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ABSTRACT

While the impact of the spatio/temporal variability of grain size on morphological beach state is reasonably well
understood, relatively little is known on its impact at a scale of days/months on aeolian sediment transport. This
study focuses on five short intensive wind events during which aeolian sediment transport measurements, beach
surface sampling and elevation change surveys were carried out for 1 to 3 days, over a 16-month period on a
microtidal beach dominated by offshore winds. Monthly observations show a high temporal variability in beach
grain size in relation to the decoupling between hydrodynamic and aeolian processes, from medium sand after a
marine storm and inundation of the beach, to very coarse sand after several weeks of storm-force winds. During
each wind event, topographic change on the beach ranged from zero, to 0.55 m. The time scale of coarsening
depended on the initial beach grain size and could be very fast when the beach was composed of medium sand (e.
g. 388 ym sand changed to coarse sand of 547 pm in 40 h). In contrast, it took one month to transition from a
coarse median beach grain size of 883 pm to a very coarse one of 1323 pm. This variability in grain size results in
dramatically different rates of sediment flux. For example, during average wind speeds of 10 to 14 m/s the
sediment flux when the beach was composed of medium sized sand ranged between 21 and 154 kg/m/h
compared to 0.4 to 50 kg/m/h when the beach was composed of coarse and very coarse sized grains. Overall, this
study highlights the importance of beach grain size variability on aeolian sediment transport and shows that for
similar incident wind and climatic conditions aeolian sediment transport rates vary dramatically. The study
demonstrates the importance of taking care when using a constant median grain size in the calculation of long-
term aeolian sand transport on beaches with heterogeneous spatial and temporal beach grain size variability.

1. Introduction

surface beach sediments can also influence the rate of sand flux (Bag-
nold, 1937), for example, aeolian sorting can coarsen the beach surface

Studies in coastal aeolian processes have identified multiple factors
that limit sediment transport including surface moisture content, waves
and tidal fluctuations (Bauer et al., 2009; He et al., 2022; Mountney and
Russell, 2009; Schmutz and Namikas, 2018; Hallin et al., 2023). The
fetch length (Dong et al., 2002; Bauer and Davidson-Arnott, 2003;
Delgado-Fernandez, 2010; Schwarz et al., 2021), beach slope (Hardisty
and Whitehouse, 1988; de Vries et al., 2012) and beach sand availability
(Ruz and Anthony, 2008) are also factors to consider in the study of sand
transport, as well as the presence of roughness elements such as vege-
tation (Buckley, 1987; Arens et al., 2001; Schwarz et al., 2021) and lag
deposits (Van der Wal, 1998; de Vries et al., 2014). The characteristics of
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and create an armoured layer (Bagnold, 1937; Carter, 1976; Lancaster
et al., 2002; Hoonhout and Vries, 2016; Field and Pelletier, 2018; Cohn
et al., 2022; Uphues et al., 2022).

Globally, beaches present a wide range of granulometry from fine
sand to boulders due to the local geology, tidal and wave actions, and
sediment supply sources that in turn produce a diversity of beach mor-
phologies (Bascom, 1951; Wright and Short, 1984; Bujan et al., 2019).
Spatially, longshore variations in grain size at a landscape scale can be
observed due to the distance from the sediment source (coarser near the
source (e.g. estuary), finer away from it) (Aleman et al., 2015; Huisman
et al., 2016). At a local scale, the same beach can present spatial and
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temporal grain size variations due to hydrodynamic and wind forcing
(Nordstrom, 1980; Moreira, 1988; Davidson-Arnott and Law, 1990;
Medina et al., 1994; Prodger et al., 2016; Feyssat et al., 2022; Van
IJzendoorn et al., 2022) causing cross-shore variation in grain size dis-
tribution between the upper beach and the nearshore zone (Aleman
et al., 2015). It is frequently observed that during prolonged periods of
strong winds, sediment sorting produces a coarser beach surface which
decreases the saltation cascade effect and the amount of sediment
transported (Davidson-Arnott and Law, 1990; Lancaster et al., 2002;
Dong and Qian, 2006; Manukyan and Prigozhin, 2009; Strypsteen et al.,
2021; Wang et al., 2021; Uphues et al., 2022). This is more pronounced
in microtidal environments (Masselink and Pattiaratchi, 2001) where
the low tidal range does not allow hydrodynamic processes (waves and
tidal currents) to frequently mix the beach surface sediment. In an
attempt to reduce this complexity, studies have often used a single grain
size value to characterize their beach environment (Van IJzendoorn
et al., 2022; Van IJzendoorn et al., 2023). However, relatively little
attention has been devoted to assessing the impact of temporal grain size
changes on aeolian transport rates, even though many beaches on mid-to
high latitude coasts comprise a mixture of fine and coarse clastic ma-
terials. Calculating aeolian transport rates with greater accuracy has
become necessary in the global context of coastline erosion, as it en-
hances the modelling of aeolian sediment transport on beaches, which
acts as the primary source for the growth of foredunes and other dune
types occurring adjacent to the shore (Hesp, 2024).

