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Abstract :

Sand spits with distal hooks have been well documented from coasts with low to moderate tidal ranges,
unlike high tidal-range environments. Datasets from 15 LIDAR and 3 UAV surveys between 2009 and
2019 on the Agon spit in Normandy (France), a setting with one of the largest tidal ranges in the world
(mean spring tidal range: 11 m), combined with in-situ hydrodynamic records between 2013 and 2017,
highlight a three-stage pattern of spit hook evolution. Stage 1 (2009—2013) commenced with the onshore
migration and attachment of a swash bar, followed by persistent spit accretion updrift of the bar and
erosion downdrift because of the slow speed of bar migration in this large tidal-range environment. In
stage 2 (2013-2016), three overwash events and a 220 m-wide breach culminating in the total destruction
of the spit during winter 2015-2016 involved the landward mobilization of thousands of cubic metres of
sand. These events occurred during short durations (a few hours) when spring high tides coincided with
relatively energetic waves, underscoring the importance of storms in rapid spit morphological change.
Strong spring tidal currents maintained the breach. Stage 3 (2016-2019) has involved new hook
construction through welding of a swash bar and spit longshore extension, highlighting the resilience of
the spit over the 10-year period, and involving a positive sediment balance of 244 000 m3. The three
stages bring out, by virtue of the temporal density of LIDAR and UAV data used, a high detail of spit
evolution relative to earlier studies in this macrotidal setting. The large tidal range strongly modulates the
role of waves and wave-generated longshore currents, the main process drivers of spit evolution, by
favouring long periods of inertia in the course of the spring—neap tidal cycle, but also brief episodes of
significant morphological change when storm waves coincide with spring high tides.
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1.Introduction

The study of spits dates back to the end of 19th century (Gilbert, 1890) and more
particularly the second half of 20" century (Evans, 1942; Zenkovitch, 1967; Schwartz,
1972). Evans (1942) defined a spit as a type of barrier forming a kilometre-long narrow
and elongated sand body, attached to a land mass at one end and terminating in open
water at the other. Spits strongly depend on a longshore supply of sand, gravel or
mixed sediments. Sand spits have a worldwide distribution and are found at all
latitudes and on all continents. Their abundance has led to the recognition of a large
range of types (Guilcher, 1954; Zenkovitch, 1967; Hallégouét, 1981; Ruz, 1989;
Héquette and Ruz, 1991; Fox et al., 1995; Sanderson and Eliot, 1996; Randazzo et
al., 2015; Escudero et al., 2019; Kosyan and Krylenko, 2019) from linear, recurved
(with or without hooks), concave or convex plan-view shapes, to more complex
shapes. Morphological differences are the result of numerous controlling factors that
can interact and influence spit development processes at various timescales. Among
these factors are hydrodynamic context and conditions such as waves (Allard et al.,
2008; Ashton et al., 2016), tidal range and prism (Powell et al., 2006; Robin et al.,
2007), inlet discharge and migration (Chaumillon et al., 2014; Adams et al., 2015), and

storm-induced breaching (Sanchez-Arcilla and Jimenez, 1994, Zainescu et al., 2019),
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as well as sediment availability (Héquette and Ruz, 1991; Firth et al., 1995), sea-level
rise (van de Plassche and van Heteren, 1997; Billy et al., 2018a), and geological
processes and framework (Riggs et al., 1995; Billy et al., 2018b; Cooper et al., 2018).
In the last few decades, anthropogenic impacts have assumed increasing importance
(Garel et al., 2014; Miselis and Lorenzo-Trueba, 2017; Sadio et al., 2017; Kombiadou
et al., 2019a), especially in terms of sediment budget applications and engineering

interventions (Psuty et al., 2014; Stéphan et al., 2018).

The study of sand spits in a tidal-inlet context is of interest from various points of
view. Spits are important from both economic (protection of port and marina accesses,
sand stocks...) and environmental standpoints (bird and turtle nesting, biodiversity...).
In addition, tidal inlets and their associated spits can influence the morphodynamic
behavior and sediment budgets of adjacent shorelines over several kilometres
(Fitzgerald, 1984, 1988; Fenster and Dolan, 1996; Hicks et al., 1999; Elias et al., 2002;
Hein et al., 2019). Knowledge of spit dynamics is important, thus, in the elaboration
and implementation of appropriate coastal management initiatives. Yet, maintaining
their integrity in a context of overall waning of sediment supply and rising sea level will

be more and more of a challenge in the 215t century (Randazzo et al., 2015).

The distal ends of recurved spits may exhibit two or more individual hooks. The
morphodynamic behaviour of such hooked spits remains a rather elusive subject
(Carter, 1988; van Rijn, 1998; Ashton et al., 2016). The formation and evolution of
these hooks are purportedly explained by various hypotheses among which there is
no real consensus, a large range of dominant processes being invoked, depending on

the physical and morphological setting of each field site. The only point of agreement
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seems to be the existence of a sedimentary platform prior to the formation of a new
hook (Meistrell, 1966; Galichon, 1984; Nielsen et al., 1988). The main hypotheses are
the following: (1) lengthening and rotation of the distal part of the spit following a
change of direction of the main incident waves during storms (Zenkovitch, 1959; King
and McCullagh, 1971; Ollerhead and Davidson-Arnott, 1995; van Rijn, 1998). Once
this hook is in equilibrium with the new wave-energy conditions, its orientation
stabilizes. If the angle between the coastline and the wave crests is greater than 50°,
a new hook may develop from this point (Galichon, 1984; Ashton et al., 2001; Murray
et al., 2001); (2) wave refraction around the end of the spit is frequently invoked as the
main reason for distal pivoting and hook formation (Evans, 1942; Carter, 1988; van
Rijn, 1998, van Heteren et al., 2006). The wave angle along the spit increases towards
the distal part and leads to an increase in sediment transport to the ‘fulcrum point’
where such transport reaches a maximum (Ashton et al., 2016). At the same time, the
wave height decreases due to refraction (Carter, 1988). As it develops, the hook
extends towards a zone of lower energy where sediment transport decreases, causing
cessation of hook elongation; (3) longshore transport variations (modulated by wave
height) at seasonal to inter-annual timescales (Allard et al., 2008; Petersen et al.,
2008; Nahon et al., 2019). Energetic swells seem to cause massive sand accumulation
and spit elongation whereas less energetic swells appear to be responsible for minor
accumulation and spit curvature. Longshore transport variation can also be induced
by the radius of spit curvature (a proxy for the separation of tidal flows) (Hopkins et al.,
2017). As the radius of curvature decreases (as the corner sharpens), the asymmetry
of nearshore tidal currents is enhanced, leading to more sediment transport towards
the end of the spit; (4) the influence of the migration of ebb-delta swash bars, first

