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ARTICLE INFO ABSTRACT
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A man-made dune-beach-spit system at the south-east side of the island of Texel (Prins Hendrik site) has been
built in 2018-2019 to strengthen the traditional dike. The core of the dune-beach-spit system consists of medium
fine sand with a dsg of 0.25-0.3 mm. The beach is covered with an armour (protection) layer of coarse materials
with relatively large gravel and shell fractions to reduce wind erosion and thus maintenance costs. In the design
phase of the project the aeolian sand transport model of Bagnold was used to estimate the long-term erosion
losses of sand at the new dune-beach system. This transport model was validated in the design phase by using
detailed sand transport and bed roughness measurements at a nearby site called The Hors. This site is a wide
natural beach plain of sand (dsp = 0.23 mm), where 147 high-quality datasets have been collected using a wind
mast equipped with 5 cup anemometers and various sand traps. It is shown that the measured sand transport
rates at the Hors can be reasonably well represented by the modified Bagnold-equation for dry sand. After
completion of the new dune-beach system, a field experiment was performed at the Prins Hendrik site to verify
the sediment transport predictions and erosion loss of sand. Data from two permanent wind masts and one short,
mobile wind mast were used to derive the effective roughness of (stationary) bed forms. Sand transport rates
were measured at various locations using a new trap sampler. The measured sediment transport in the armoured
beach zone can be reasonably well represented by the Bagnold-equation using a multi-fraction approach with
hiding-exposure coefficient. The predicted transport rates have been used to estimate the annual loss of sand
from the Prins-Hendrik site.

1. Introduction

Very few detailed field studies on selective aeolian transport pro-
cesses in conditions with sand, gravel, shells (armouring) and moving
and stationary bed forms are available (Carter, 1976; Carter and Rihan,
1978; Tan et al., 2013; Hoonhout and de Vries, 2017). Yet, these studies
are necessary for the prediction and management of beach-dune re-
sponses to wind forces on short to long-term time scales.

A practical example is the design and construction of a new dune-
beach-spit system at the island of Texel, a barrier island along the

* Corresponding author.

Dutch Wadden Sea of The Netherlands. This new system was designed
and built (2017-2019) in front of a traditional dike covered with asphalt
and grass (Prins Hendrik dike/site; PH-dike/site) which was unsafe for
future protection of the low-lying hinterland (polder) against storm
floods. Major issues in the design phase of this new dune-beach-spit
system were the high long-term maintenance costs related to sand los-
ses due to wind erosion during storms and no natural resupply of sand.
Available field measurements at a nearby site (The Hors) were used to
validate the aeolian transport model applied (modified Bagnold equa-
tion) for dry sand conditions. This detailed field dataset of shear
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velocities, bed roughness values and sand transport rates was collected
in 2000, and has never been published before. As validation for arm-
oured beach conditions was not possible due to lack of field data, it was
found difficult to estimate future sand losses at the PH-site with a coarse
armour layer of gravel and shells using existing transport equations.
After completion of the new dune-beach system in 2019, an extensive
field experiment was initiated in Spring (2020) to study the wind erosion
processes at the artificial beach and spit covered with a coarse armour
layer with the aim to verify and improve the existing design tools for
aeolian transport and beach armouring.

Until today, it is still difficult to adequately measure saltation and
creep transport, especially in the field due to the high temporal and
spatial unsteadiness of the wind flow and scour around the deployed
instruments such as sand traps, impact detectors, and optical sensors.
Mechanical trap-type instruments are still the most reliable for aeolian
sand transport measurements. However, these instruments are intrusive
and have problems in measuring the sand transport close to the sand
surface resulting in a trap efficiency (ratio of measured and true trans-
port) smaller or larger than 1, depending on the design of the trap, wind
speed, particle diameter, and sampling time (Goossens and Offer, 2000).

The measurement of aeolian sand transport is even more compli-
cated in conditions with a coarse armour layer. Aeolian sand transport is
reduced when the surface is covered with high quantities of gravels,
shells and shell clusters, which are known as aeolian shell-gravel
pavements (Carter, 1976; Carter and Rihan, 1978). In these condi-
tions, the supply of sediment is limited by the presence of non-erodible
roughness elements within the surface sediments. As erosion proceeds,
the larger, non-erodible fraction becomes more exposed and remains at
the surface as a deflation lag deposit, limiting the transport to almost
zero at given wind-induced stress. Initially, the sand transport may in-
crease slightly due to generation of additional turbulence and local ve-
locity accelerations around the immobile coarse grains and shells.
Eventually, the sand transport reduces significantly as the shear stresses
exerted on the smaller grains between the larger coarse grains are
significantly reduced to below the threshold shear stress for entrain-
ment. A higher wind-induced stress is required for further erosion of the
smaller grains from beneath the coarser grains. Lag deposit surfaces can
be observed at agricultural fields (Chepil and Woodruff, 1963; Lyles
et al., 1974) and at nourished beach sites (De Vries et al., 2014;
Hoonhout and de Vries, 2017, 2019).

Some studies on the effect of non-erodible coarse grains on aeolian
transport have been done in the past. The effect of relatively large, non-
erodible roughness elements on a surface of erodible particles was
studied in a wind tunnel by Gilette and Stockton (1989) and by Nickling
and McKenna (1995). Their test results indicate the gradual develop-
ment of a deflation lag. Initially, there is an increase in sediment flux
above the rippled sand bed because of increased erosion around the
emerging roughness elements. As the roughness elements are more
exposed (higher emergence), the sediment flux decreases rapidly,
tending towards zero.

Tan et al. (2013) studied the change in sand transport from a pure
sand bed to a bed covered with gravel (20-55 mm) using a mobile wind
tunnel operated in the Gobi Desert in China. The sand transport was
reduced by about 20%-50% for increasing gravel coverage from 10% up
to 70% due to the decrease of the wind velocities in the lowest layer of
50-100 mm above the surface. Similar findings are given by Gillies et al.
(2006). They found that wind-blown sand transport is substantially
reduced (up to 90%) if numerous roughness elements are present on a
sand surface.

Van Der Wal (1998) studied the effect of shells (coverage up to 30%)
on the wind-induced transport rate of sand taken from 5 different sites
with dsp in the range of 0.21-0.35 mm. The sand transport rate at the
end of a long tray in a wind tunnel was reduced by about 30% for a shell
percentage of 7% and by about 70% for a shell percentage of 25%. Shell
pavements were formed during the wind tunnel experiments. This was
also observed by McKenna et al. (2012). Shells (up to 30% in a wind
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tunnel) showed spatial organization resulting in shell clusters of partly
interlocking shells of different sizes. The threshold wind velocity and
shear velocity were found to increase up to 45% for a cover of maximum
43% and erosion was reduced by a factor of 5-10. Crushed shells are
found to be less effective than small/large shells.

Some field studies on beach armouring processes have been per-
formed earlier, but quantitative results of aeolian transport rates are
almost absent. Beach armouring was observed at two nourished beach
sites south of The Hague, The Netherlands (De Vries et al., 2014;
Hoonhout and de Vries, 2017, 2019). Sand transport processes were
studied in December 2010 at Vlugtenburg beach after nourishment with
sand containing a relatively large amount of shell fragments. Due to
sorting processes over time, the shell fragments form lag deposits at the
upper beach, but the lag deposits were continuously reworked in the
intertidal zone resulting in patches of finer and coarser sediments. Lag
deposits were also formed at the Sand Motor beach south of The Hague,
which is a large-scale artificial beach plain (nourishment 2011; dsg =
0.35 mm; 5% coarse > 2 mm) with surface level at + 5 m above mean
sea level (Hoonhout and de Vries, 2017, 2019). Over time, the per-
centage of coarse materials of the top layer gradually increased to about
20% due to winnowing of finer sand blown away in downdrift di-
rections. This process resulted in significant limitations of the sand
transport rates of finer sediment.

It is realized that these earlier research results in wind tunnels and at
field sites are somewhat diverse, but all information points to a signifi-
cant reduction of the sand transport rate for increasing coverage and
roughness height of coarse materials. However, a generally accepted
method to include these effects is not yet available and thus we have to
rely on partly empirical methods to be able to make predictions for
engineering designs.