The aim of this study is to investigate the influence of the daily to
monthly grain size variation on aeolian sediment transport that occurs
on the backshore of a microtidal beach (Leucate, North-West Mediter-
ranean coast), with large temporal grain size variations. The temporal
evolution of the beach sedimentology was studied by analysing the
environmental conditions (wind speed, wind direction and wave height)
from January 2021 to April 2022. In addition, five field campaigns (1-3
days range), during the dominant field site wind direction (offshore)
referred to as “events” were carried out to investigate the influence of
the beach sedimentology on aeolian sand transport and topographic

Study site [_]
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change.

2. Study area

The field site is located at Leucate Beach in the south of the Gulf of
Lion (SE France, Mediterranean coast) (Fig. 1). It is a sand barrier (1.8
km long and 0.5 km mean width) with a low elevation dune system (4.5
m NGF, French Ordnance Datum in which 0 is close to mean sea level).
This dune system was human-made and fixed by vegetation landward
from the dune crest (Fig. 1c). The foredune and hind dune are topo-
graphically stable and only impacted by infrequent sediment deposition
during onshore storms without rain and waves. The remnants of a fence
have a limited effect on the transport of sand as it is located in the lee of
the dune during offshore winds. No sand accumulation at the remnants
of the fence was observed during our surveys. The mean beach width is
around 40-50 m and the intertidal area is comprised of mega-cusps due
to the prevailing crescentic nearshore bar system (Ferrer et al., 2010;
Aleman et al., 2015). The backshore is flat and has a lower elevation (1
m NGF) between the dune toe (2.5 m NGF) and the berm (1.5 m NGF).
Aleman et al. (2015) observed a median grain size (Dso) of 750 pm on
the beach, but in this study we noted an average D5, ranging from 388
pm to 1323 pm.

The Gulf of Lion is a microtidal, wave-dominated environment. The
tidal range is small (<0.3 m at mean spring tide) but large variations in
sea water level can occur in response to wind forcing and atmospheric
pressure fluctuations. Wave set-up can reach 1 m (Certain, 2002) under
the combined action of storm surge and waves. Mean offshore signifi-
cant wave heights (H;) are generally small (Hs < 0.3 m for 75 % of the
time and Hy < 1.5 m for 94 %), but can exceed >4 m during winter
storms, and >7 m during the most energetic events (Aleman et al.,
2015). A storm is locally defined when the Hg exceeds 2 m (Aleman et al.,
2011; Mendoza et al., 2011) inducing overwash above the berm but
without complete inundation of the beach. Complete inundation of the
beach is observed when H is higher than 4 m with a water line located at
the dune toe (Feyssat et al., 2022). The site is dominated by two main

Wind speed (m/s) N
- 18 :
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Fig. 1. (a) Location of the study area. (b) Wind rose at Cape Leucate station between 2015 and 2022. (c) Photograph looking southward along the foredune. The

fence is composed only of wooden posts and will not inhibit the transport of sand.
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wind orientations: NW offshore winds (71.6 % of the time with 17.5 %
> 10 m/s for the period January 2015 to April 2022), and E to SE
onshore winds (28.6 % of the time) (Fig. 1b). Strong offshore winds
often occur without precipitation and are predominantly recorded from
autumn to spring to an strength up to 28 m/s for 10 to 30 days per year,
with wind gusts up to 43 m/s. Onshore winds are more frequent during
summer but associated with fair weather (low wind speeds). In winter
onshore wind events are less frequent than offshore wind events but are
typically very intense, with strong winds, high air humidity, rainfall and
large waves. The regional wind pattern and dominance of offshore winds
is due to the regional relief surrounded by two mountains chains (Pyr-
enees and central massif) and the global climatic circulation in the North
Atlantic and Europe which often creates a pressure gradient in the Gulf
of Lion.

3. Data and methods

This study is based on two temporal scales, annual and event (1 to 3
days). Environmental conditions (wind speed and direction at a mete-
orological station, 3 km north of the field site and wave height) were
measured over a 16 month period from January 2021 to April 2022, to
understand the sedimentology of the beach at the beginning of each field
campaign (e.g. after a long offshore wind period or after marine storms).
Five 1-3 day field campaigns were also conducted during dry, offshore
wind storms termed “events” (“E”). During each event aeolian sediment
transport, wind characteristics, beach grain size and topographic change
were measured on the beach.

3.1. Annual scale survey

Meteorological measurements were provided by the Météo-France
meteorological station on Cape Leucate, 3 km north of the study site and
42 m above sea level. Météo-France provided hourly Mean Wind
(“MW”) data defined as the maximum 10 min average wind speed per
hour and Wind Gust data (“WG”), defined as the highest 1 s wind record
per hour. Wave data was obtained from the Leucate wave buoy moored
at a depth of 40 m and monitored by the Cerema, with the CANDHIS
network (Cerema and Dreal, 2019). The wave data assessed backshore
submersion based on two thresholds, Hg of 2 m for berm overwash and 4
m for beach inundation up to the dune toe, as observed in the field by
Feyssat et al. (2022).