highlighted by King (1970). During their migration, these forms can amalgamate to
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create large, complex bars that weld onto the upper beach (Hine, 1975, 1979; Aubrey
and Speer, 1984; FitzGerald, 1984, 1988; Kana et al., 1999; FitzGerald et al. 1984,
2000; Borrelli and Wells, 2003; Lindhorst et al., 2008; Pellerin Le bas and Levoy,
2018). They then form the main body of a new hook, resulting in an extension of the
spit.and in potential coastline accretion of several hundred metres. A variety of this
hypothesis involves swash-bar influence on longshore sand transport. The proximity
of the bar to the shoreline interferes with the longshore sediment transport, inducing
shoreline erosion downdrift of the bar. Finally, the new shoreline orientation leads to a
new hook wherein the bar does not source the main hook body but generates the
process that builds this new feature (Robin and Levoy, 2007; Costas and FitzGerald,
2011). These various hypotheses have been proposed primarily for microtidal and
mesotidal environments. The formation and dynamics of spit hooks in relation to the
specific field characteristics of environments with large tidal ranges remain poorly

documented.

The study of spits is usually carried out from maps, aerial photographs and
satellite images and/or using topo-bathymetric transects. These data-source choices
are driven by the large size of these sedimentary landforms and their commonly multi-
year (decadal) evolution time frame. Although these data sources can provide a
significant amount of information on spit behaviour, they address mainly 2D, rarely 3D
changes, and commonly involve gaps of several years, thus, limiting the quantification
of sedimentary changes occurring at much shorter intervals. The aim of this paper is
to investigate the morphodynamics of a hooked spit (the Agon spit, France, (Fig. 1))
in a large tidal-range environment over one decade, based on seasonal 3D airborne

topographic surveys. The first objective is to specify the relationship between
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breaching and formation of a hook using a combination of high-frequency Lidar and
UAV surveys and hydrodynamic measurements. One particular area of attention is
that of attempting to quantify the morphological evolution and the sedimentary
exchanges occurring in the course of various tide and wave conditions. The second
objective is to improve the spit change model proposed by Robin and Levoy (2007)
for a large tidal-range setting by fitting it to a decadal timescale that integrates

variability induced by seasonal wave and sediment transport conditions.

2. Study area

2.1. Regnéville inlet

The study was conducted at Regnéville inlet, on the west Cotentin coast in
Normandy (France) bounding the Channel Islands embayment (Fig. 1). The west
coast of Cotentin is indented by eight small inlets. The study site covers the largest of
these, Regnéville inlet, which is characterized to the north by a complex spit, the Agon
spit (Fig. 2). The tidal range along the spit attains 11 m at mean spring tides and 14 m
during exceptional spring tides, conditions initially referred to as megatidal by Levoy
et al. (2000). These tidal conditions generate a mean tidal prism in the Regnéville
basin of 15 x 108 m2 per mean tidal cycle and reaching 46 x 108 m2 during spring tides.
The average freshwater discharge only corresponds to 0.2% of the mean spring tidal
prism (10° m3) (Robin et al., 2007). The tidal currents are parallel to the spit during
most of the tidal cycle due to a strong longshore gradient in water level between the
Cotentin embayment and the English Channel (Levoy et al., 2001). On the mid-part of

the large ebb delta of the inlet, currents are maximum at spring high tide (0.7 m/s).
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Neap tide currents are generally weaker (mean values of 0.1 m/s and 0.3 m/s at low

and high water respectively) (Robin et al., 2009a).

Open to the W, the Channel Islands embayment is exposed to North Atlantic Ocean
waves. However, wave propagation is complicated due to the irregular shelf
bathymetry, which results in decreasing wave heights on the shoreface (Levoy, 1994).
Near the coast, numerous rocky platforms and the ebb tidal deltas of the various inlets
modify the wave propagation patterns. The embayment may be viewed as a very large
dissipative zone. 65% of recorded offshore wave heights at Les Nattes (Fig.1) are less
than 0.5 m. Wave heights larger than 1.5 m are observed only 2 % of the time. The
wave height returns over periods of 10 and 5 years are 2.25 m and 2.12 m,
respectively. The waves are essentially from a W quadrant (waves with SW to NW
(230°-310°) directions represent more than 90 % of the observations) in response to
the prevailing synoptic winds in this region. The peak periods range from 4 to 6 s. The
local wave regime also comprises rare North Atlantic swells with periods ranging from

8to 12 s.

The Agon spit migrates to the S and its distal end exhibits eight recurves consistent
with the dominant wave direction and southerly longshore sediment transport (Robin
et al., 2007; Robin et al., 2009a) estimated at about 40,000 m? yr* (Levoy, 1994). This
transport is only significant around high tide, when wave heights are much less
attenuated as a result of the greater depths, and only during moderate to strong wave
conditions (Levoy et al., 2000). The Regnéville ebb delta is a large, asymmetrically
shaped sand body covering an area of over 11 km?. The exposed zone at low tide

extends more than 4 km offshore. The sandy beach updrift of the inlet can be up to 1
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km wide at low tide, and typically exhibits a concave shape that evolves into a flat low-
tide -zone (Levoy et al., 2001). Tidal fluctuations lead to a morphodynamic
segmentation of the beach profile with the following elevations: the foreshore > 6.49
m IGN 69 (MHWS), the high-tide zone between 6.49 m IGN 69 (MHWS) and 3.49 m
IGN 69 (MHWN), the mid-tide zone between 3.49 m IGN 69 (MHWN) and -1,79 m IGN
69 (MLWN) and the low-tide zone between -1,79 m IGN 69 (MLWN) and -4.66 m IGN

69 (MLWS) (Robin, 2007) (Fig. 3).

Numerous swash and transverse bars occur on the updrift coast of the ebb
delta, but these features are absent on the southern downdrift side which is
characterized mainly by a flat topography and, close to the channel, by a bar parallel
to the channel meander (Fig. 2). Swash bars are generally small (2 m high and 250 m
long) compared with those in lower tidal-range environments (Robin et al., 2007). They
occur in the mid-tidal zone and are transverse to the shoreline with an angle of about
40°. These bars move onshore under surf-zone processes and Hs> 0.7 m (Robin et
al., 2009a). Transverse bars are larger with lengths varying from 320 m to 1300 m and
mean heights comprised between 0.5 m and 2.5 m. They are subject to migration
towards the north, under the influence of the strong shore-parallel spring tidal currents
that flow northwards during most of the tidal cycle (Levoy et al., 2013; Montreuil et al.,
2014). This migration direction is opposite to that of wave-induced longshore drift on

this coast.
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2.2. Formation of the hooked Agon spit: The Robin and Levoy (2007) model