The two most basic research questions related to the topics discussed
above are:

e what is the bed roughness of (armoured) beaches with bed forms and
what is the most relevant driving parameter for wind-driven trans-
port (overall shear velocity or grain-related shear velocity)?

e what is the effect of coarse materials > 2 mm (including shells) on
aeolian transport and beach armouring and what is the annual
erosion loss of sand at an armoured beach site without supply of
sediment at the upwind boundary?

These research questions are extensively addressed in this paper
based on detailed sediment transport measurements. High-quality data
have been collected at two beach sites at the island of Texel and are
presented in tabulated form in this paper to extend the international
database. The sites and instruments are described in Section 2 and 3.
Transport prediction methods are presented in Section 4. Bed roughness
values derived from measured wind velocity profiles are discussed in
Section 5. Results of measured and predicted transport rates for vali-
dation of the sand transport model used are given in Section 6. Finally,
sand transport predictions based on annual wind velocity data are used
to estimate the annual erosion losses of sand at the artificial PH-site
covered with an armour layer.

2. Description of the study sites
2.1. Beach plain The Hors

Field experiments on aeolian sediment transport were conducted on
The Hors (Hijma and Lodder, 2001), The Netherlands in summer and
autumn of 2000. The Hors is a large flat sand plain (2 km wide; 4 km
long) between the sea and the foredune on the south side of the barrier
island of Texel in the Dutch Wadden Sea (Fig. 1). The beach plain has
been growing since the Middle Ages and consists of sand with an average
dsg of about 0.23 mm. Small, barchan-like mega-ripples of about 0.05 m
high and several meters long are migrating along the beach surface
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Fig. 1. Location of the study areas.

during windy conditions. The field experiments were done at the land-
ward side of the beach plain, more than 1 km away from the shoreline.

2.2. Dune-beach-spit Prins Hendrik (PH)

Field measurements were conducted (12 March to April 21, 2020) on
the new man-made sand dune, beach and oblique spit at the south-east
side of the island of Texel (Fig. 1). The man-made Prins Hendrik dune-
beach-spit system consists of sediment dredged from a location in The
North Sea. The core of this system consists of medium fine sand with dsg
of 0.25-0.3 mm. The beach is covered with a protection layer (about 0.3
m thick) of coarse sand, gravel and shells to reduce the wind erosion and
thus the maintenance costs, as there is no supply of sand across the
boundaries of the site. This coarse layer was placed on the beach and
spread out by shovels. During and after construction on a time scale of
6-12 months, the finer sand grains were gradually removed by wind
erosion leaving a layer of coarse sand, gravel and shells (armour layer).
The sediment characteristics of surface samples of the top layer of 10-20
mm from the period 23 October to December 1, 2018 after construction
are: dsp = 0.5-1 mm at the south part of the dry beach between NIOZ-
harbor and PH-pumping station; dsp = 0.6-2 mm at the north part with
the spit and dgp = 2-5 mm at both parts. The largest gravel size is about
10 mm. The percentage of sediment with grain sizes > 2 mm varies in
the range of 15% to almost 100%. These particle size ranges are repre-
sentative for the conditions during the field work in Spring (2020).

Fig. 2. Vertical structure and composition of top layer with armour layer and
deeper coarse sand layer, PH-beach site, Texel.

An impression of the thickness of the armour layer can be observed
from Fig. 2, showing a thin upper layer with coarse materials (thickness
of 5-10 mm) and the subsoil with much less coarse materials.

At many places, the PH-beach is covered with 3D undulating types of
bed forms with heights in the range of 0.05-0.25 m and lengths of 1-3 m
(Fig. 3B). These bed forms are immobile during wind conditions up to
15 m/s due to the presence of a coarse armour layer of gravels and shells.

Two wind masts (UU-mast 1 and KUL-mast 2; Figs. 1 and 3) were
placed at the PH-site. Most sand transport measurements have been
done near KUL-mast 2 which is positioned in the cross-section near PH
pumping station (Fig. 1). At this location near mast 2, the cross-shore
profile consists of:

e Wet intertidal beach of 5-30 m wide with coarse sand andshell/
gravel clusters;

e Dry beach of 100-120 m wide separated from the wet beach by a
scarp line (= 0.5 m high). The dry beach is at 2.5 m above mean sea
level and covered with a coarse armour layer of sand, gravel and
shells;

e Dune foot zone of finer sandy materials protected by grass plants and
short wind breaking brushwood fences made of long twigs (= 1 m
high).

3. Methodology
3.1. Instrumentation at beach plain The Hors

Wind velocities were measured using five cup anemometers posi-
tioned at elevations of 0.20, 0.35, 0.85, 1.35 and 1.95 m above the sand
surface (Fig. 3A). The wind velocity distribution is described by:

U.="In (E) 1)
K 20

Where U, = wind speed at z above surface, x = von Karman’s constant
(= 0.4), and z(y = roughness length of surface (z, = ks/30, ks = equiv-
alent roughness height; Nikuradse 1933). Log-linear regression is used
to obtain the optimal parameter set of u- and zy (Bauer et al., 1992). It is
realized that the validity of a logarithmic profile may be questionable for
field sites with more wind gustiness as opposed to laboratory conditions.
However, the regression coefficients of the measured velocity profiles at
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Fig. 3. Wind mast at The Hors beach (A) and PH-beach with bed undulations (B).

both masts are high for all data (R? > 0.98) confirming the validity of about 1 m from the wind mast; each run was 10-20 min. Detailed de-
logarithmic velocity profiles. scriptions are given by Hijma and Lodder (2001).

Three different sand traps (Fig. 4) have been used: Bagnold trap
(Bagnold, 1938), Sarre trap which is a modification of the Leatherman 3.2. Instrumentation at Prins Hendrik site
trap (Sarre, 1988) and a slot-type creep trap from University of Utrecht.
The slot-type trap is a box with a slot-opening of 10 mm and 50 mm wide Wind velocities were measured at 2 long masts with 4-5 wind cup
(Fig. 4C). All trap openings are placed into the direction of the wind at meters on each mast (Fig. 1). In addition, wind velocities were also

A

100 cm

Detachable bung

50 cm

Fig. 4. A) The Bagnold trap, B) The Sarre trap, C) The Creep trap and D) LVRS-trap.
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measured at many other locations using a short, movable mast with
three wind cup meters (Fig. 5D).

Sand transport at the PH-site was measured using the new LVRS-trap
(Fig. 4D) consisting of a short mast with three wind speed meters (JDC-
eole; inaccuracy + 3%) and four circular tubes (36 mm diameter) for
trapping of saltating particles. A separate bed load trap (height 71 mm;
width 93 mm) is used. All traps have nylon bags with 70 pm mesh. The
regression coefficients of the velocity profiles with three data points are
slightly smaller (R? > 0.95) than those of the 2 long masts with 4 ve-
locity data resulting in slightly lower accuracy of the shear velocities
derived from the short mast data. It is noted that the wind velocities of
the short mast (and not the bed shear velocities) are used to drive the
sand transport model proposed by van Rijn and Strypsteen (2020). This
model only requires the specification of one velocity at a given height
above the surface, and the bed roughness is fully predicted (see Section
4). The LVRS-sand trap is similar to the high-efficiency Sherman
streamer trap (SST; Sherman et al., 2014) as scour at the corners of the
mouth is absent and no sand is accumulating in front of the sampler. The
sampling unit can be setup quickly (minutes) to obtain measurements at
many locations or many samplings at a fixed location. Based on expe-
rience of many measurements, the transport of sand in the layer 0-71
mm measured by the bed load trap is mostly about 70% of the total
transport for high wind speeds to about 100% for low wind speeds. The
transport in the upper layers is derived by interpolation from the
measured fluxes defined in the center points of the tube-type traps (Ellis
et al., 2009). Small interpolation errors may occur in determining the
transport of sand in the upper layers. The overall error of the total
transport is estimated to be less than 15%.