3.2. Events scale survey

3.2.1. Wind data

One ultrasonic anemometer (GILL WindSonic 4) was positioned on
the dune crest at 2 m height (dune station, Fig. 2) during each of the five
campaigns. This anemometer recorded wind direction at +3° and wind
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speed with a range of 0 to 60 m/s at +2 %. The wind was measured from
the dune station at 1 Hz, then averaged over 1-minute intervals for
graphical representation and 10 s for the calculation of the shear ve-
locity (u*) during the sand transport measurements.

3.2.2. Topographic data

A kinematic differential global positioning system (Trimble R8s) was
used to measure beach topography at the beginning and end of each
event. The data accuracy (+0.02 m) was evaluated using control
benchmarks on the beach. A topographic profile from the back dune to
the swash zone was recorded with a spatial resolution of 1 m or less
following the beach-dune morphology.

3.2.3. Grain size data

During the campaigns, several surface sediment samples were
collected by scraping the beach surface (Nield et al., 2011) along the
instrumental profile at the beginning of E1, E2 and E3, at the beginning,
during and the end of E4, and at the beginning and the end of E5 (Table 1
and Fig. 2). They were not collected exactly in the same location for each
Event, which is why they were spread throughout different zones around
five meters each. For Events 1 and 2 only two and three samples were
collected but the backshore is only 30 to 40 m wide which enables a
reliable characterization of the beach granulometry. For Events 3, 4 and
5 the sample number was increased to improve the spatial character-
ization of the beach granulometry and because the backshore was
slightly wider. Samples were dried and weighed to obtain sediment
moisture values. All the campaigns took place on a dry beach (<1 %).
While the beach was dry at the beginning of E5, moisture patches were
observed as the campaign progressed. These were formed due to aeolian
sediment erosion (Fig. 6¢). The samples were analyzed using an AFNOR
(Association Francaise de Normalisation) column of 22 sieves with class
size between 10,000 to 50 pm to obtain the median particle size (Dsp),
by the Wentworth classification.

3.3. Sand trap design

Aeolian flux was measured during the five field campaigns using self-
orienting, vertical-array sand traps modified from Hilton et al. (2017) at
the beach berm crest (Fig. 2). A total of 24 aeolian sand transport re-
cordings were made, called runs (“R”), each 15 min long. The traps were
made from 38 x 38 mm square-sections of PVC and were mounted on a
pivot pole allowing them to rotate and adjust their orientation
depending on the wind direction. During each run, the heights of the
traps were fixed, but the number and height of traps varied between
events (synthesized in Table 1), as the number of traps available
increased during the study. As recommended by Hilton et al. (2017),
some minor modifications were made to the design of the sand trap. The
pivot pole was installed 20 mm further downwind inside the traps to

- ® Surface samples, event 5 Dune station
6 - @ Surface samples, event 4
_. 5| ® Surface samples, event 3
E | @ Surfacesamples,event2 o
‘5 41~ @ Surface samples, event 1 Berm crest
i = .
S 3 AP Dune zone Zonel., | o station
KT \ ‘ i Lone Zone 3
i ooy : Zoned ;o .5 Zone6
2 oyl S| @ one : —
C o 090 | ol |® | =
1h L“zg oo .
B | | 1 | | | | | | | | | | |
0 5 10 15 20 25 30 35 40 45 50 55 60 65 70

Distance (m)

Fig. 2. Topographic profile across the beach and the foredune showing the surface samples separate in 6 different zones, for Event 1 (2021,/02/01), Event 2 (2021/
03/09), Event 3 (2022/01/05), Event 4 (2022/01/31 to 2022/02/02) and Event 5 (2022/03/31 to 2022/04/04). Remnant wooden fence posts are represented by the

dotted line.
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Table 1
Overview of data acquisition during the five events.

Geomorphology 453 (2024) 109126

Transport runs ("R")
| s

Trap height (m)

Topographic data | Beach surface sample

reduce the sediment loss due to grains bouncing out of the trap and for
Event 4 and Event 5 instead of measuring 38 x 38 mm, the bottom trap
was divided into two traps of 38 x 20 mm which reduced the errors in
the calculation of sediment flux as described in Hilton et al. (2017) and
Ellis et al. (2009).

3.4. Aeolian sand transport calculation

In order to calculate the sediment flux, the position of each trap was
calculated using a geometric mean (Eq. (1)) where h, was the bottom of
the trap and h, the top (Rasmussen and Mikkelsen, 1998; Namikas, 2003;
Ellis et al., 2009).

Geometric Mean = \/h, X hy, (D]

To be consistent with the literature, the transport rates per trap were
calculated in kg/m?/h, then integrated to calculate total vertical sand
flux using a non-linear least squares exponential decay function (Eq. (2))
that gives reliable results of sand flux Q,, in kg/m/h with a and b are the
regression coefficients (Ellis et al., 2009; Bauer and Davidson-Arnott,
2014; Poortinga et al., 2014; Swann et al., 2021).