Using a set of 18 aerial photographs taken between 1947 and 2002, Robin and Levoy
(2007) documented the stages and the rate of formation of the Agon spit (Fig. 4),
proposing a model in which the influence on the shoreline of the swash bar located on
the ebb delta is embodied in two consecutive morphological cycles. The bar and its
onshore migration perturb the longshore transport, resulting in deposition (Robin et
al., 2009a, b). Updrift of the bar, this disturbance leads to shoreline accretion. On the
downdrift side, erosion results from the deficit in sediment supply, with the bar, and
the tombolo that formed prior to bar attachment to the beach, further acting as natural
breakwaters. The northward migration of the inlet channel leads to the formation of a
sand platform that in turn induces a change in the orientation of the shoreline from SE
to SSE, initiating the formation of a new hook. The welding of the bar and the
resumption of the N-S longshore transport regulate the shoreline and spit orientation
towards the SE. This mechanism causes an inter-hook zone of 40-100 m which is then
colonized by salt marshes. The lengthening and shape of the Agon spit seem to be
controlled by the migration of swash bars on the ebb delta of Regnéville inlet. These
bars influence the sediment flux and shoreline mobility over a timescale of several
years. This model is original compared with others where the bar forms the main body
of a new hook. Bar migration on the ebb delta takes approximately 12 years but the
complete formation of a hook, considering the time of bar migration, took about 26

years during the period covered by the aerial photographs.
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3. Materials and methods

3.1 Morphological surveys

3.1.1 LIiDAR and UAV

To document and understand 3D morphological changes over large surfaces
(> few square kilometres) such as those of a sand spit and its sedimentary
environment, aerial measurements based on LiDAR technology or UAV
photogrammetry are particularly suitable. They enable a short time acquisition of only
a few hours at low tide but detailed imaging and mapping of morphological features.
Airborne LIDAR has been in regular use in the study of high-resolution topographic
changes along the coast of Normandy since February 2009 (Levoy et al., 2013;
Montreuil et al., 2014; Levoy et al., 2017; Pellerin Le Bas and Levoy, 2018). The
generated datasets have been acquired within the framework of the CLAREC project
(French acronym for Contrdle par Laser Aéroporté des Risques Environementaux
Coatiers), and are no doubt one of the densest LIDAR datasets in the world. The set of
LiDAR data used for the present study were collected between 2009 and 2018 (Table
1), derived from 15 flights over the Regnéville basin and mouth of the inlet with up to
two coverages a year using a Leica ASL60 (see Levoy et al.,, 2013, for technical
details). The CLAREC project and the COZULIT project (acronym for Coastal Zone
Changes and Risks Using Lidar Technology), its successor, provide digital elevation
models (DEMs) with a 1 m-grid size. The X and Y coordinates are relative to the
Lambert 93 French National Grid, and the height, Z, refers to the IGN reference level

(French-Ordnance Datum), which is close to mean sea level. In this paper, we use the
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procedure described by Montreuil et al. (2014) on DEM of difference generation and

associated errors.

As a complement to LIDAR data, UAV photogrammetry has also been
conducted since 2017. The UAV data were collected in December 2017, June 2018
and April 2019 during experiments conducted in the framework of the UBECUS project
(acronym of Uav BEach and Coastline sUrveyS). An Ebee Plus flying wing developed
by Sensefly Company was used to obtain pictures used to elaborate Digital Surface
Models (DSMs). The Ebee Plus integrates a 20 Mega-pixels SODA camera (Sensor
Optimized for Drone Applications) and a IMU-GPS device. Typically, during the
UBECUS project, flight heights varied between 90 and 140 m, the associated pixel
resolution was between 2 and 3 cm, lateral overlap 70 % and longitudinal overlap 80
or 85 %. For each campaign, a Dual frequency LEICA GPS 1200 base station was
deployed on a known position to obtain a RINEX file used in PPK post-processing.
Ground Control Points (GCPs) were deployed in the field (black and white marked
targets) to improve the quality of the absolute X, Y and Z values of the final point cloud.
In addition, other fixed horizontal surfaces (road, car park, ...) close to the study area
were levelled using a mobile DGPS device and used as independent control surfaces

to enhance the quality of X, Y, Z coordinates obtained by photogrammetry.

The coastal topography was obtained using PIX4D photogrammetry software
(version 4.3.33) for drone mapping and 3D models. The PIX4D workflow is similar to
that of Photoscan Agisoft software (Long et al., 2016; Chen et al., 2018): the first step
is image alignment using common points (key points) identified on several images, the

position of the camera for each image and taking into account the GCPs for accurate
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geolocation of the model; the second step is to create a dense point cloud in order to
generate a mesh and a 3D textured mesh using the images; the last step is the
calculation of the DSM and an orthomosaic with a spatial resolution of 5 cm for the
study area. The comparison between the X, Y, Z coordinates measured with a dual
frequency GPS at the centre of each GCP and X, Y, Z values obtained from
photogrammetric processing allows for evaluation of the absolute accuracy of the
mapped coastal topography. For instance, during the June 2018 flight, 29 GCPs were
used. The mean difference between Xgps and Xuav is -0.013 m with a rmse of 0.028
m, 0.015 m between Ygps and Yuav with a rmse of 0.029 m, and 0.023 m between
Zgps and Zuav with a rmse of 0.02 m. The absolute topographic data obtained by UAV
photogrammetry appears clearly better than those typically obtained from airborne

LiDAR surveys (rmse close to 0.1 m, Levoy et al., 2016).

3.2 Hydrodynamics

Between June 27™, 2013 and December 4", 2017, a self-recording InterOcean
S4DW electromagnetic current meter fitted with a pressure sensor, moored about 0.6
m above the sea bed, measured current velocities and directions, water-level
variations, and directional wave characteristics. Fixed on a stainless-steel frame in the
lower intertidal zone on the NW margin of the Agon ebb delta (Fig. 2), the instrument
was programmed to record 9-min bursts of pressure and horizontal current fluctuations
at a 2 Hz sampling frequency every 30 min. This 9-min burst sampling was chosen as
a compromise between two opposite constraints. It had to be large enough to allow
spectral analysis but short enough to ensure a relatively stationary mean sea level.

The wave characteristics were obtained from the measured time series by spectral
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analysis using Fast Fourier Transforms. The Fourier coefficients of the free surface
elevation fluctuations were obtained from the corresponding ones computed from the
pressure time series using the frequency-dependent transfer function inferred from
linear theory. To avoid electronic noise, a frequency cutoff, kept constant during the
tidal cycle and fixed at 0.27 Hz, was applied after careful analysis of the data. Energy
above 0.27 Hz was considered as spurious, caused by amplification of electronic

noises (Levoy et al., 2000).