4. Aeolian transport models
4.1. Single fraction method

One of the most cited benchmark equations, concerning aeolian
transport calculations, is that from Bagnold (1937). The equation of

Bagnold is only valid for shear velocities higher than the threshold shear
velocity, and can be described by:

[dso Pair 3
s = o =y 2
0,=Cs D g u 2

Where D = reference grain diameter of 0.25 mm, dsy = median grain

102 T w \ 0.9 — ; ‘ :
A B
0.8} 1
101 b - 07F 4

2 o6 *

0.5 q
¥ ;
/? 04f Fk 1
/ x
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— — —Trendline; R2=0.93
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Trendline; R2 = 0.96
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L

Fig. 5. A) Change of measured and predicted roughness length at The Hors, B)
Comparison between measured shear velocity and predicted grain-shear ve-
locity at The Hors.

Coastal Engineering 166 (2021) 103871

diameter of the sand, and Cg = constant of 1.5 for nearly uniform sand,
1.8 for naturally graded sands. p,ir = density of air (taken as 1.2 kg/m?),
g = gravity constant (taken as 9.81 m/s%) and u« = shear velocity.

Bagnold (1941) also formulated the bed-shear velocity for threshold
conditions as:

U g = Qg {(:—‘ — 1) ~g~d50} 3

where oy, = empirical constant; herein taken as 0.1 based on more
recent data of Shao and Lu (2000) and Han et al. (2011). Van Rijn and
Strypsteen (2020) have recently proposed a modified version of the
Bagnold-model. Two modifications are included: 1) the use of a
threshold shear velocity and 2) the use of the dynamic grain-related
shear velocity instead of the overall shear velocity. The modified
version of the Bagnold-equation for aeolian transport (van Rijn and
Strypsteen, 2020) reads as:

d air
Gseq = OB * Ogg " Aey + \/ %'ﬂg '<M2.gmin - u%.rh) C))

W gy = Oy U gy B 5)

U,

U grain = K-—7——
30-zy,
In <Ag)

with: gseq = mass sand flux at equilibrium conditions (kg/m/s); dsg =
particle size (m); ps = sediment density (2650 kg/m3); U grain = shear
velocity related to the static and dynamic grains (m/s); u« 4, = threshold
shear velocity (m/s); Ksgrain = equivalent roughness of Nikuradse (m)
related to grains; U,, = wind velocity at z,, above sand surface (m/s); k =
constant of Von Karman (= 0.4); a,, = moisture coefficient (equal to 1
for dry sand); of = reduction coefficient related to the presence of coarse
fraction; aaq = adjustment coefficient related to fetch (maximum 1 for a
long fetch; van Rijn and Strypsteen, 2020).

The driving parameter of the modified Bagnold equation is the grain-
related shear velocity (u+ grain). This parameter is given by the following
expressions (van Rijn and Strypsteen, 2020):

(6)

k.\,gruin = k.v.gmin,.xmr + k.&,gl‘ll”"@"” = dgo T '7,'d50'Ta2 (7)
- [uagmm.:mr]z - z[u*~’h'3}2 >0 ®
(M*‘rh.B)
v,
()]

U grain, star = K*
30z,
In 2w
doo

where: T = transport parameter (—); U+ grain, stat = Shear velocity related
to static grains (based on Equation (6) with Ksgrain, stat); UxthB =
threshold shear velocity of Bagnold; ks grain, stat = roughness height due
to static grains taken as dgo (m); Ksgraindyn = bed roughness height
related to the dynamic moving grains, Ksgrain = bed roughness height
due to static and dynamic grains (m); dgg = grain diameter; y, =1 + 1/T
= ripple enhancement coefficient; a; = 15 and ap = 1.

The coefficients o and ay are empirical coefficients which have been
calibrated by Van Rijn and Strypsteen (2020) and are also used in the
present study as known values. Similarly, the oy-coefficient for moist
sand has been determined by Van Rijn and Strypsteen (2020) and is also
used in this study. The Bagnold-coefficient (o) is set to 2 as proposed by
Van Rijn and Strypsteen (2020) giving the best agreement between
measured and predicted values for various datasets.

The ayq-coefficient can be used to include conditions with a short
fetch length (aaq = 1 for a long fetch > 100 m), as discussed in Section 7.
The fetch lengths at both sites of this study are long > 500 m for the
dominant wind directions (aaq = 1).
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The a.¢-coefficient represents the effect of coarse immobile materials
(gravel, shells) on the sand transport processes. The two main effects are:
i) coarse materials cover a certain area of the bed which is not available
for sand particle erosion and ii) sand particles in the direct vicinity of
coarse materials are less exposed to the wind forces (hiding effect).
Observations in wind tunnels and field conditions show that shells of
different sizes tend to interlock and form clusters shielding the under-
lying sand surface against erosion (spatial organization; Mckenna et al.,
2012; Strypsteen, 2019). Van Rijn and Strypsteen (2020) have shown
that the reduction effects can be simply represented by a reduction
factor acting on the transport rate: of = (1-2pct/ 100)? and Def = per-
centage of coarse materials (%). This empirical relationship is used in
the present study.

The oy, 0cf, dag-coefficients are necessary to deal with moist sand,
course sediment (gravel and shells) and short fetch lengths. It is noted
that the default values of all model coefficients are used in this study
(based on earlier work of Van Rijn and Strypsteen, 2020); no additional
calibration has been done.

4.2. Multi-fraction method

A more scientific method to take the effect of the coarse fraction and
subsequent armouring into account is the multi-fraction method which
is most suitable for conditions with a relatively wide size grading (dgo/
djp > 5) based on the detailed physical work and experiments of Egia-
zaroff (1965). This method reads as:

fi- \/% : [”igmm - (éi'”*vthif]} ao

with: N = number of fractions, d; = mean particle size of fraction i, f; =
fraction value (< 1; >_f; = 1), {; = hiding-exposure factor (finer particles
are shielded by larger particles and are more difficult to erode), u« m; =
threshold shear velocity of fraction i. The o, -coefficient of the threshold
equation is set to ag, = 0.1 for each fraction (assumed to be uniform).

Pair -
Gseq = QA " Aaq * Aef * ;”'Z

i=1

The hiding-exposure factor (minimum value = 1) is tentatively
expressed by (Van Rijn, 2007):

di(] !
== 11
- (%) an

with: n = 0.5 to 1. The application of Equation (11) is necessary to
obtain realistic transport rates. Just summing of the fraction contribu-
tions will lead to overestimation of the transport rates. The effect of
Equation (11) is similar to the artificial weighting function used by
Hoonhout and Vries (2016).

If shells are present, it is assumed that each fraction is affected in the
same way. Sediment particles under the shells do not participate in the
transport process, which is taken into account by the percentage of shells
(Pshel) pPer unit mass. Particles in the lee of the shells experience lower
wind speeds and are thus less mobile. This effect is taken into account by
a reduction coefficient (acf) acting on the transport rate (van Rijn and
Strypsteen, 2020).

5. Bedform roughness and grain-related roughness
5.1. Bed forms and bed roughness

Most aeolian transport equations are based on the overall shear ve-
locity, which is an indirect parameter derived from measured wind ve-
locity profiles. If wind velocity profiles are absent, the bed-shear velocity
has to be predicted requiring information of the local bed roughness (ks
or z,). The beach surface is generally covered with small bed forms
(ripples) during low to moderate wind conditions, but the ripples are
smoothed out by storm winds (> 15-20 m/s). Knowledge of the bed
roughness under varying wind conditions is of utmost importance for
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engineering computations. Pelletier and Field (2016) and Field and
Pelletier (2018) studied the roughness related to ripples and
saltation-related grains. Their results show that the form-related
roughness is much larger than the grain roughness effects. Van Rijn
and Strypsteen (2020) have proposed to use the dynamic grain-related
shear velocity as the driving parameter rather than the overall shear
velocity for transport computations. The data of both sites on Texel are
used to validate this approach.

5.2. Measurements and analysis results for beach plain The Hors

The bed-shear velocities and bed roughness values derived from the
field data are shown in Tables 1 and 2 (Appendix A). Fig. 5A shows the
measured roughness as function of the shear velocity.

