonging to each panel (i.e., each sampling occasion)
are not necessarily in similar locations along the coastal profile. However, Location 1 is always on the seaward side (sea) and Location 3 is always
on the landward side (land), indicated by the arrows.
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transport of 10.1 m/s, 9.1 m/s, and 9.5 m/s, respectively, as calculated

according to Bagnold (1937b) for wind speeds at 2 m above the

bed. Since sediment transport rates are commonly expressed as a

cubic relation with the threshold velocity (Bagnold, 1937b;

Kawamura, 1951; Lettau & Lettau, 1978; Sherman & Li, 2012),

differing sediment fluxes may be expected for each of those D50

values for the exact same wind speed.

4.4 | Sand scraper methodology advantages and
limitations

The sand scraper was developed with the aim to provide a method to

determine the vertical variability in grain size at the beach surface,

which can impact the sediment availability for aeolian sediment trans-

port. In agreement with previous studies (e.g., Emery, 1978; Masselink

et al., 2007), the measurements with the sand scraper showed consid-

erable vertical variability in grain size in the layers that make up the

upper 50 mm of the bed surface. The maximum range in D50 mea-

sured vertically within the top 50 mm was 29 μm for Waldport,

119 μm for Noordwijk and 67 μm for Duck. Specifically, Waldport

Location 2 in Figure 8, Noordwijk Location 3 in Figure 10, and Duck

Location 1 in Figure 11 all show places where the D50 of the individual

layers show relatively large deviations from the ø50, the average D50

of the vertical profile. In these cases, the sand scraper provides

detailed information about the bed composition that could not be

attained using grab sampling or surface imagery observations.

The sand scraper has some limitations regarding labor intensity,

the intrusive nature of the method, and the specific dimensions of the

device. Labor intensity limits the applicability of the sand scraper due

to the time required to collect (15–30 min per location) and subse-

quently analyze (multiple hours per location) the grain size of each

sample. This makes it difficult to sample over large spatial scales with

a high temporal resolution compared to, for example, conventional

grab sampling. It is recommended to combine the sand scraper with

bulk sampling or photograph-based analysis to, for instance, more

clearly distinguish cross-shore grain size trends and sub-hourly tempo-

ral developments of the surface grain size. To limit the analysis time

of the samples collected with the sand scraper, only their grain size

was determined. However, shell content, and mineralogical and den-

sity properties can be expected to affect aeolian sediment transport

rates. Further analysis that is needed to study these factors would not

be possible with, for example, camera imagery, but can be executed

on samples collected with the sand scraper due to the direct sampling

approach.

However, the intrusive nature of the sampling method limits the

application of the sand scraper since sediment is removed from the

beach during sampling. Thus, temporal changes in the bed cannot be

studied at the exact same location; the sampling needs to be repeated

some distance away. Repeatability tests within 1–2 m distance

showed that the grain size of corresponding layers between adjacent

samples could vary by about 5–15 μm (Figure 7). Part of the variability

was associated with vertical offsets in bed layering (relative to the bed

surface). However, the observed differences were small enough to

compare vertical variability in grain size between repeated samples.

Due to the labor intensity of collecting measurements, the repeatabil-

ity was addressed mostly qualitatively. By executing a focused field

effort, more extensive sampling could allow for a more quantitative,

statistical analysis of the repeatability in the future.

Lastly, the sand scraper has specific dimensions that limit its appli-

cation. For example, the scraper takes a discrete set of slices with a

minimum resolution of 2 mm. This is suitable for a flat bed of sand-

sized sediment (< 2 mm), but these slices might not fully represent

larger structures such as wind-driven ripples and shells. Specifically,

variations in grain size that occur in wind-driven ripples with coarser

grains at the crests and finer grains in the troughs (observed by,

e.g., Uphues et al., 2022), would likely not be recorded with the sand

scraper sampling methodology. Ripples were not present in the areas

sampled in this research. The sampling surface can also be disturbed

by shells and coarser grains, causing vertical offsets in the 2 mm thick

vertical slices. Thus, a larger layer thickness is recommended when

shells or coarse sand are present. Another limiting dimension is the

sampling depth limit of 50 mm, which was selected based on the

intended purpose of measuring grain size variability at the beach sur-

face to analyze sediment availability for aeolian transport. For applica-

tions where sampling to larger depths is needed, the scraper would

require a redesign.

While the sand scraper limitations should be taken into account

when applying the methodology, the main advantage of the device is

that it provides the ability to study the spatial and temporal variations

in grain size at a consistent vertical resolution at the sub-centimeter

scale that was previously not attainable with, for example, grab sam-

pling and sediment coring.

4.5 | Future measurements and modeling

Most previous studies have inferred changes in sediment availability

in the bed from measured changes in sediment fluxes (e.g., de Vries

et al., 2014). In contrast, this study focused on resolving changes in

bed properties directly by observing changes in grain size distributions

in the bed surface. Future studies are expected to focus on additional

measurements and modeling of grain size variability.