4. Results

4.1 Topodraphic changes

The Agon spit and its ebb delta evolved significantly during the survey period
(February 2009 to April 2019) (Fig. 5). Three morphodynamic “stages” can be
identified, involving the partial destruction of hook #8 and the construction of a new
one, hook #9. Over this decade, the area near the spit hooks gained 244,100 m? of
sediment (24,000 mé/year) (Fig.5d). These stages provide an overview of the evolution
of the study site, following which a more detailed analysis of the pattern displayed by

each stage is conducted.

4.1.1 Definition of stages of morphological change

Stage 1 (February 2009 to October 2013) was characterized by the erosion of
the mid- and the high-tide zones along the spit (Fig. 5a). This erosion had, in fact, been
on-going since 2004 (Robin 2007). The distal end of the hook gained sediment,

allowing its elongation towards the SE, and abutting the channel which could no longer
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migrate freely due to the presence of a low-crested groyne located downdrift of the
inlet(Fig. 2). During this period, the zone close to the hook (zone A in Fig. 2) gained
53,500 m® of sediment (11,400 m3/year) mainly in the mid-tide zone and the end of
the hook platform. The swash bar on the ebb delta moved onshore and became
parallel to the shoreline. Stage 2 (October 2013 to March 2016) was mainly
characterized by pursuit of erosion of the mid- and high-tide zones that led to a
lowering of the elevation of the hook. This erosion favoured marine submersion and
breaching (Fig. 5b), and initially involved significant cross-shore translation and then
complete destruction of the distal part of the hook. The swash bar on the ebb delta
underwent alongshore elongation, evolving into a ‘shore-parallel’ bar. The zone close
to the hook (zone A in Fig. 2) gained 113,400 m?3 of sediments (46,900 m3/year). Stage
3 (March 2016 to April 2019) was marked by the construction of a new clearly-
individualized hook (#9) with the same shoreline orientation (NW-SE) (Fig. 5¢). This
hook originated from the longshore development of the ‘shore-parallel’ bar which
constitutes its main body. During this stage, the zone close to the hook (zone A in Fig.

2) gained a total of 77,300 m?® of sediment (~25,000 m?/year).

4.1.2 In-depth analysis of changes

a) Stage 1: Hook #8 erosion (February 2009 to October 2013)

During this stage, the distal part of the swash bar moved landward in an ESE direction
for about 170 m under the influence of waves (Fig. 6). Its oblique orientation became
less pronounced in the course of its migration, and it progressively became parallel to
the shoreline starting from April 2011, resulting in the inception of a ‘shore-parallel’

bar. This migration proceeded apace with extension towards the SE, a process
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generated by longshore drift that was no longer interrupted by this bar. The area updrift
of the bar was marked by supratidal accretion, resulting in overall shoreline advance,
but involving erosion of the high-tide zone and an alternation of accretion/erosion on
the higher part of the mid-tide zone. These changes exhibited a seasonal trend,
stronger in winter and weaker in summer. The zone in the lee of the bar (bar shadow
zone) underwent milder changes involving essentially erosion of the high-tide zone
and the supratidal zone (February 2009-April 2010, September 2011-May 2012). The
tidal flat in front of the bar did not undergo any significant change between surveys.
Downdrift of the bar, along the hook, erosion of the mid- and high-tide zones attained
significant values of 70 m on profile C1 and 80 m on profile C2 profile, and up to 18 m
between two winter surveys (Fig. 7). This erosion was compensated by accretion of
the supratidal section, at the dune foot. The combination of these two contrasting
patterns resulted in a uniform beach profile between the top of the dune (9 m IGN69)
and the mid-tide zone (2 m IGN69). Sand eroded along the hook was transported
alongshore to feed the hook platform (Fig. 6), which extended 120 m to the SE,
impinging, as mentioned above, on the channel inlet fixed downdrift by the low-crested
groyne. The extension of this platform was marked by a gain in elevation (+1.3 m),
attaining up to 7 m IGN69 (Fig.8). The platform also became wider with a 15-m
expansion of the high-tide zone until September 2009 (C3), followed by a significant
retreat of 90 m until October 2013, as observed in C1 and C2 (Fig. 7). The landward
part of the spit was stable with only minor change over the four years. The width of the

vegetated part of the spit narrowed by 45 %, down to only about 60 m in October 2013.
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b) Stage 2: Hook #8 breaching and partial destruction (October 2013 to

March 2016)

During this stage, the ‘shore-parallel’ bar moved slowly towards the SE (Fig. 9), its

dynamics still controlled by longshore transport, resulting in its extension. Its tip
switched progressively towards the E and was in contact with the shoreline in June
2015 (Fig. 10). This development led to: (1) the emergence of a distinct tidal flat
connected to the ebb delta by a narrow channel that persisted, probably due to strong
tidal currents, as evidenced by the presence of 2D-3D dunes oriented in the ebb
direction; (2) sustained erosion from stage 1 and weakening of the spit, culminating in
its breaching and partial destruction of the hook (Fig. 10). This destruction took place
during the course of three winters (Figs. 9, 12). The 2013-2014 winter led to the first
breach event in the centre of the hook, an area not so well protected by the ‘shore-
parallel’ bar. Erosion of the high-tide beach reached 34 m (profile C1; Fig.7) with
sediment transfer towards the inner part of the flood delta in the form of a washover
fan. This washover affected the spit over a distance of 220 m and resulted in a
significant decrease in spit elevation from 9 m IGN69 to 7.3 m IGN69 on C1 for
example (Fig. 7). The erosion of the high-tide zone impacted the entire spit down to
the downdrift part of the bar (except its shadow zone, in accretion as the updrift side)
and fed the end of the platform which remained blocked by the arrested position of the
main channel. During the summer of 2014 and the second winter (2014-2015), the
breach widened. The spit had become so narrow (> 30 m) that it was completely
destroyed during the third winter (2015-2016), following beach erosion and landward
transfer of sand onto the inner part of the delta by overwash. Sentinel and Landsat

satellite images show that it had resuscitated by December 29-30, 2015. Its
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destruction was thus a consequence of the three major but brief storms of 12/01, 08/02

and 09/03, 2016.