The measured roughness increases from 0.1 to 10 cm and the pre-
dicted roughness from 0.2 to 1.5 cm for shear velocities increasing from
0.2 to 0.85 m/s. As the overall roughness depends on both the geometry
of the bed (ripples) and the saltating sand grains, the increase of the
overall roughness can be explained by the growing bed form dimensions
from ripples to larger barchan-like mega-ripples (50 mm high) during
increasing wind velocity. The measured roughness is about equal to 1 to
2 times the height of the ripples. The predicted roughness of Fig. 5A
represents the (static and dynamic) grain-related roughness based on the
roughness predictor (Equation (7)) which is much smaller than the
overall roughness derived from the measured velocity profiles. Fig. 5B
shows the comparison between measured shear velocity and predicted
grain-related shear velocity based on the roughness predictor. The pre-
dicted shear velocity is the grain-related shear velocity and is about 20%
smaller than the total shear velocity derived from the velocity profiles.
This was also found by Van Rijn and Strypsteen (2020). It is noted that
the grain-related shear velocity is used to predict the sand transport rate
(Equation (4)).

5.3. Measurements and analysis results for Prins-Hendrik beach

The beach surface near both masts (Fig. 1) is covered with almost
immobile three-dimensional features which are herein typified as sur-
face undulations because of the smooth, wave-type appearance
(Fig. 3B). The undulations are 0.1-0.25 m high near mast 1 and
0.05-0.15 m high near mast 2. The length scale at both locations is about
1-3 m. The top layer of these undulations consists of coarse sand, gravel
and shells. Five minor storm events on 12, 21, 27, 29 March and April
13, 2020 have been selected for analysis of velocity profiles.

Detailed measurements with the short mast were done on 27 March
with winds of 10-14 m/s from northeast almost parallel to the beach.
Wind velocities were measured at 10 locations (close to mast 2) with
spacings of 20 m in a transect parallel to the wind (and beach). Sand
transport was absent due to the presence of the armour layer. Fig. 6
shows the wind data of mast 2 over a period of 480 min and the wind
data of the short mast over 140-180 min. The short mast wind data are 1
min-averaged wind velocities at 0.3, 0.5 and 1.25 m, repeated at least 5
times at each location. The overall agreement between the wind velocity
data of mast 2 and the short mast is good. The short mast velocities are
slightly more variable as this mast was placed at different locations
within the bedform field. Logarithmic velocity profiles were fitted to the
data of both masts to derive the shear velocity and the bed roughness.
The R%-values were > 0.95 for the short mast and > 0.98 for the long
mast 2. The bed roughness values are in the range of 20-50 mm for mast
2 and in the range of 70-150 mm for mast 1, see Figs. 6 and 7. These
values are smaller than the bed form heights which is typical for rela-
tively long and wavy-type bed forms (van Rijn and Strypsteen, 2020).

Fig. 7 shows the measured bed shear velocity at mast 1 and 2. The
shear velocity at the more exposed mast 1 (Fig. 1) is slightly higher. Also
shown are the predicted grain shear velocity at mast 1 and 2 based on
the method of van Rijn and Strypsteen (2020). The threshold shear ve-
locities for particles of 0.3 and 3 mm are indicated as dashed lines,
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both masts 1 and 2 as function of time, March 27, 2020; wind from north and
north-east.

expressing that particles of 0.3 mm are mobile, but coarse particles of 3
mm are immobile. The predicted grain shear velocities are smaller (=
30%) than the measured overall shear velocity. The latter is mainly
determined by the form roughness of the surface undulations. The grain
shear velocity represents the roughness of the stationary coarse grains of
the armour layer. It is noted that the use of the overall shear velocity in
transport equations will lead to higher transport rates and may be the
reason for the overprediction of some equations (de Vries et al., 2014;
Sherman et al., 1998, 2013).

The short mast was also used to measure velocity profiles at flatter
spots close to the crests of the undulations. The bed roughness derived
from the data is the range of 1-2 mm, which is of the scale of the coarse
grains of the armour layer. Thus, the wind flow is dominated by both the
large-scale roughness structure (dimensions of the bed undulations) as
well as the grain size of the of coarse gravel armour layer and the many
shells resting on the armour layer.
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6. Measured and predicted sand transport
6.1. Sand transport at beach plain The Hors

A total of 147 transport rates were measured: 65 with Bagnold trap,
42 with Sarre trap, and 40 with the creep trap. The transport rates have
been binned in shear velocity intervals of 0.05 m/s (velocity intervals of
about 1 m/s) and are shown in Fig. 8A and Table 3 (Appendix A).
Comparison of simultaneous measurements showed that the Bagnold
trap systematically produced higher values of the order of 30%-50%
than the Sarre-trap in line with the findings of Al Khalaf (1986; In:
Sherman, 1990 and Sherman and Hotta, 1990). Therefore, the
Bagnold-trap values were corrected by a factor of 1.4. The creep trap
results are systematically lower, which is logic as the creep trap only
measures the transport by rolling and gliding particles. Bagnold (1941,
1954) assumes that the ratio of creep and saltation transport has a
constant value of 1/3, independent of the wind velocity. The results
given in Fig. 8A and B shows that the creep quotient is not constant as
proposed by Bagnold (1941), but instead depends on shear velocity in
agreement with the theoretical analysis of Wang and Zheng (2004).

The measured sand transport rates at The Hors at higher shear ve-
locity values > 0.3 m/s are in reasonable agreement with the predicted
values of the modified Bagnold-method (Equation (4)) with standard
coefficients. The measured values at relatively small shear velocities
(0.2-0.3 m/s) are systematically underpredicted. The power relation-
ship between transport and shear velocity is found to be reasonably valid
over the full range of conditions. Summarizing, it is concluded that the
modified Bagnold-equation can be used with confidence (validation
result) for predicting the transport of dry sand in the range of 0.2-0.25
mm.

6.2. Sand transport at Prins Hendrik beach

Transport measurements have been done at the wet beach, dry
beach, dune foot, dune front and dune crest. All transport data are
shown in Table 4 (Appendix A) and in Fig. 9. A detailed description of
the beach and wind conditions is given by Van Rijn (2020).

6.2.1. Wet intertidal beach

Measurements were done at 5-10 m from the water line near mast 2
with moisture levels of 4%-12% during minor storms from SW (parallel
to beach) on march 12, 2020 and from NNE (parallel to beach) on March
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Fig. 8. A) Binned transport rates with measured shear velocities on The Hors
and predicted transport rates, B) Creep quotient with measured shear velocities
on The Hors.
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27, 2020. Moisture contents were measured by taking samples for drying
and weighing. Sand transport was intensive with values of 25-65 g/m/s
at wind speeds of 9.5-10.5 m/s at z = 1.2 m; coarse sand particles were
observed to move during wind gusts; sand was also eroded at dry spots
near the uprush line (about 70% moist spots and 30% dry spots). Initi-
ation of transport with rolling particles started at wind velocities in the
range of 7-8 m/s (Table 5, Appendix A). The wet intertidal beach where
the armour layer is absent due to the effect of breaking waves appeared
to be an important source of sand, particularly in the relatively dry zone
around the HW-line in agreement with the findings of Hoonhout and de
Vries (2017) at the Sand Motor mega-nourishment south of The Hague.
Sarre (1988) also measured intensive sand transport over a moist beach
with a very long fetch. Others (Delgado-Fernandez, 2010) found that
sand transport ceased at moist beaches. Important parameters are the
fetch length and the drying time near the HW-line. The fetch length at
the PH-site was very long (> 500 m) at both dates with wind parallel to
the beach causing rapid drying (within 3 hours) of sand around the
HW-line at many spots. The sand was eroded at these relatively dry spots
and then distributed over the full width of the wet beach by the wind.

6.2.2. Dry beach with armour layer

Sand transport was measured at the dry beach with armour layer
(Fig. 2) at 20 and 40 m from the water line. Sand was eroded from be-
tween the immobile coarse materials and from upwind locations.
Observed threshold wind velocities of various particle size classes are
shown in Table 5 (Appendix A). The finer sand particles were mobile
with threshold wind velocities in the range of 7-11 m/s. Sand and gravel
particles larger than 1 mm were mostly immobile in conditions with
wind velocities up to 11 m/s at z = 1 m; some movement was observed
during strong wind gusts. The trapped sediment consisted of sand (no
coarse gravel; no shells in LVRS-trap). Measured sand transport rates
were small with values in the range of 1-7 g/m/s at wind speed of about
10 m/s at z = 1.3 m, see Fig. 9 (solid green diamonds). Three other
transport measurements were done at the same (armoured) spot during
the same conditions. These values are not shown in Fig. 9, as the
transport rates were almost zero. It is concluded that sand transport is
significantly restricted due to the presence of the armour layer; at least
factor 10 compared to the other data at the same wind velocity of 10 m/
s, see Fig. 9.