00
Q. = / ae " dz 2)
0

3.5. Shear velocity calculation

Shear velocity u- (Eq. (3)), was calculated using the law of the wall
and Hsu's (1973) protocol by measuring wind at one elevation above the
bed u(z):

u(z) = ln (5) ®

20

where k is the von Karman's constant equal to 0.4 and 2, is the aero-
dynamic roughness approximate with the grain size d/30 define by
Nikuradse (1933). The threshold shear velocity in Eq. (4) is commonly
estimated with the Bagnold's (1937) equation:

ps—p
P

uy = A gd “4)

where A was considered equal to 0.085, assuming active saltation
(Bagnold, 1937) and p, the sediment density, u- and u+ were calculated
at 10 s intervals for a good representation throughout each 15 min
sediment trapping period (Section 3.3).

4. Results
4.1. Overview of the marine and aeolian conditions

4.1.1. Annual scale

The month before the first event (E1, 2021/02/01) was character-
ized by low-energy wave conditions (Fig. 3a), because of the strong
dominance of offshore winds (80 % of the time). In this period MW were
above 10 m/s 19 % of the time and WG were above 20 m/s 8 % of the
time (Fig. 3b-c). The period between the first and second events (E1,
2021/02/01 to E2, 2021/03/09) was impacted by a strong marine storm
(2021/02/22) with H; of 4.6 m (Fig. 3a), that inundated the backshore.
The dominant wind direction during this period was onshore (59 % of
the time, Fig. 3b-c). In the April to September period before the third
event (E3, 2022/02/02) the weather was fair with light winds and small
waves (Fig. 3a-b-c), From October prior to E3, meteorological conditions
were unsettled with many consecutive days and weeks of strong offshore
winds where MW and WG exceeded 10 and 20 m/s respectively. The
month between events three and four (E3, 2022/02/02 to E4, 2022/03/
31) had a similar pattern to the previous weeks with a prevailing
offshore wind where MW above 10 m/s occurred 33 % of the time, and
WG were above 20 m/s 15 % of the time (Fig. 3b-c). The period between
events four and five (E4, 2022/02/02 to E5, 2022/03/31) were domi-
nated by onshore winds (60 % of the time, Fig. 3a) and a large 10 day
long marine storm occurred between 2022/03/11 to 2022/03/21. Hg
reached 4.9 m, inducing a total inundation of the backshore (Figs. 3a,
7a).

4.1.2. Event scale

During all the events, wave heights were small and water levels never
exceeded the beach berm. This is because the strong offshore winds
generated waves that propagated away from the study site (Feyssat
etal., 2024). During the sand transport runs (R1 and R2) of E1, the mean
wind speed was around 15 to 16 m/s (Fig. 4a, Table 1) with wind gusts
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Fig. 3. (a) Overview of the wave height. (b) Wind direction and (c) wind speed from the Météo-France weather station in Cape-Leucate. (d) Granulometry char-
acteristics of the beach and D5 of the beach surface sample. (Red circles the mean Ds, per event and the grey ones Dsq of all the beach surface sample). The coloured
bars are the result of visual observation in the field and interpretation based on wind and wave conditions. (e) Observed sand flux (the bar chart widths are not to
scale) during the events. (f) Mean vertical elevation change between the beginning to the end of the events (in red mean erosion and in blue mean accretion, the

intervals give the maximum erosion or accretion).

up to 29 m/s. For E2 the five sand transport runs were measured during
lower windspeed conditions, between 11 and 13 m/s (Fig. 4b, Table 1)
with wind gusts up to 20 m/s. For E3, during R8 and R9, the wind speeds
averaged 13 m/s and the wind gusts reached 23 m/s (Fig. 4b, Table 1).
During the ten sand transport runs of E4 (R10 to R19), the wind char-
acteristics were variable, averaging between 11 m/s and 16 m/s

(Fig. 4d), with maximum gusts between 19 and 26 m/s. For the last
event, E5, the sand transport runs conducted on 2022/03/31 occurred
during moderate wind speeds ranging from 10 to 12 m/s, but the two
runs carried out on 2022/04/01 had higher winds speed, above 15 m/s
(Fig. 4e) with wind gusts up to 27 m/s.
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Fig. 4. Wind speed and wind direction at the dune crest station (2 m height) during each run (“R”) per event with sand transport illustrated by the bar chart (their

widths are at the right time scale).