C) Stage 3: formation of hook #9 (March 2016 to April 2019)

Following the destruction of hook #8 and its platform during the previous stage,
the inlet underwent complex morphological changes (Fig. 11). The various shoals
resulting from the breakup of hook #8, isolated from each other by the breach, were
gradually eroded (C2 and C3) (Fig. 7). The sediment was mainly redistributed
landward towards the flood delta by the strong tidal currents and by waves, or
reworked and redistributed by the main channel. This led, in October 2016 and in
December 2017, to the formation of a large mouth devoid of bedforms that was
submerged whatever the tidal stage. Nevertheless, the main channel did not evolve
freely since it remained attached to the groyne on the downdrift side of the inlet. This
behaviour may be due to two causes: the zone remained maintained a high elevation
(between 2 and 4 m IGN69), and the presence of a long and high transverse bar that
took many years to form along the northern flank of the main channel disturbed its
northward migration (Fig. 11A). The ‘shore-parallel’ bar continued its progression
towards the SE but began to split in two. Its tip became detached from the main bar
body and moved eastward (October 2016-December 2017; Fig. 11B) perturbing
drainage of the tidal flat which was limited to only two small active channels. In fact,
this ‘inter-hook’ zone was undergoing sediment gain and had begun to be colonized
by seasonal vegetation. The remnants of the ‘shore-parallel’ bar had evolved in
September 2018 into an isolated shoal between the spit (old and new) and the main

channel. The main body of the bar continued to migrate towards the SE under the
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influence of longshore drift. Part of the bar had by then been well colonized by

vegetation, clearly reinforcing its status as the new hook #9 of the Agon spit.

4.2 Hydrodynamic conditions

Hydrodynamic conditions were recorded during stage 2 and part of stage 3. The
objective was to have an overview of the most morphogenic conditions that prevailed
during these two periods. The approach here is to especially analyze wave conditions
during high tides when breaching was observed. It should be noted that the last years
of the study coincided with a particularly morphogenic phase of evolution of the west

coast of Europe, affected by major storms (Castelle et al., 2018).

4.2.1 Overview

Significant wave heights (Hs), and wave periods and directions are depicted in Fig.
13. The vertical lines indicate when the LIDAR surveys were conducted. The average
wave height over the 4.5-year survey period (from June 2013 to December 2017) was
0.38 m. However, several severe winter storms were recorded with Hs values > 2.25
m (return period of 10 years) (February and March 2016, January and October 2017)
but with short durations, < 24 h. Wave directions during these storms were quite
identical (270°-287°) and these events also corresponded to spring tides, > 6 m IGN69
at high tide during the peak of the storms. The lowest wave heights occurred during
the summers. This seasonal contrast, not unexpected, was also observable by looking

at the cumulative wave energy between surveys.
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In the absence of data during stage 1 (from February 2009 to October 2013), it
is not possible to characterize the hydrodynamic environment that prevailed during
winter conditions. During stage 2 (from October 2013 to March 2016), the 2015-2016
winter was the most energetic of all in the 4.5 years of surveys. A succession of three
storms with peak Hs of up to 2.25 m occurred during spring tides. The two other winters
were characterized by the passage of one (2014-2015) or two storms (2013-2014)
with a 5-year return period but rarely linked to large tides (excepting February 2014).
The two winters of stage 3 (from March 2016 to April 2019) were affected by one major

storm (January and October 2017) with water levels > 6 m IGN69.

4.2.2 Duration of operation of hydrodynamic processes

The tidal environment induced highly variable immersion times depending on the
elevation of the beach and the tidal range (Fig. 14). For example, a mean spring tide
enabled flooding of the 5 m IGN69 level for 3 h per tidal cycle and of the 6.5 m IGN69
(MHWS limit) only for 45 minutes. Along the Agon spit, the 7 m IGN69 (and higher
levels) were affected by hydrodynamic processes only for a short duration (1 h30)
corresponding to an exceptional high spring tide. During phases of breaching, the 7.3
m IGNG69 level (mean elevation of washover fan surfaces between May 2014 and June
2015 (Fig. 9b)) was flooded for 10 h (18/10/2013 to 15/05/2014), 8 h (15/05/2014 to
10/10/2014) and 9 h (10/10/2014 to 03/06/2015). The durations were shorter when
combined with Hs > 1 m: 7 h, 3 h and 1 h respectively. During the phase of partial
destruction of the hook (30/12/2015 to 10/03/2016), the 7.3 m IGN69 level was flooded
for 5 h, but only for 1 h with Hs >1 m. During the February 2016 storm, this flooding

phase lasted only 5 minutes with significant wave heights of 1.9 m. During the March
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2016 storm, it lasted only 50 minutes with significant wave heights of 1.7 m. These
values must be considered as orders of magnitude given the various parameters that
can locally modulate water level conditions. Once the end of spit hook #8 was
destroyed, the elevation of this zone was of the order of 4 m IGN69, involving a

flooding phase of several hours per tidal cycle whatever the tidal range.

5. Discussion

The discussion will revolve around three points that also contribute to a better
understanding of the dynamics of hooked spits in general: new insight on hooked spit
dynamics and evolution relative to the previous model of Robin and Levoy (2007), the
importance of overwash in mobilizing sediment in hooked spit systems, and the role
of hydrodynamic conditions, notably the relationship between storms and the large

tides, in modulating hooked spit evolution.

5.1 New insight relative to the model of Robin and Levoy (2007)

The evolution of the Agon Spit between 2009 and 2019 was marked by the
creation of a new hook (#9) at its distal extremity (Fig. 5). These observations are a
follow-up on those of Robin and Levoy (2007) who documented the evolution of the
spit from aerial photographs taken between 1972 and 2005 (Fig. 4), and highlighted
the significant role of swash bar migration, notably culminating in the creation of hook
#8in 1990. The role played by channel migration was also underpinned in that study,
with regards to both the formation of a large platform and the creation of sufficient
accommodation space for the new hook to develop towards the S. Up to October 2013

(Figs. 5, 6), the evolution of hook #8 corresponded perfectly to the model of Robin and
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Levoy (2007). A swash bar progressively approached the high-tide beach. It's slow
mobility, linked to the overarching influence of the large tidal range (Robin et al., 2007;
Robin et al., 2009a), as discussed subsequently, perturbed longshore sediment
transport and induced shoreline erosion downdrift that affected only the spit’s beach
profile and its dune front without generating overwash (Figs. 7, 8). The duration of this
erasion (= 9 years), on-going since 2004 as stated earlier, is about the same duration
as that of the previous cycle (= 8 years) (Robin, 2007). The end of the hook continued
to progress slightly towards the SE. But starting from this point in time the evolution of
the Agon spit diverges from the Robin and Levoy (2007) model (Fig. 15). The extremity
of the spit shows a reduced width linked to sustained erosion over the last years, and
has undergone severe phases of retreat by submersion that have led to spit breaching
and backshore sediment transfers via washover fans, notwithstanding an elevation
that is still relatively high, > 7.3 m NGF (Fig. 7). The strong winter storms of 2013-2014
and 2015-2016 are responsible for these changes. The influence of the recurved
extremity of the swash bar, which had become a ‘shore-parallel’ bar in 2014, cannot
be neglected, and the bar aggravated the weakening of the extremity of the spit and
the breach zone (Figs. 9, 10, 12). Its elongation towards the ESE, almost in contact
with the spit, created a runnel exiting close to the most fragile seaward part of the spit
(June 2015). The runnel maintained communication with the ocean via a small but
persistent opening subject to strong ebb currents, as shown by the formation of 2D
and 3D dunes, that contributed to erosion of the breach (Fig. 10). The southern
exposed part of the hook downdrift of the bar was also more vulnerable to wave action
during spring tides. The total destruction of the extremity of hook #8 occurred during
the exceptional winter of 2015-2016 with its succession of three storms with a 10-year