Sand transport was also measured on the dry south beach (1 km
south of mast 2) during a minor storm event from NNE (parallel to
dune). The upper layer of 5 mm was dry (moisture < 1%) and consisted
of sand with some coarse gravel and shells (< 5%; no armour layer).

Sand transport was intense with value of 48 g/m/s at wind of 9.5 m/s at
z =1.25m, see Fig. 9 (red open square). This value is in good agreement
with the values at beach plain The Hors at the same wind velocity and
about the same sand size, which means that a minor coarse fraction (<
5%) has no substantial effect on the transport rate in windy conditions
(10-14 m/s).

6.2.3. Dune front and dune crest

Sand transport was measured at small open spots where dune grass
(marram grass) was absent. The local surface consisted of medium
coarse (dry) sand and a substantial coarse fraction > 2 mm (about 20%—
30%). Alternating patterns of finer and coarser areas were present;
alternating patterns of dry and moist spots were also present (50%/
50%). The moisture content was about 2.5% (24 h after last rainfall).
Sand transport was severely restricted by the limited fetch length. The
sand transport during a minor storm event was about 2 g/m/s for fetch
length of about 10 m; and 13-16 g/m/s for a fetch length of about 20 m,
see Fig. 9 (red open triangles).

Sand transport was also measured between the dune grass plants
(4-5 plants per m?) where medium fine, almost dry sand (moisture <
0.5%) was present. Sand transport was minor (< 0.3 g/m/s; see Fig. 9).
The wind velocity between the plants was about 4-4.5 m/satz = 0.2 m,
which is about 30% lower than the values outside the dune grass area
(6.6 m/s at z = 0.2 m).

Sand transport at wide open dune spots of almost dry sand without
coarse materials (fetch of 30-50 m; northern area A, Fig. 11) was intense
with values in the range of 75-85 g/m/s for wind speeds of about 10 m/s
at z = 1.25 m from northeast, see Fig. 9 (red open diamonds). These
transport rates are in good agreement with the values at beach plain The
Hors at the same velocity and sand size and represent equilibrium
conditions. Sand transport was substantially lower (50%-75%) at
nearby spots with moist sand (moisture = 4%) resulting in an irregular
surface due to uneven erosion of sand.

6.3. Predicted sand transport

Both the single fraction and the multi-fraction methods have been
used for the PH-site. The measured values at the intertidal beach (dsg =
0.4 mm, dgp = 1 mm, no gravel and shell) and at the open dune spots
(dsp = 0.3 mm, dgp = 1 mm, no gravel and shell) are equilibrium values
for dry sand (open circles, square, diamonds, Fig. 9). The predicted
equilibrium values are also shown in Fig. 9 (red and green curves for 2
different diameters). The agreement is quite reasonable for the intertidal
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beach (open circles) and the predicted values are somewhat too small
(factor of 2) for the open dune spots (open diamonds). The oy, and aaq-
coefficients are assumed to be 1 (dry sand, long fetch). Slope effects in
the dune zone were neglected as the wind was parallel to the dunes. No
additional calibration was applied (default settings were used). The
measured transport rates at other locations (open triangles; solid di-
amonds) are significantly below the predicted values of the single
fraction method due to supply-limiting effects (short fetch, armour
layer).

The multi-fraction was applied to the dry beach with armour layer,
which is represented by 7 fractions, see Table 6 (Appendix A). The dsg
and dgp of the armour layer are 0.77 mm and 5 mm. The percentage of
coarse materials including shells > 2 mm is 25%. Moisture effects are
neglected as the upper layer of the beach sand was dry (< 1%).

The predicted value (green dashed curve) of the multi-fraction
method including the hiding-exposure factor (Equation (11); n = 0.75)
is about 6 g/m/s for a wind velocity of 10 m/s. The measured values (2
data points) are in the range of 1-7 g/m/s for wind velocity of 10 m/s.
Thus, the multi-fraction method yields transport values which are of the
right order of magnitude. The predicted transport rates (Table 6) show
that the finer fractions are transported at lower wind speeds and the
coarser fractions are set in motion at higher wind speeds. At high wind
speeds >15 m/s, all fractions are mobile and the transport rates of the
multi-fraction method are approaching those of the single fraction
method without the effect of the coarse fraction. At a wind speed of 10
m/s, the predicted values of the multi-fraction method are almost a
factor of 10 smaller than those of the single fraction method (green solid
curve). Thus: the measured transport rates at the armoured beach (green
solid diamonds) are significantly overpredicted (factor of 10) by the
single fraction method if the coarse fraction is not taken into account.
The effect of the coarse fraction in the single fraction method can be
simply represented by a reduction factor acting on the transport rate: of
= (1-2pet/ 100)? with Pof = percentage of coarse materials (%) as pro-
posed by van Rijn and Strypsteen (2020). Using pes = 20% yields
significantly lower transport rates, see Fig. 9 (green dotted curve), but
the predicted values are still somewhat too high compared to the
measured values for the armoured surface.

The multi-fraction method offers a rational approach to predict the
transport of sediments for very graded beach materials including a
substantial coarse fraction. The method is essential to predict the
gradual development of an armour layer in a numerical model for the
time evolution of the beach surface (see also Hoonhout and de Vries,
2019). This method has been extensively tested for graded sediment
beds in water flow (Van Rijn, 2007), but the present results for wind flow
are highly exploratory as only two data points are available for the
PH-site. More field data are required under minor and major storms and
more research should be done to better define the hiding-exposure
coefficient.

The simpler single fraction method with inclusion of the ac¢ -coeffi-
cient offers an attractive method with a reasonable overall accuracy;
deviations are not more than a factor of 2 (green dashed, dotted curves).

7. Annual transport and loss of sand at the Prins Hendrik beach
site

The modified Bagnold equation is used to calculate the annual
transport of sand at the Prins Hendrik beach site with the aim to explain
the annual loss of sand from this site with an armour layer. The annual
loss of sand is one of the prime long-term risks in coastal management
using engineered beach dunes systems. Validated estimation of these
losses is therefore highly needed.

The PH-site is enclosed by the NIOZ-harbor at the south, the old
traditional grass dike at the west, a traditional grass dike at the North
and the Wadden Sea at the east (Fig. 10). The beach and dune are almost
parallel to the dominant wind direction from southwest. The beach and
spit have a layer of coarse sand, gravel and shells (about 0.3 m thick). As
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Fig. 10. Aerial view of Prins Hendrik (PH) site, Texel, The Netherlands.

there is no supply of sand across the boundaries at all, the PH- system
will gradually loose sediment due to wind-induced transport and
erosion. During and after construction on a timescale of 6-12 months,
the fine sand fractions were removed by wind erosion resulting a top
armour layer of about 10-20 mm thick. Over time, the armour layer will
become slightly coarser. The loss of sand due to aeolian transport is
mainly to the northeast (NE), into the Wadden Sea and to the southwest
(SW), see yellow arrows of Fig. 10. No sand was observed to cross the
long dune crest zone on the northwest side (NW) with dense marram
grass plants during events with winds from the east to southeast. Based
on visual observations and drone-based soundings, the main deposition
areas are in the northern area are (Figs. 10 and 11):

e area A: northern end of the dune body where the dune crest slopes
downward creating a small lee area of about 1000 m? with a depo-
sition volume of about 500 m® (layer of 0.5 m in period June
2019-March 2020);

e area B: foot of the dike behind a long brushwood fence over a dis-
tance of about 200 m, width of about 10 m and layer thickness of
about 0.3 m resulting in a volume of about 600 m?;

e area C (in between area B and area D, see Figs. 10 and 11): in front of

the fence along the maintenance road, where about 100 m® was

removed in November 2019 and about 200 m® in February 2020;

area D: at the back side of the grass dike, where about 350 m® was

removed in February 2020 (two spots: 50x10x0.1 and 150x10x0.2).