4.2. Topographic evolution

In this section, the topographical changes (erosion and accretion)
refer to vertical changes in elevation. The largest topographic change
during E1 (interval of 6 h) occurred on the berm (erosion up to 0.15 m)
and on the backshore (erosion between 0.05 m to 0.10 m). The average
erosion of the topographic profile was 0.04 m (Fig. 5a). During E2 (in-
terval of 6.5 h), erosion of 0.10 m to 0.20 m was observed on the berm
and 0.05 to 0.08 m over the backshore with an average erosion along the
profile of 0.074 m (Fig. 5b). Both events recorded accretion of <0.1 m on
the beach face. During E3, no significant morphological change was
observed (averaged erosion of the profile of 0.01 m), except on the beach
face and swash zone with accretion of 0.1 to 0.3 m (Fig. 5c). For E4,
erosion between 0.05 and 0.09 m was observed at the dune toe and
slight accretion was measured on the beach of around 0.05 m (Fig. 5d).
However, the average topographic change along the profile was close to
zero. The marine storms that occurred between E4 and E5 (from 2022/
03/12 to 2022/03/21), resulted in accretion of 0.5 m on the berm crest
and between 0.1 and 0.4 m on the backshore (Fig. 5e) with an averaged
accretion along the profile of 0.25 m. For E5 substantial topographic
changes were observed with erosion of 0.55 m on the berm crest and
erosion of 0.2 m on the backshore. On average, the profile eroded 0.13
m. The beach face and the swash zone/intertidal region, gained sedi-
ment, resulting in the coastline migrating seaward by about 5 m. During
E5, the presence of three zones of woody debris on the backshore at the
location of the wrack lines due to the marine storm between E4 and E5,
acted as a protection against wind erosion.

4.3. Grain size analysis

The median grain size of the dune (called “dune zone” in Fig. 2) was
constant over the annual scale (medium sand between 390 and 430 pm)
unlike the beach which showed strong temporal variability. The D5, of
the beach is indicated by a single averaged value based on all the sam-
ples taken across the beach profile during each event (“Mean D5y Event”
in Fig. 6a), from the berm crest trapping station to the dune toe (“zone 1”
in Fig. 2). During E1, the beach was characterized by coarse sand (Dsg =
729 pm (609 to 850 pm)) as during E3 (Dsg = 883 pm (719 to 1438)),
and very coarse sand during E4 (Dsp = 1323 pm (970 to 1707 pm),
Fig. 6a). E2 and E5 had a lower Dsp, composed of medium sand
(respectively Dsog = 439 (415 to 471) pm and 388 pm (342 to 428 pm),
Fig. 6a). All samples (except after a marine storm, e.g. E5) were bimodal
in size (two peaks in the size classification), and a variability of the
magnitude of their fine and coarse modes was observed. For example, E4
samples (very coarse beach grain size) have a first dominant mode of
very coarse sand (1250 pm, Fig. 6b) and a second of medium sand (250
pm, Fig. 6b). At the beginning of E5, the particle size classes were clearly
unimodal, with a medium sand mode at 350 pm (Fig. 6b), but after 40 h
of windstorm the post-E5 samples showed initialization of beach surface
coarsening (Fig. 6a) with the appearance of a second mode of very
coarse sand (1250 pm, Fig. 6b) in addition to its dominant mode of
medium sand (350 pm, Fig. 6b). Finally, Fig. 7b-c illustrates the wide
range of surface sand grain size that can occur during a two-month in-
terval on the beach (E4 (very coarse sand) and E5 (medium sand)).
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Fig. 5. (a, b, ¢, d, f) Topographic evolution during all events and (e) between the end of Event 4 and just before the Event 5 wind storm. (f) “MSL” is the Mean Sea
Level measured in Port la Nouvelle tide gauge (13 km from the north of the study site). The arrow shows the seaward advance of the shoreline.

4.4. Sand flux

Beach moisture at the start of each wind event showed low values of
<1 % except for E2 (1.8 %). For E5 surface moisture during the event
was not measured, but the beach surface was visually observed as dry,
however, rapid aeolian sediment erosion revealed moisture patches on
the beach (Fig. 7c). The integrated sand flux data are summarized in
Fig. 8. For E1 both transport runs were quite similar with high sand flux
values about 125 and 126 kg/m/h and high wind speed. u:; was
exceeded for the entire run time during R2 (98% for R1 and 100 % for
R2, Fig. 8). During E2 the five transport runs had medium to high sand
fluxes, between 47 and 154 kg/m/h, and u+; was exceeded between 88 %
to 99 % of the time (Fig. 8). For E3 the two transport runs recorded
medium values of sand transport around 50 kg/m/h and 78 % of the run
was above us+ (Fig. 8). The values of the ten transport runs during E4

were dominated by low sediment transport <10 kg/m/h and winds
speeds predominantly below us,. Runs 17 and 18 recorded were excep-
tional in E4, with substantially higher rates of transport (174 and 100
kg/m/h respectively) and an increase in above us; winds to approxi-
mately about 80 % of each run (Fig. 8). The last campaign, E5, had
similar wind speeds compared to E1 but lower than E4 and it has
nevertheless recorded the highest sand transport rates between 258 and
326 kg/m/h despite high erosion rates revealing patches of moisture on
the beach surface (Fig. 7c). The time above u+; was at or close to 100 %
for all runs during E5 except for R22 where is dropped to 87 %.
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Event 3 1022 n=2 839 n=2 763 n=2 796 n=2 719 n=2 1438 n=1 883 n=11
Event 4 1180 n=3 1164 n=3 1677n=1 970 n=3 1242 n=1 1707 n=5 1323 n=16
Event 5 410 n=1 408 n=3 381 n=2 429 n=2 342 n=2 360 n=2 388n=12
Post-Event 5 462 n=1 948 n=1 355 n=1 345 n=1 426 n=1 646 n=2 547 n=7
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Fig. 6. (a) Mean Ds for each cross-shore zone, the “Mean Ds event” was calculated with all the dataset, not by the mean Ds of the different zone. (b) histogram of
event 4 the coarser beach granulometry event, event 5 the finer one and post-event 5, after 40 h of windstorm. The histograms are the mean of each samples surface
histogram for E4 (n = 16), E5 (n = 12) and post-E5 (n = 7). The error bar represents the standard deviation of the data.