return interval and coinciding with large tides (Fig. 13). The erosion of the breach
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resulted in a lowering of its elevation, thus facilitating a large spring-tide freeboard
during both flood and ebb. In the meantime, the ‘shore-parallel’ bar continued its
elongation towards the SE under the influence of longshore drift. The bar assumed the
same alignment as the previous hooks and became the nucleus of the new hook #9,
formed 27 years after #8. This role of the bar as a new hook nucleus embodies a
divergence from the previous model where the bar was simply a forcing element in the
formation of hook #8, and where this welding did not lead to breaching. The channel
associated with hook #8 migrated little over these years. Its N flank was bordered by
a long and high transverse bar and its S flank by the low dike which tended to induce

deepening at its extremity that further favoured its immobility (Fig. 2).

Taken individually, the various stages of formation of hook #9 highlight a
number of points that have been observed elsewhere: (i) for instance, the overall
functioning of the spit resembles that proposed by Costas et al. (2006) from their field
site in Spain (see their Fig. 15). The spit aggrades prior to erosion of its seaward flank
and then becomes affected by overwash or overtoping; (ii) the downdrift erosion of the
bar has been observed by other authors (Robin and Levoy, 2007; Costas and
FitzGerald, 2011); (iii) the welding of swash bars that leads to the formation of a new
hook corresponds to the main mechanism of hook development at inlets on the east
coast of the United States, for instance (Hine, 1975, 1979; Aubrey and Speer, 1984;
FitzGerald, 1984, 1988; Kana et al., 1999; FitzGerald et al. 1984, 2000; Borrelli and
Wells, 2003; Lindhorst et al., 2008); (iv) finally, breaching and destruction of the
extremities of hooks are regularly observed in the evolution of spits with or without
hooks (e.g., Sanchez-Arcilla and Jimenez, 1994; Chaumillon et al., 2014; Williams et

al., 2015; Safak et al., 2016; Sadio et al., 2017; Zainescu et al., 2019; Fruergaard et
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al., 2020). In addition to these points, the three stages of decadal evolution of the Agon
spit,involving hook destruction followed by construction, also show that spit hooks can
evince geomorphic resilience in the sense of Kombiadou et al. (2019b), undergoing
morphological re-organization in a new hook involving a net positive sediment balance
of 244,000 m3.

The concomitance of all these mechanisms in generating hook formation in the
same site is rare and underpins the singularity of the Agon spit system. On the other
hand, the construction of hook #9 diverges from that of hook #8 documented by Robin
and Levoy (2007). This underscores the complexity of the formation of this type of
coastal sediment body, which can involve several different processes over time acting

on the same site and notwithstanding relatively constant forcing mechanisms.

5.2 The role of overwash in large sediment mobilization in hooked spits

Spits are known for their commonly dynamic behavior, especially under storm
conditions. They are narrow, low-elevation landforms highly sensitive to changes in
hydrodynamic conditions. Depending on the circumstances, strong waves occurring
during high water levels (tides and storm surge) can erode or even breach them by
overtopping and/or overwashing. Sediment transport induced by overwash constitutes
a major issue in geological coastal processes because it can move large amounts of
sand from the beach/dune face onto washover fans and the backbarrier environments.
Significant progress has been made in recent decades in understanding the role of
these marine flooding processes on morphological barrier/spit evolution (Sallenger,
2000; Morton and Sallenger, 2003; Donnelly et al., 2006; Matias et al., 2008, 2013;

Chaumillon et al., 2017). Nevertheless, studies allowing a field quantification of
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sediment volume change during an overwash and inundation event are limited (e.qg.,
Cloutier and Héquette, 1998; Stone et al., 2004; Matias, 2006; Carruthers et al., 2013;
Rogers et al., 2015; Baumann et al., 2017; Engelstad et al., 2018; Suanez et al., 2018),
and even more so in the case of a total destruction of a hook.

The Agon spit underwent several overwash events, notably in the course of
storms between October 2013 and March 2016, as evidenced by the erosion and
deposition zones at its tip (Fig. 12). Based on Lidar, this study has succeeded in
guantifying the volumes of sediment mobilized during these events (Tabl. 2). 5820 m?
of sand was transported landward during winter 2013/2014, 2700 m? during summer
2014, and 6780 m?3 during winter 2014/2015. Our study confirms that overwashing and
breaching can transport landward up to several hundreds of cubic metres per metre
of beach width, confirming the work of Engelstad et al (2018). The area where
overwash took place was wide, about 223 m during winter 2013/2014 and 206 m
during winter 2014/2015. The process always occurs in the same area, an overwash
‘hotspot’ where the absence of the ‘shore-parallel’ bar favours its activation each time,
with a slightly southward extension over time, probably in relation with bar dynamics.
Its throat width is in the upper average given in the literature (e.g., Matias et al., 2008;
Hudock et al., 2014; Wesselman et al., 2019). The throat is located in an area of lower
dune elevation, confirming that this parameter acts as a major morphological trigger
on overwash occurrence (Sallenger, 2000). Concerning the partial destruction of a
hook, the literature shows surface evolution patterns drawn from aerial or satellite
photographs (Chaumillon et al., 2014; Williams et al., 2015; Fruergaard et al., 2020),
but quantification of sediment volumes involved has lagged behind. At the Agon spit,
the total destruction of the tip of the spit that took place during winter 2015-2016 is

estimated at about 109,300 m3 (Tabl. 2). Slightly under 50% of this sediment was
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transferred landward (54,200 m3) and the rest (55,100 m?3) probably redistributed into
the ebb and flood deltas via the main channel (Fig. 12). This volume is important,
especially when compared to the annual longshore transport, estimated at 40,000
m3/yr. Thus, besides the fact that overwash is at the origin of important morphological
changes affecting the Agon spit, the process occasionally represents a very important

sediment exchange pathway in the spit-inlet-basin system.