The total deposition volume of sand in the northern areas related to
wind events from southwest is about 500 + 600 + 300 + 350 = 1750 m®
for the period June 2019 to March 2020. Adding about 150 m® (rough
estimate) for the period March-June 2020, the total observed value for a
full year is about 1900 m>. Sand was mainly deposited in the winter
period November to March. The deposited sand comes from the dry
beach area with the armour layer (total area of about 400000 mz).
Assuming a layer thickness of about 10-20 mm, the total volume of the
armour layer is about 4000-8000 m?®. Initially, the composition of the
top layer was about 75% of sand and 25% of coarse materials. Thus,
about 3000-6000 m> of sand has been eroded to develop the armour
layer of mainly coarse materials > 2 mm during and shortly after the
construction of the site. The deposition volumes from Areas C and D are
regularly removed by a shovel and brought back to the beach zone.
During the observation period between June 2019 and March 2020, the
site experienced one major storm event from the southwest in February
2020 with wind velocities up to 20 m/s (BF9). The beach survey in
March 2020 did not show any major disruption of the armour layer and
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Fig. 11. Deposition areas near northern end of Prins Hendrik (PH) site, Texel.

the deposition of sand in the northern area was not excessive (< 500
m?). These are all indications that the armour layer is not much affected
by a major storm event. Coarse gravel and shells may have been mobi-
lized, but the transport rates of coarse grains were most like relatively
small.

The measured deposition volume in the northern area has been used
to check the annual loss of sand predicted by the modified Bagnold-
method in the period January to December of the year 2019 (first year
after completion of the dredging and construction works). Annual wind
data at the PH site in 2019 is not available and will therefore be taken
from the weather station The Kooy near Den Helder (about 10 km from
the site). However, the wind velocities at the PH-site on Texel are
slightly different from those at The Kooy. This was studied by comparing
the wind data of mast 1 and mast 2 and the wind data of The Kooy in the
period 12 March to April 6, 2020 (field survey period). The wind data at
The Kooy are measured at a height of 10 m and are converted to a value
at 2 m using a logarithmic velocity profile with roughness ks = 0.03 m.
Based on this analysis, it is found that the wind velocity defined at 2 m
above the surface at the PH-site is significantly higher than at the land
station The Kooy, as follows: 25% higher for the sector 0-60°, 40%
higher for the sector 60°-180°; 10% higher for the sector 180°-240° and
10% lower for the sector 240°-330° in the lee of the new dune. Using
these results, the annual wind climate of The Kooy is modified to obtain
a reliable annual wind climate for the PH-site. The fetch at the beach is
short for the directions 240° to 300° when the beach is in the lee of the
new dune, which is taken into account using the a,4-coefficient. The og-
coefficient is determined by using: aag = 0.5b/[(0.1+cosay)Laq] with b
= beach width, o,y = angle between wind vector and shore normal, L,q
= distance to obtain equilibrium transport (= 100 m). The ay4-values are
in the range of 0.3-1. The predicted transport vector values are
decomposed in 4 components: parallel to the beach in northeast (NE)
and southwest (SW) and normal to the beach in northwest (NW) and
southeast (SE). The coastline angle is 40° to the north. The predicted
annual transport rates are shown in Table 7 for three cases. Case A: only
dry sand without coarse materials. Case B: dry sand with a coarse frac-
tion of gravel and shells which is represented by acf = (1-2pc/100)? in
Equation (4) with p.f = percentage coarse fraction > 2 mm as proposed
by van Rijn and Strypsteen (2020). Case C: moist sand with coarse
fraction.

The rain in mm per hour from station De Kooy is converted to a
moisture content (wyg) of the top layer with thickness of 20 mm. The
moisture of the intertidal beach varies from the LW-line (about 12%) to
the HW-line (about 4%), which is represented by a constant value of 8%.
The effect of the moisture content on the threshold shear velocity
(Equation (5)) is included by using oy, = 1 + 0.1wyg as proposed by van
Rijn and Strypsteen (2020). Furthermore, the drying of the sand surface
after the end of a rainfall period is included by assuming a short drying
time of 6 h in June (summer) and long drying time of 24 h in December
(winter) and a linear decrease of the moisture coefficient to 2% during
the drying time. Table 7 under Case C shows two numbers: the first with
inclusion of the drying effect (smaller transport) and the second without
the drying effect.

10

The transport rates of Case A for dry sand without coarse fraction are
highest and the transport rates of Case C for moist sand with the coarse
fraction and the drying effect included are smallest. The transport at the
dry beach to the northeast (NE) is highest with a value of about 35 m%/
m/year for Case A as winds are from the southwest are most frequent
(750 h per year with wind velocity > 10 m/s). The transport to the
southeast (SE) is smallest because winds from west to north are less
frequent (200 h with wind velocity > 10 m/s). During these latter
conditions, the dry beach is in the lee of the new dune resulting in a
reduction of the effective wind velocity and a relatively short fetch at the
beach. As a result, the transport to the southeast (SE) is relatively small
with a value of 3.6 m3/m/year for Case A and 1 m>/m/year for Case C.

The total loss of sand is caused by transport to the northeast, to the
southwest and to the southeast and is computed as:

Qsand,ne = bintertidal Qs,intertidal,ne + bbeach Qs,beach,ne + bspit Qs,spit,ne T
bdune Qs,dune,ne

Qsand,sw = bintertidal Qs intertidal,sw + bheach Qs,beach,sw + bdune Qs,dune,sw
Qsand,se = Lbeach Qs,intertidal,se

The width (b) of the intertidal zone between the HW and LW lines is
about 20 m; the width of the dry beach is set to 150 m for the north
beach and to 60 m for the south beach. The width of the spit is set to 150
m. The width of the dune zone without marram grass is about 10 m. The
alongshore beach length (L) is about 2 500 m. The loss of sand from the
armoured beach zone to the northwest is not shown as this value is small
(<1 m®/m/year; only 30 h with wind from sector east to south and wind
speeds > 10 m/s). Sand carried to northwest is trapped in the dune zone
with marram grass plants and is not a real loss as it contributes to dune
growth. Almost no sand was observed to pass the dune crest zone with
dense marram grass plants. There may also be a small (internal) loss to
the Lagoon.

The total transport and loss of sand to the northeast is predicted to
be: Qsand,ne = 11340 mg/year for Case A, 4480 m3/year for Case B and
3550 m>/year for Case C, see Table 7. This latter value is the most
realistic loss of sand to the northeast including all effects. About 50%
(1775 m®/year) of the predicted value of 3550 m®/year to northeast
comes from the north beach/dune zone and is deposited in the northern
areas (A to D) and is in good agreement with the observed deposition of
about 1750-1900 m°®/year in the northern area in the period June
2019-June 2020. The other part (1775 m3/m/year to northeast) comes
from the spit and is deposited into the Wadden sea at the end of the spit,
see Fig. 10. The total transport and loss of sand to southwest is about
225 m®/year for Case C. The transport and loss of sand to the southeast
(to the Wadden Sea) is about 3000 m3/year for Case C. This latter value
is quite substantial which is caused by the long beach length of about
2500 m. The total predicted loss of sand to Wadden Sea is about 1775 +
3000 = 4775 m>/year for Case C. The total loss of sand due to aeolian
processes is about 6800 m>/year for the most realistic Case C. Taking the
small loss of sand to the Lagoon into account, the overall loss of sand will
be about 7000-8000 m>/year. This is equivalent with an erosion layer of
sand of about 17-20 mm assuming a total area at the PH-site of 400000
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m2

This example shows that the aeolian loss of sand from an artificial
beach can be significantly reduced (factor 3 to 4; total loss for Case A =
30000 m®/year) by the placement of a layer of coarse sediment and
shells on the beach surface, based on model predictions with the
modified Bagnold model which was to some extent verified using
measured transport rates at the armoured beach. More field data under
major storms are required for more firm conclusions. It is logic to assume
that the loss of sand is highest in the first year and will be smaller in later
years, as the armouring effect of the coarse layer may improve slightly.
The annual loss of sand from the beach and dune zones in the coming
years is estimated to be in the range of 2500-5000 m°®/year.