5. Discussion

5.1. Relationship between observed aeolian sand transport and wind
intensity

Aeolian sediment transport and wind speed were measured during
five offshore wind events, representing a total of 24 runs. All measure-
ments were made in dry weather conditions with a dry beach surface
(moisture <2 %), removing the impact of surface moisture in the
interpretation of the results, except at the end of E5. A wide range of
transport rates was observed, ranging from <10 kg/m/h to 326 kg/m/h.

During an Event, values of sediment transport increased with wind
speed in a linear fashion (Fig. 9). However, a correlation between
sediment flux and wind speed at event scale was not always observed. In
this study, we observed two types of relationships, one for medium sized
sands (E2 and E5) and the other one for coarse and very coarse sands
(E1, E3 and E4) (Fig. 9). The temporal evolution of beach grain size
related to morphological beach state is a well-known relationship,
already described elsewhere (e.g. Prodger et al., 2016; Van IJzendoorn

et al., 2022), and is often related to hydrodynamic seasonality (Prodger
etal., 2016, 2017; Medina et al., 1994). However, in this study, it is also
related to the decoupling of marine and aeolian storms that play a key
role in the temporal beach grain size variability. The observed coars-
ening of the beach induced by aeolian processes during periods of sus-
tained above threshold winds is also reasonably well understood
(Bagnold, 1937; Lancaster et al., 2002; Hoonhout and Vries, 2016; Field
and Pelletier, 2018; Uphues et al., 2022; Cohn et al., 2022; Van LJzen-
doorn et al., 2022). However, the impact of grain size variability
affecting the aeolian transport rates on the same beach is less known,
especially from a quantitative point of view (Costas et al., 2020) and
with such a broad range of grain sizes as observed in this study.

This study shows that for similar incident wind and climatic condi-
tions, aeolian sediment transport rates can vary by over 1000 %
depending on the granulometric state of the beach (Fig. 9). For example,
during a wind speed of 12 m/s at 2 m height, the transport rates varied
from 6 kg/m/h to 73 kg/m/h, with median beach grain sizes of 1323 pm
and 388 pm respectively. When the wind increases in strength (e.g. 16
m/s), sand transport values can be >1.5 to 3 times higher, from 100 kg/
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Fig. 7. (a) Ground photo of the beach during the marine storm before E5, the orange line shows the position of the wrack line. (b) Ground photo of the beach during
E4 characterized by very coarse sand. (¢) Ground photo of the beach during E5 with medium sand.
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Fig. 8. Summary of the 24 sand transport runs. The bar chart in grey shows the sand transport flux and in black the percentage of the total run time (15 min) during
which the shear velocity was above the threshold shear velocity (measured at the dune crest station). The dashed line represents the 100 % line which indicates that
us > ux for the whole 15 min run. The mean wind speed at the dune station during each run is shown by the horizontal line.

m/h to 326 kg/m/h for median beach grain sizes of 1323 pm and 388 pm
respectively (Fig. 9). The time above the shear velocity threshold for
each run shows that runs with coarse to very coarse grain size display
less time above the threshold and weaker transport rates than runs with
medium sand and similar wind speed. All these results demonstrate the
importance of using an accurate Dso value when modelling sediment
transport, even for beaches with multi-fractional sediments (Van Ijzen-
doorn et al., 2023). As these differences in transport rate were observed
during offshore winds where the dune disturbs and reduces wind speed
on the backshore (Walker and Nickling, 2002; Bauer et al., 2012; Del-
gado-Fernandez et al., 2013; Hesp et al., 2015; Smyth and Hesp, 2015;
Hilton et al., 2016; Davidson et al., 2022), it is hypothesised differences
between transport rates for medium and coarse sand could be even
larger under onshore winds, where winds will be less variable and closer

to a logarithmic boundary layer (Hesp and Smyth, 2016).

5.2. Aeolian vs hydrodynamic processes affecting aeolian sediment
transport

In meso- to macrotidal environments, a large part of the beach is
regularly flooded by the tide, allowing waves to mix sediments on the
beach surface, resulting in a relatively homogenised and constant beach
grain size (Reniers et al., 2013; Srisuwan et al., 2015). However, in
microtidal environments, this process is limited, and waves only mix
sediment during marine storms when the surge is sufficient (Hs >4 m at
Leucate). Thus, wind processes are the most frequent driver of sediment
sorting, and result in a coarsening of the beach's sediment that eventu-
ally results in a decrease of sediment transport flux (Lancaster et al.,
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Fig. 9. Distribution of the transport rates for all the transport runs related to
the mean wind speed at the dune station (2 m) for each 15 min run. The linear
regressions were calculated with two families of beach grain size, the Events
with medium sand (E2 and E5) and the events with coarse to very coarse sand
(E1, E3 and E4). The median beach grain size (Dsp) in pm was written with the
numbers for each Event.