Another point highlighted by the study is the relatively short duration of the
overwash events in spite of these large sediment movements (Fig. 12), a point further
discussed in 5.3 below. Overwash sedimentation is episodic, occurring during discrete
events of varying magnitude and frequency (Matias, 2006). This is especially true in
large tidal-range environments where the high-tide zone and dune are impacted by
hydrodynamic processes over a short duration (spring high tides). During the winter
2013-2014 (but also summer 2014 and winter 2014-2015), the dune top had an
elevation > 7.3m IGN.69 with a relatively steep front slope. This morphological
configuration implies that the water level had to be higher to generate landward
transport, as observed with the washover deposits. Such water levels coupled with
moderate to energetic wave conditions (Hs >1 m) are extremely rare in the study area.
This correspond to only 438, 160 and 57 minutes during, respectively, winter 2013-
2014, summer 2014 and winter 2014-2015. The partial destruction of hook #8 is
revealed by a Sentinel image and a Landsat image dated December 29 and 30, 2015.
Thus, this destruction followed the three important but brief storms of January 12,
February 8, and March 9, 2016 year (Figs. 12, 13). However, the durations of these
storms, combined with water levels higher > 7.3 m IGN69, point out a relatively short

interval for the production of such important morphological changes (270 minutes or
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55 minutes with Hs >1 m (only the February and March storms)). Thus, our study
shows that, despite the potential for a macrotidal context to drastically reduce the
duration of overwash processes, these can induce, when they do occur, significant
sediment mobilization and major morphological changes, of the same order of

magnitude as those observed in micro-mesotidal environments.

5.3 Tidal modulation of waves, and storm influence

The Agon spit evolves in a large tidal-range environment (up to 11.15 m during
mean spring tides) wherein North Atlantic Ocean waves are filtered by the shelf
bathymetry but moderate wind waves can act with efficiency at high tide, especially
during storms. This field site is therefore unique with the influence of the tide, storms,
and wind waves on the morphodynamics of the spit and its delta. But confrontation of
the morphological change data with hydrodynamic data still clearly shows that waves
and wave-induced currents are the main process-drivers of spit evolution, as in
settings with lower tidal ranges, with the large tidal range in Agon playing, nevertheless
a significant role in the timing and intensity of change. Several consequences of this

relationship between waves, storms and tides can be identified.

Concerning wave influence:
(i) Waves generate swash bar migration (Robin et al., 2007). During low energy
conditions, tidal currents cannot generate landward bar mobility despite high mean
velocities. Bar migration is observed only during storm conditions under surf—zone
processes and their associated currents with mean flows directed onshore and an

absence of bed return flows (Robin et al., 2009a, b).
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(i) Waves lead to destruction of the spit and its platform during storms, as observed
in this study between January and March 2016, and as reported in the literature (e.qg.,
Sanchez-Arcilla and Jimenez, 1994; Cloutier and Héquette, 1998, Williams et al.,
2015, Safak et al., 2016; Zainescu et al., 2019). Waves are therefore the main agent
driving topographic changes in the spit and its delta.

(i) Finally, waves produce longshore transport that nourishes the shore-parallel
oriented bar and its evolution into a new hook (hook #9) with its platform. This sediment
input can vary over time as a function of meteorological variations. Although its impact
has not been quantified in our study, this influence is probably less marked at the Agon
spit than at other sites (e.g., Allard et al., 2008; Poirier et al., 2017). Perturbation of
longshore transport by the presence of swash bars over long periods of several years
(Robin and Levoy, 2007) seems to be an important constraining factor on the evolution

of the tip of the spit.

Regarding the tidal influence, the durations of immersion periods in settings
with large tidal ranges can vary considerably, spatially and temporally, over the neap-
spring tidal cycle (e.g., Masselink and Short, 1993; Reichmith and Anthony, 2007;
Robin et al., 2009a). Thus, the tide must also to be taken into consideration from
several points of view:

(i) Robin et al., (2009a) showed that the slow rate of swash bar migration in Regnéville
inlet was related to the duration of immersion: only 2h 30 during neap tides and 4h 30
during spring tides. As a result, the action of surf-zone processes is extremely
reduced, inducing a low mean sediment transport. This slow bar migration durably

hinders over several years longshore sand drift and the dynamics of the shoreline.
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(i) The immersion duration of the upper high-tide zone along the spit is extremely
reduced (1 h per tidal cycle above 5 m IGN69 for mean tides and 3 h per tidal cycle
for mean spring tides (Figs. 13, 14). Similarly, the spit platform, which is always
submerged in micro-mesotidal environments (Meistrell, 1966; Hayes, 1980; Nielsen et
al., 1988, Balouin et al., 2001), is affected by hydrodynamic processes (near 6.5 m
IGN69 in the field site) only 45 minutes per tidal cycle for mean spring tides. The tidal
context therefore plays an important role when one attempts to understand the original
pattern and duration of the formation cycle of a new spit, which is very long compared
to microtidal environments (FitzGerald, 1984; Smith and FitzGerald, 1994; Gaudiano
and Kana, 2001). This is also the case concerning the destruction of the hook which
occurs over a long period of several years. It is the succession of short periods
(overwash 1, 2, 3) representing a combination of an energetic event and a sufficiently
high tide level (Fig. 12) that leads to breaching and hook tip destruction. These periodic
events engender a step-by-step destabilization of the hook before its final destruction.
(iif) Despite the fact that mean tidal currents can reach 1 m/s in the mid/high-tide zones
(Robin et al., 2009a), these flows have a low morphogenic capacity. During low energy
conditions, only minor changes are observed along the spit and the delta (summer
period). Only transverse bars are seen to migrate northwards under the low prevailing
mean currents (Levoy et al., 2013, Montreulil et al., 2014). However, an exception in
the course of breaching and destruction of the spit concerns strong mean currents
associated with channel flow during high tides, which contribute to maintaining and
reinforcing incision of the breach in the case where the threshold elevation has been
reached, whatever the wave energy. The presence of 2D-3D dunes on the washover
fans or near the inlet indicates the existence of these strong channel currents. They

further contribute to the redistribution of sediment over the ebb and flood deltas.
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Our study, carried out in a megatidal context, thus highlights the duality of the
two major forcing agents affecting the study site. Wave action is the main factor leading
to topographic changes as observed in micro-mesotidal environments, whereas the
tide plays an important role due to the water depth variations it induces. This latter
condition leads to a longer duration of construction compared to the lower tidal-range
environments, but the duration of destruction of the system remains short. Tidal
currents or forced tidal flows further play a complementary role in macrotidal
environments. These observations bear on the timescales of change. Inertia prevails
over long periods of time punctuated by rapid change over short periods of time, both

time frames mediated by tides.