Finally, it is noted that these exploratory results are a first step to
estimate the loss of sand due to wind erosion at a rather complex site
with an armour layer at the dry beach. In future, the more detailed 2D
Aeolis model (Hoonhout and de Vries, 2019) will be applied to this site.
However, it is not a priori certain that this will lead to more accurate
estimates as many model coefficients may have to be calibrated.

8. Summary and conclusions

Detailed field studies on aeolian sand transport in conditions with
sand, gravel, shells and moving and stationary bed forms have been
conducted at two beach sites at Texel, the Netherlands: a wide and
exposed sandy beach plain (The Hors) with an enormous fetch length (>
500 m) and a new sheltered dune-beach-spit system with coarse sedi-
ments (Prins Hendrik site). At this latter site, the supply and transport of
sediment is limited by the presence of non-erodible coarse grains at the
beach surface. Mobile and immobile bed forms are characteristic fea-
tures at both sites. Knowledge of bed roughness under varying wind
conditions is of utmost importance for engineering computations. This
was studied by comparing overall shear velocity derived from measured
wind velocity profile data to predicted values at both sites.

Various sand transport traps have been used to measure aeolian sand
transport as function of wind velocity: the traps of Bagnold and Sarre at
the beach plain site The Hors and the streamer-type trap of LVRS at the
PH-site. A special trap for creep transport has been used at the beach
plain The Hors to determine the contribution of creep-type transport to
the overall transport. Transport measurements at the more complex PH-
site have been done at the wet beach, dry beach, dune foot, dune front
and dune crest during various minor storm events.

Sediment transport predictions have been made using the single and
multi-fraction methods based on the modified Bagnold transport equa-
tion with default settings. Using the single-fraction method, the sand
particles of the beach surface are represented by the dsp and dgg of the
sand mixture. Using the multi-fraction method, the sand mixture is
represented by multiple fractions, each with its own mean diameter and
a hiding-exposure factor to deal with hiding-exposure effects, as the
finer particles are hiding between the coarser grains and are more
difficult to set into motion. The prediction methods have been used to
estimate the annual loss of sand from the new PH-site.

The main findings of the studies are, as follows:

1. The roughness values of mobile bed forms at the sandy beach plain
The Hors and stationary bed forms at the PH-site are up to 150 mm;
the high bed roughness values are mainly related to the form
roughness of the bed forms; measured shear velocity values are
higher than the predicted dynamic grain-related shear velocity used
in the transport model.

2. The creep-quotient (ratio of creep transport and saltation transport)
is dependent on shear velocities and is not the constant (1/3) as
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proposed by Bagnold. The quotient is around 0.5 for low shear ve-
locities and drops to 0.2 for higher shear velocities. The transport
rates of dry sand measured at the beach plain The Hors show a clear
increase for increasing shear velocity (approximately power 3) and
can be reasonably well represented by the modified Bagnold equa-
tion based on predicted grain-related shear velocities.

3. The measured sand transport rates at the sandy parts (dunes, south
beach) of the Prins Hendrik site are very comparable to the transport
rates at the beach plain The Hors and are slightly underpredicted by
the modified Bagnold equation.

4. The transport rates in the dry beach zone and in the dune front/crest
zone of the PH-site are severely restricted (factor 10) by the armour
layer of coarse grains; the restricted transport in the dry beach zone
with armoured top layer can be reasonably well represented by the
Bagnold model using a multi-fraction approach with hiding-exposure
factor.

5. The new beach dune site Prins Hendrik suffers from erosion, as there
is no supply of sand from the upwind boundaries; the annual depo-
sition of sand in the northern area in the first year after construction
was observed to be about 1900 m>/year; the predicted loss of sand in
the northern area based on the modified Bagnold equation is about
1775 m®/year including the effects of coarse materials and moisture
due to rainfall.

6. The aeolian loss of sand from an artificial beach can be significantly
reduced (factor 3 to 4) by the placement of a layer of coarse sand,
gravel and shells on the beach surface; this is based on model pre-
dictions with the modified Bagnold-model; measured transports at
the armoured beach were correctly represented by the model.
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Appendix A. Tables

Table 1
Summary of wind velocity, shear velocity and roughness for the beach plain of The Hors, Texel, The Netherlands.

Site Measured u- (m/s) U1.3m (m/s) Uom (m/s) Measured kg (cm) Predicted kg (cm)

The Hors beach plain (dsg = 0.23 mm) 0.19 (0.15-0.20) 4.30 (3.31-4.41) 4.51 (3.47-4.63) 0.57 0
0.22 (0.20-0.25) 5.02 (4.64-5.80) 5.26 (4.86-6.07) 0.36 (0.20-0.52) 0
0.28 (0.25-0.30) 5.63 (5.09-6.11) 5.93 (5.36-6.43) 1.13 (0.70-1.57) 0
0.32 (0.30-0.35) 6.52 (6.16-7.19) 6.86 (6.49-7.57) 1.05 (0.67-1.43) 0.41
0.38 (0.35-0.40) 7.25 (6.66-7.61) 7.66 (7.04-8.04) 1.93 (1.44-2.42) 0.45
0.43 (0.40-0.45) 7.89 (7.33-8.24) 8.35 (7.76-8.73) 2.56 (1.90-3.22) 0.53
0.48 (0.45-0.50) 8.57 (8.00-8.89) 9.09 (8.48-9.43) 3.19 (2.09-4.28) 0.63
0.52 (0.50-0.55) 8.66 (8.35-9.18) 9.21 (8.89-9.78) 4.90 (3.92-5.89) 0.62
0.58 (0.55-0.60) 9.56 (9.13-9.96) 10.18 (9.72-10.60) 5.11 (3.64-6.58) 0.76
0.62 (0.60-0.65) 9.79 (9.43-10.22) 10.46 (10.08-10.92) 7.25 (4.37-10.14) 0.79
0.72 (0.70-0.75) 12.20 (11.86-12.71) 12.97 (12.61-13.51) 4.45 1.18
0.85 (0.80-0.85) 13.05 (12.35-13.12) 13.96 (13.21-14.04) 8.11 1.36

Table 2
Wind velocity, shear velocity and roughness of The Hors beach plain and PH-beach, Texel, The Netherlands.

Site Ui (m/s) ux (m/s) ks (mm) Bed forms
The Hors beach plain 3.5-7 0.2-0.4 2-50 plain and small ripples
(dsp = 0.23 mm) 7-9 0.4-0.5 10-50 small migrating ripples
height 20 mm; length 0.2 m
9-11 0.5-0.6 50-100 migrating mega ripples
height = 50 mm; length = 0.5 m
11-14.5 0.6-0.8 50-100 migrating mega ripples
height = 50 mm; length = 0.5 m
PH-beachMarch 27, 8-11 0.48-0.62 (mast 1) 70-150 undulations
2020 height 100-250 mm; length 1-3 m
(armour layer; dso = 0.5-1 mm) 7-10 0.42-0.57 (mast 2) 20-50 undulations
height 50-150 mm; length 1-3 m
7-9 0.37-0.56 (short mast) 10-50 undulations
height 50-150 mm,; length 1-3 m
Table 3
Summary of transport data for beach plain of The Hors (dsgp = 0.23 mm; dry sand; fetch > 500 m).
Measured u« (m/s) U1.3m (m/s) Uom (m/s) Measured Measured Measured
Qs,Bagnold (8/m/s) Qs,Creep (8/m/s) Qs sarre (8/m/s)
0.19 (0.15-0.20) 4.30 (3.31-4.41) 4.51 (3.47-4.63) 0.39 / /
0.22 (0.20-0.25) 5.02 (4.64-5.80) 5.26 (4.86-6.07) 0.93 0.48 1.51
0.28 (0.25-0.30) 5.63 (5.09-6.11) 5.93 (5.36-6.43) 3.74 1.55 3.88
0.32 (0.30-0.35) 6.52 (6.16-7.19) 6.86 (6.49-7.57) 7.07 3.03 8.88
0.38 (0.35-0.40) 7.25 (6.66-7.61) 7.66 (7.04-8.04) 25.37 5.63 18.76
0.43 (0.40-0.45) 7.89 (7.33-8.24) 8.35 (7.76-8.73) 31.74 4.82 18.46
0.48 (0.45-0.50) 8.57 (8.00-8.89) 9.09 (8.48-9.43) 49.04 6.81 36.89
0.52 (0.50-0.55) 8.66 (8.35-9.18) 9.21 (8.89-9.78) 22.39 5.76 22.62
0.58 (0.55-0.60) 9.56 (9.13-9.96) 10.18 (9.72-10.60) 22.80 5.28 30.35
0.62 (0.60-0.65) 9.79 (9.43-10.22) 10.46 (10.08-10.92) 65.41 5.33 41.80
0.72 (0.70-0.75) 12.20 (11.86-12.71) 12.97 (12.61-13.51) / / 126.89
0.85 (0.80-0.85) 13.05 (12.35-13.12) 13.96 (13.21-14.04) 144.93 / /
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Table 4