2002; Field and Pelletier, 2018; Cohn et al., 2022; Uphues et al., 2022).
This behaviour is observed in the present study where over two days a
medium-sized sandy beach (E5, D5y = 388 pm) became a coarse-sized
beach (Post-E5, Dsg = 545 pm). On longer time scales (weeks to
months) these variabilities are even more accentuated, as beach sedi-
ments changed from medium sand (E2, Dsp = 439 pm) to coarse sand
(E3, Dso = 883 um) and then to very coarse sand (E4, Dsp = 1323 pm).
The longer and stronger the wind blows, the greater the sediment sorting
will be, to a point where only very coarse sediment remains and further
aeolian sorting is only possible during extreme wind conditions. This
coarsening is accompanied with an increase of the mean D5 of the beach
and modification of the size class distribution. When the sand is
composed of medium sand, the size classes were homogeneous and
unimodal (mode at 315 pm, E5 in Fig. 6b) while with coarse to very
coarse beach sand (E4 and post-E5 in Fig. 6b) a second additional very
coarse mode at 1250 pm appears. The occurrence of this coarse mode is
due to the prevalent transport of the finer sediment by the wind that
make coarser the beach sediment. The bimodal distribution could also
be explained by the erosion of finer sediment by the wind which exposes
coarse layers that were previously buried (Gallagher et al., 2016).

As observed by Feyssat et al. (2022), the aeolian sand transport at
Leucate is mainly caused by dry offshore winds, because onshore winds
are often accompanied by humidity, rainfall and high wave runup that
reduces the subaerial beach width and, thus, the fetch length (Bauer and
Davidson-Arnott, 2003; Costas et al., 2020). However as observed in this
study, marine processes can also have a significant impact on aeolian
sand transport: 1) Depending on the wave energy and the tidal range
conditions, the beach can be affected by spatially and temporally vari-
able ranges of aeolian/hydrodynamic processes. In micro tidal areas
more generally, the wind processes could affect the beach over a larger
beach width and for longer periods of time, which might cause the effect
of marine storms on the beach characteristics and thus on aeolian
sediment transport to be more pronounced when they occur. 2) As
shown in this study, in terms of beach sediment supply (Cohn et al.,
2018; Pellon et al., 2020), it can be observed that during medium to high
energy wave storms, the fine sand fraction is restored, sediment size is
homogenised and beach accretion occurs (Eichentopf et al., 2019; Van
IJzendoorn et al., 2022). This new, well mixed medium sand covers the
previous beach surface by preserving the precedent coarse beach sur-
face. Thus, this study confirms that the variability of aeolian transport
rates is not only a function of wind intensity and other factors commonly
listed in the literature such as fetch or humidity, but also hydrodynamic
processes.
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5.3. Impact of beach grain size variability on topographic evolution
affected by aeolian sediment transport

Topographic change by aeolian processes is mostly documented for
dune systems, rather than beaches (Hesp, 2002; Costas et al., 2020;
Wiggs, 2022). In this study, significant vertical erosion (up to 0.55 m)
was observed in a 40 h period of strong, offshore winds. Our results show
that when the beach was composed of very coarse sand, offshore winds
had little or no erosive effect (E3, Fig. 5¢), even after two days of strong
winds exceeding 25 m/s (E4, Fig. 5d). When the beach was composed of
coarse sand as for E2, offshore winds had limited impact on the beach
profile, resulting in erosion of <0.10 m (Fig. 5a). On the other hand,
when the beach was composed of medium sand after high sediment
supply by a marine storm, vertical erosion of 0.2 m on the backshore and
up to 0.55 m on the crest of the berm was measured (E5, Fig. 5f). As
winds were offshore, eroded sand was deposited at the shoreline, and
reworked by small waves (Hs <1 m) resulting in a 5 m progradation of
the beach as also observed by (Feyssat et al., 2024). In these hydrody-
namic conditions the observed shoreline progradation couldn't be
explained by nearshore bar welding to the beach but only by the sea-
wards export of aeolian sand to the shoreline. This study demonstrates
that the capacity of the wind to erode the beach is not only related to its
intensity or blowing time, but also to the beach grain size, where the
finer the grain size of the beach, the greater the backshore topographical
variations will be (Nickling and Davidson-Arnott, 1990; Dong and Qian,
2006; Wang et al., 2021; Uphues et al., 2022). This behaviour is exac-
erbated in microtidal areas, where the relatively small tidal range and
the short period exposed to wave processes minimises beach profile
variability by hydrodynamic processes (Masselink and Pattiaratchi,
2001).

5.4. Morphodynamic model of a microtidal beach with heterogeneous
granulometry

Based on the results of this study, a conceptual model of the micro-
tidal beach evolution impacted by high beach grain size variability is
presented (Fig. 10). This conceptual model shows how winds may affect
beach topography at different time scales depending on the sedimen-
tological context.