6. Conclusion

Results obtained from the analysis of a dense temporal series of 3D aerial
topographic surveys (LIDAR and UAV) over a decade (on average, two coverages per
year between 2009 and 2019) highlight the utility of these sources of high-resolution
data in unravelling the complex morphodynamics of spit hook development in a tidal
environment, especially when complemented by in-situ hydrodynamic measurements.
Various processes have been evoked to explain the formation of new spit hooks but
these have virtually exclusively focused on microtidal to mesotidal environments. At
the macrotidal Agon spit, the role played by a swash bar on an adjacent ebb tidal delta
is crucial. When located in the mid and high-tide zones, the bar disrupts the N-S
sediment transport, facilitating progradation of the shoreline updrift of the bar. The bar
also protects the shoreline from storm effects and overwash processes. On the other
end, downdrift of the bar, a sediment deficit renders the shoreline fragile and subject

to erosion. This fragility favours overwash and spit breaching. Three spates of

This article is protected by copyright. All rights reserved.



landward sediment transfers of about 5820 m3, 2700 m3 and 6780 m?® occurred
approximately at the same ‘overwash hotspot’ location, and culminated in a 220 m-
wide breach. Overwash events tend to occur during short periods of time (few hours)
when a high water-level (spring high tide) occurs in conjunction with relatively
energetic wave activity, thus highlighting the important role of tides, but also storms.
Breaching is followed by a long duration of hook formation as the large tidal range
generates morphological inertia. This is unlike low to moderate tidal-range settings
where waves and longshore sand transport gradients continuously determine the
evolution of spit hooks. The cycle of hook formation, breaching and reconstruction of
the Agon spit involved a gain of sediment of about 244,000 m? in 10 years, thus
illustrating the highly dynamic nature of these features, while underpinning their
geomorphic resilience in this large tidal-range setting. Finally, the results call into
guestion the repetitiveness of a single process in the creation of hooks of the same
spit, highlighting divergence with an earlier and simpler model of spit hook
development reported by Robin and Levoy (2007), similarly associated with swash-
bar influence but not involving breaching. Thus, for the same study site, the range of

processes involved in spit hook evolution can be different for different hooks.
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Fig. 2. Aerial photograph of Regnéville inlet showing several well-developed hooks at
the distal tip of Agon spit. Location of each topographic clip (zone A: Fig.5; zone B:
Figs.6, 9, 11; zone C: Fig.12) and profiles (C1, C2, C3 (Fig., 7) and L1 (Fig., 8)).
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Profile 100 m North of C1 from the October 10, 2014 survey A)
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Fig. 3. (a) Typical transect of the supratidal and intertidal zones of the megatidal

beach updrift of Regnéville inlet with horizontal lines indicating tidal levels (HAT,

highest astronomical tide; MHWS, mean high water springs; MHWN, mean high

water neaps MSL, mean sea level; MLWN, mean low water neaps). (b) Ground
photograph of the beach.
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Fig. 4. Conceptual model of evolution of Agon spit showing the formation of a spit
hook after migration and welding of a swash bar on the upper beach. Evolution
tendency depicted by black arrows (from Robin and Levoy, 2007).
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Fig. 5. Differential digital elevation models corresponding to three intervals between
February 2009 and April 2019 (A, B, C) and residual morphological change (D).
Black and dash lines correspond to MHWS and MHNS limits respectively.
Topographic profiles are indicated. Table shows sand volume change for each of the
intervals, and the total volume change over the 10-year period.
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Fig. 7. Cross-shore profile evolution (C1, C2, C3) during the three morphological
change stages.
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Fig. 9. Differential digital elevation models during the second morphological change
stage (hook breaching and destruction, October 2013 to March 2016). Black and

dash _Iinés correspond to MHWS and MHNS limits respectively. Topographic profiles

are indicated.
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Flg 10 Zoom on washover deposits and impact of the longshore evolution of the
swash bar on the hook’s distal tip.
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Fig. 11. Differential digital elevation models during the third morphological change
stage (hook formation, March 2016 to April 2019). Black and dash lines correspond
“to MHWS and MHNS limits respectively. Topographic profiles are indicated.
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Fig. 12. Topographic changes following overwash events and the relationship
between significant wave height and sea level (each dot corresponds to an interval
of 1 h). The duration of storms, combined with water levels > 7.3 m IGN69 (elevation
- of the dune crest) point to a relatively short interval for the production of such
important morphological changes.
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Fig. 13. Hydrodynamic conditions at high tide (water levels and significant wave
heights) recorded between April 2012 and October 2017. Each graph corresponds to
the intervals depicted in Figs., 6, 9 and 11. Green points correspond to sea level >=6

m and significant wave height >=2.25 m, pink points to sea level >=6 m and
significant wave height >=2.12 m and <2.25 m.
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Fig. 14. Immersion duration per tidal cycle for several elevations of the beach, in

relation to the tidal range.
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Figure 15. Conceptual model of evolution of the macrotidal hooked Agon spit derived
from a dense ten-year dataset of LIDAR and UAV surveys between 2009 and 2019,
and a comparson with the earlier model of Robin and Levoy (2007) based on 18
aerial photographs between 1947 and 2002. Evolution tendency depicted by black
arrows.
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Table 1. Dates of topographic surveys.

Survey number

Date of survey

Source

1 February 12, 2009 CLAREC project
2 September 21, 2009 CLAREC project
3 April 18, 2010 CLAREC project
4 September 22, 2010 CLAREC project
5 April 18, 2011 CLAREC project
6 August 31, 2011 CLAREC project
7 May 12, 2012 CLAREC project
8 October 15, 2012 CLAREC project
9 May 26, 2013 CLAREC project
10 May 15, 2014 CLAREC project
11 June 3, 2015 CLAREC project
12 March 13, 2016 CLAREC project
13 October 3, 2016 CLAREC project
14 May 9, 2017 CLAREC project
15 December 4, 2017 UBECUS project
16 June 15, 2018 UBECUS project
17 September 11, 2018 COZULIT project
18 April 19, 2019 UBECUS project
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Table 2. Volumes of sediment mobilized during overwash events. Locations of zones

are shown in Fig. 12.

Period Zone Accretion Erosion Net volume Surface DZ
volume volume

October, 18 2013 3 3 3 )
May 15, 2014 V1 +5830m 10 m +5820m 11650 m +0.50 m

May 15, 2014 s R R ,
October 10, 2014 V2 +2710 m 10 m +2 700 m 8220m +0.33 m
October 10, 2014 | 3 | 16790 m* | -10m? +6780m3 | 10950 m? | +0.62 m

June 3, 2015

V4 +21340m3 -290 m? +21 060 m3 44580 m? | +0.47 m

June 3, 2015 3 3 3 3
V5 +33160m -20m +33140m 29220 m +1.13 m

March 13, 2016 3 3 3 3
V6 +20m -109 390 m -109370 m 62760 m -1.74 m
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Graphical abstract

Spits with distal hooks are well documented from coasts with low to moderate tidal ranges,
unlike high tidal-range environments. Hydrodynamic, LiDAR and UAV surveys of a
macrotidal spit show three stages of construction, destruction and reconstruction over ten years
(2009-2019), with long phases of inertia punctuated by rapid change. Large tides actively
control, together with waves and longshore currents, the dynamics and evolution of hooked

sandy spits.
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