Summary of transport data for PH beach site, Texel, The Netherlands

Date, time
and weather

Beach

Moisture (%)

Wind conditions

Sand transport q (g/m/s)

dsp;dgp (mm) Description upper upper Pm (%) Uy .3m and us (m/s) Upwind fetch length (m)
Pcoarse (%) 5 mm 20 mm
March 12, 2020; 10h30; Te = 9 °C; 0.45; 3; mid dry beach; bed undulations; armour layer nm 1.7 70 10; 0.59 75-100 7
BF7 >30
12 March 13h05; 0.45; 3; mid dry beach; bed undulations; armour layer nm 2 70 10; 0.59 75-100 1
Te =9 °C; BF7 >30
12 March; 13h35 0.4; 1; wet beach; 11 11 70 10.5; 0.6 300 65
Te = 9 °C; BF7 2-20 flat, smooth
12 March; 14h40; Te = 9 °C; BF7 0.4;1; wet beach; <8 8 70 9.5; 0.48 300 27
2-20 flat, smooth
21 March; 12h15; Te = 7 °C; BF5/6 0.3; 0.9; dune front; nm 2.5 50 9; 0.53 10 2.2
<5 flat; smooth
21 March; 12h45; 0.3; 0.9; dune front; nm 2.5 50 9.3; 0.61 20 16.2
Te =7 °C; BF5/6 <5 flat; smooth
21 March; 13h05; 0.3; 0.9; dune front; nm 2.5 50 9.3; 0.61 20 13.5
Te =7 °C; BF5/6 <5 flat; smooth
21 March; 13h20; 0.3; 0.9; dune front between grass plants <0.5 <0.5 0 8.8; 0.85 5 0.3
Te =7 °C; BF5/6 <1
27 March; 13h40; 0.4;1; wet beach; <12 12 70 9.6; 0.62 100 35
Te = 9 °C; BF6 10 flat, smooth
27 March; 13h57; 0.4;1; wet beach; <12 12 70 9.6; 0.62 100 25
Te = 9 °C; BF6 10 flat, smooth
27 March; 14h20; 0.3; 0.9; dune foot; undulations; armour layer <0.5 <0.5 0 9; 0.59 100 0.35
Te = 9 °C; BF6 >30
29 March; 13h10; 0.26; 0.5; dune crest; smooth sloping surface <0.5 <0.5 0 10.5; 0.73 30 88
Te = 6 °C; BF6/7 <1
29 March; 13h10; 0.26; 0.5; dune crest; smooth sloping surface <0.5 <0.5 0 10.7; 0.83 30 78
Te = 6 °C; BF6/7 <1
29 March; 14h35; 0.26; 0.5; dune crest; smooth sloping surface <0.5 <0.5 0 9.8; 0.8 30 68
Te = 6 °C; BF6/7 <1
29 March; 14h05; 0.26; 0.5; dune crest; irregular sloping surface nm 4 50 9.5; 0.64 50 25
Te = 6 °C; BF6/7 <1
29 March NIOZ; 15h10; Te = 6 °C; BF6/7 0.27; 0.5; dry beach; small undulations <1 2 0 9.5; 0.64 30 48
<1

BF = Beaufort wind scale; p,,, = percentage of beach surface with moist appearance at measurement location; nm = not measured; pcoarse = coarse fraction of grave and shells > 2 mm.
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Table 5
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Threshold wind speeds of dry sand and gravel material (initiation of motion; oy, = 0.1), PH beach site, Texel.

Sediment Threshold shear velocity (based on Threshold wind velocity at 1 m above surface (m/  Threshold wind velocity at 10 m above surface based on
(mm) Bagnold-model) s) Bagnold-model (m/s)
(m/s) -
Based on Observed (12 March-22 April
Bagnold 2020)
0.2 0.21 5.8 6 7.0 (BF4)
0.4 0.29 7.7 7.5 9.4 (BF5)
0.6 0.36 9.1 9 11.2 (BF6)
0.8 0.42 10.2 10 12.6 (BF6)
1 0.47 11.2 immobile 13.9 (BF7)
2 0.66 14.7 immobile 18.5 (BF8)
4 0.93 19.1 immobile 24.5 (BF9)
6 1.14 22.3 immobile 28.9 (BF10)
10 1.47 26.9 immobile 35.4 (BF12)
Table 6

Predicted sand transport of single and multi-fraction methods for dry beach; PH beach site, Texel

Wind speed at z = 1.3 m (m/s) Sediment transport

single fraction

Sediment transport based on multi fraction method (g/m/s)

deo — 0.77 0.2 mm 0.4 mm 0.6 mm 0.85 mm 1.5 mm 3 mm 7 mm Total
50 = 0.77 mm (g/m/s)
0.1-0.3 0.3-0.5 0.5-0.7 0.7-1 1-2 2-4 4-10
5% 10% 15% 25% 20% 15% 5%
9.5 3.1 0 0 0.29 0.87 0 0 0 1.16
10 8.0 0 0.2 1.75 3.75 0 0 0 5.7
10.5 13.6 0 1.14 3.41 7.05 0 0 0 11.6
11 20.0 0.093 2.17 5.32 10.84 1.18 0 0 19.6
11.5 26.2 0.45 3.17 7.17 14.5 5.11 0 0 30.4
12 32.4 0.83 4.17 9.0 18.2 9.0 0 0 41.2
13 47.0 1.65 6.55 13.4 26.8 18.2 0 0 66.6
14 65.2 2.7 9.5 18.8 37.5 29.6 0 0 98.1
15 87.4 4.0 13.1 25.4 50.6 43.5 11.3 0 147.9
Table 7

Predicted annual transport at PH-site with beach length of 2 500 m, Texel.

Case Annual sand transport parallel to beach in northeast, southwest and southeast direction Total loss of sand
(m®/m/year) (m°®/year)
Intertidal zone dsp = Armoured beach zone dso Dune zone (no plants) Total dsg
0.4 mm = 0.77 mm = 0.295 mm
dgo =1 mm dgp = 3 mm dgp = 1 mm
coarse > 2 mm = 10% coarse > 2 mm = 20% coarse> 2 mm = 5%
A. Dry sand (no coarse fraction) NE-transport = 30 NE-transport = 35 NE-transport = 24 NE 11340
SW-transport = 6 SW-transport = 8 SW-transport = 5 SW 650
SE-transport = 3.5 SE-transport = 3.6 SE-transport = 3.5 SE 8 750
B. Dry sand with inclusion coarse fraction NE-transport = 19 NE-transport = 13 NE-transport = 20 NE 4 480
SW-transport = 4 SW-transport = 3 SW-transport = 4 SW 300
SE-transport = 2.2 SE-transport = 1.3 SE-transport = 2.8 SE 5 500
C. Sand with inclusion coarse fraction and moisture (no NE-transport = 10-14 NE-transport = 10-11 NE-transport = 16-17 NE 3 550
transport on rainy days + 1 day drying) SW-transport = SW-transport = 2.4-2.6 SW-transport = 2.4-2.6 SE- SW 225
1.7-2.6 SE-transport = 1-1.1 transport = 1-1.1 SE 3 000

SE-transport = 1-1.5
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