In the present study, the threshold to ‘reset’ the sedimentological
state of the beach was observed at a significant wave height of 4 m
(Fig. 10e) making the beach sediment finer and unimodal (e.g., E4 to
E5). This resulted in greater aeolian sediment transport when the now
lower threshold shear velocity was exceeded. This sedimentological
state of medium sand was brief (hours to days), as medium sand was
rapidly eroded during above threshold winds (e.g. post-E5, Fig. 6a). As
finer sized sediment is eroded the period of time for continued coars-
ening to occur increased as the sediment threshold velocity increases
(Fig. 10c-d). This process also explains why even with strong winds the
topographic changes are limited when grain sizes are coarse or very
coarse. The microtidal characteristics of the field site meant that hy-
drodynamic processes affecting the sediment mixing and inducing
onshore sediment supply to the beach occurred only for a few days per
year during winter marine storms (two storms with Hs up to 4 m were
observed during the survey, Fig. 3). The rest of the time, the dominant
dry offshore wind (71.6 % of the time) exported sand seaward. The
sequence of this conceptual model is observed twice during the envi-
ronmental monitoring (2021/01/01 to 2021/02/22 and 2021/02/22 to
2022/03/11).

Although this study was based on five field campaigns, and provided
a comprehensive understanding of the causes of the grain size variability
on a microtidal beach, several areas of future research remain, for
example: 1) Better identification of the temporal beach grain size vari-
ability especially in the first hours to days during a wind event after the
beach is ‘reset’ by marine processes. Sediment erosion in this period is
rapid and higher temporal grain size measurements would help to
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improve the understanding of temporal grain size transitions shown in
Fig. 3d; 2) Impact of the water table on the aeolian sediment transport.
In this study, its role is identified only during the end of E5 (medium
sand, high transport rate). However, the variability of the water table
may occur at other times following heavy rains, or in environments with
greater temporal variability; 3) How storm magnitude impacts sediment
mixing and beach sediment supply. Although the evolutionary mecha-
nisms illustrated in the conceptual model were observed twice during
the annual survey, the impact may vary with marine storm intensity.
Thus, a small marine storm (2 m < Hs < 4 m) may only bring finer sand
to part of the beach and in this case the backshore could present two very
different beach surface characteristics, one with heterogeneous sand
sorted by the wind (upper part), and the other with well sorted medium
sand (lower part); 4) Finally, improved quantitative knowledge of
sediment exchange processes between shallow marine and intertidal/
terrestrial beaches. This will further our understanding of the net bal-
ance between sediment being deposited in shallow water during
offshore events and sediment deposition on the beach during low-
moderate swell and storm conditions. Future research might shed
more light on this and could be conducted, for example, with fluorescent
sand tracers (Robin et al., 2009; Suzuki et al., 2019).

6. Conclusion

Leucate beach (SE France) provides an example of a microtidal beach
influenced by strong offshore winds and a high temporal variability of
median sediment grain size. Five field campaigns with aeolian sand
transport measurements, sedimentological samples and topographic
data were carried out between 2021/01/01 to 2022/04/04. These ex-
periments provide novel and quantitative insights into the morphody-
namics of this coastal environment, particularly a better understanding
of the influence of temporal grain size variability on aeolian sediment
transport and topographic evolution. The results show that:

1. The subaerial grain size characteristics on a microtidal beach are
highly variable and become progressively coarser due to aeolian
erosion, changing from medium sand, to coarse sand and very coarse
sand.

2. The linear relationship between sediment transport and wind speeds
dramatically varies with beach grain size. This study found that
during similar wind conditions when the sediment size was medium,
sediment flux >1000 % greater than when beach sediments were
coarse or very coarse. This demonstrates that the inherited sedi-
mentological framework (e.g., beach grain size and sediment supply)
variability in this type of environment can significantly influence
aeolian transport rates regardless of wind intensity.

3. Only marine storms with a Hs > 4 m allowed for the return of fine
sediment to the whole beach. The grain size of the beach was
therefore regulated by the decoupling between the export of the
finest sediment during offshore winds and their return during marine
storms. This beach behaviour has a frequency that can be variable
(smaller scale to seasonal) depending on large-scale climatic condi-
tions (positioning of atmospheric low-pressure systems).

4. Sediment size strongly controls aeolian topographic beach change.
The larger the grain size, the more it will act as an armouring layer
and limit topographic changes. In this study offshore winds resulted
in sediment deposition in the swash zone and lateral accretion of the
shoreline when the beach was composed of medium sized sand. Little
to no topographic change took place when the beach surface was
comprised of coarse and very coarse sediment.

Further research should be conducted to determine the appropriate
temporal and spatial resolution of sedimentological measurements on
beaches to ensure that they are relevant considering the possible wide
range of temporal or long-shore/cross-shore variations in the sedimen-
tological characteristics in this type of environment. Similarly, these
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results need to be compared and put in the context of onshore-wind
dominated microtidal environments.
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