This study demonstrated significant spatio-temporal variability in

grain size in the intertidal zone, both in the vertical and horizontal,

which is expected to influence aeolian transport rates. However, the

extent to which the changes in vertical grain size variability affect the

aeolian transport is still unknown. A combination of both in situ mea-

surement techniques for measuring sediment transport rates and pat-

terns, in addition to coincident tracking of bed composition changes,

could provide further insight. Future research questions concern how

spatial gradients in sediment transport that cause local erosion or

deposition result in changes in bed characteristics, and how those bed

characteristics directly alter the transport field through altering the

threshold velocity and sediment supply.

Contrary to the spatio-temporal variations in grain size found in

the sand scraper measurements, most simulations of coastal sediment

transport processes are based on sparse grain size data and commonly

assume a homogeneous bed composition within the model domain

(Davidson & Turner, 2009; Hallin et al., 2019; Hoonhout & de

Vries, 2019; Vousdoukas et al., 2011). Numerical models for coastal

applications are typically based on reduced complexity approaches to

achieve numerical stability and reasonable simulation times. For most

applications, it will not be feasible to incorporate the level of detail on
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grain size information that was presented in this study. However,

exploratory process-based modeling with variable bed composition

could give insights into the errors associated with generalizations of

bed composition. Furthermore, a combination of field and model data

could be used to explore possible parameterizations of the grain size

variability related to marine and aeolian processes.

In the measurements presented in this study, variations in grain

size caused by marine processes were often related to morphological

change due to bar or berm movement and scarp erosion, matching

previous research that showed abundant morphological change in the

intertidal zone at the tidal timescale (e.g., Brand et al., 2019; Masselink

et al., 2007; Phillips et al., 2019). When erosion occurs, the new verti-

cal variability in grain size is likely partially determined by the expo-

sure of lower-lying sediment layers (Gallagher et al., 2016). Thereby,

antecedent sediment deposition can be important for the prediction

of sediment availability for aeolian sediment transport. In accretive

conditions, synchronization between the transfer of sediment by

marine processes and the sediment supply for aeolian sediment trans-

port can occur (Houser, 2009). Coupled numerical models of marine

and aeolian processes (e.g., Cohn et al., 2019; Roelvink &

Costas, 2019) could be used to quantify the potential influences of

horizontal and vertical redistribution of sediments by marine pro-

cesses on aeolian transport rates.

The effect of marine processes on the grain size distribution can

be studied further by collecting additional samples with the sand

scraper. These samples can provide the grain size composition that

marine processes act upon and consequently the grain composition

they leave behind. In this research, measurements were collected at

three field sites on only one or several (separate) occasions. However,

sampling efforts could be extended in time to investigate the effect of

different conditions (varying wave heights, surge heights, etc.) on

grain size. For example, Yokokawa and Masuda (1991) showed that

variations in deposit thickness were related to the tidal range of a tidal

cycle. Thus, samples could be collected throughout a neap-spring

cycle to assess the effect of varying tides on changes in grain size dis-

tribution. Consequently, these measurements could act as verification

for marine process models that show vertical variability in grain size

(Reniers et al., 2013; Srisuwan & Work, 2015).

5 | CONCLUSIONS

In this research, a newly developed sand scraper was used to measure

the near-surface vertical grain size variability and analyze the effect of

marine and aeolian processes on grain size dynamics in the intertidal

zone of three different field sites. The sand scraper provides the abil-

ity to study the spatial and temporal variations in grain size at a con-

sistent millimeter-scale vertical resolution that was previously not

attainable.

The data collectively indicate that there is a cross-shore gradient

in grain size across all the measured beaches, reinforcing the concept

that beach grain size characteristics are far from homogeneous. Fur-

ther, alongshore variability, which was prevalent on the mixed-grain,

intermediate beach studied here, can dominate over the cross-shore

and temporal variability. These insights highlight the limitations of

sparse sediment sampling and assumptions that those data are repre-

sentative for the bed composition over large spatial domains.

The most distinct cases of change in the vertical variability of the

grain size distribution by marine processes occurred in cases with sig-

nificant morphological change during high water. The marine pro-

cesses resulted both in fining and coarsening of the surface layer. The

coarsening was assumed to be related to the formation of a veneer of

coarse sediment near the upper limit of wave runup.

During aeolian transport, the expected coarsening of the near-

surface grain size was observed in some measurements, however, fin-

ing also occurred. The observed sediment fining at the bed surface

may be explained by deposition that occurred due to the formation

and development of aeolian bedforms within the intertidal zone.

The measurements collected with the sand scraper showed that

individual layers can considerately deviate from the vertically aver-

aged median grain size in the upper 50 mm of the bed surface. In

addition, the device and data presented in this research can be used

to inform future sediment sampling strategies and sediment transport

models that investigate the feedbacks between marine and aeolian

transport, and the vertical variability of the grain size distribution.
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