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phological beach types found in this region. Reproducible monitoring solutions adapted to basic and complex
beach and dune morphologies using LiDAR time series were investigated over two periods bounded by the
three surveys. The first period (between May 2008 and August 2010) is characterized by a higher prevalence
of storm events, and thus has a greater potential for eroding the coast, than the second period (between August

Keywords: . . -
Coastal monitoring 2010 and September 2013). During the first period, the central and northeastern part of the Bay of Biscay was
DEM of Difference (DoD) notably impacted by Storm Xynthia, with water levels and wave heights exceeding the 10-year return period
Sediment budget and 1-year return period, respectively. Despite differences in dune morphology between the sites, the dune

Shoreline erosion and accretion crest (Dpign) and the dune base (Do) are efficiently extracted from each DEM. Based on the extracted dune
base, an original shoreline mobility indicator is built displaying a combination of the horizontal and vertical
migrations of this geomorphic indicator between two LiDAR datasets. A ‘Geomorphic Change Detection’ is also
completed by computing DEMs of Difference (DoD) resulting in segregated maps of erosion and deposition
and sediment budgets. Accounting for the accuracy of LiDAR datasets, a probabilistic approach at a 95% confi-
dence interval is used as a threshold for the Geomorphic Change Detection showing more reliable results.
However, caution should be taken when interpreting thresholded maps of changes and sediment budgets be-
cause some beach processes may be masked, especially on wide tidal beaches, by only keeping the most signif-
icant changes. The results of the shoreline mobility and Geomorphic Change Detection show a high variability
in the beach responses between and within the three study sites, explained mainly by beach orientation and
local factors. Despite variable site-specific mechanisms, the recovery processes redistribute the available sand
more on the upper parts of the beach, producing significant deposition generally in the form of embryo dunes.
The monitoring of the beach and dune systems with airborne LiDAR datasets reveals that the three study sites
show diverse behaviours during the first period likely associated with storms, while the analysis show more
homogenous beach responses during the second period likely associated with a recovery phase.

© 2018 Elsevier B.V. All rights reserved.

1. Introduction

The geomorphological resilience of a system is determined by the de-
gree to which it returns to an equilibrium state following a disturbance
(Brunsden, 2001; Woodroffe, 2007; Houser et al., 2015). In a coastal sys-
tem, significant morphological changes occur during severe storms or a
succession of storm events (Lee et al., 1998), combined with high water
levels (Short, 1991; Zhang et al., 2001; Cooper et al., 2004). Depending
on the magnitude, duration and succession of such events, the coastal sys-
tem can return to a transient or a new equilibrium state different from the
pre-disturbance state (Cowell and Thom, 1995; Woodrofte, 2007; Houser
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and Hamilton, 2009; Scott et al., 2016). Moreover, such events impact the
coastal system over hours to days, while the recovery of the beach can
take days, months (Wang et al., 2006; Pye and Blott, 2008) or up to sever-
al years or decades for a full recovery of the system (Thom and Hall, 1991;
Lee et al.,, 1998; Suanez et al., 2012; Houser et al., 2015; Castelle et al.,
2017). The recovery of a beach system comprises complex processes as
many morphological responses are apparent in field observations and
measurements (Houser and Hamilton, 2009; Priestas and Fagherazzi,
2010; Scott et al.,, 2016; Castelle et al., 2017).

Repeated topographic surveys are necessary to monitor morpholog-
ical changes in beaches (Thom and Hall, 1991). Topographic measure-
ments are traditionally performed with ground-based techniques such
as dGPS or total stations. Without equipped manpower or adapted
vehicles, they are cost- and time-effective only on small and accessible
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beaches (Baptista et al., 2008). Since the 1970s, LiDAR technology has
been developed (Krabill et al., 2000; Brock and Purkis, 2009). In coastal
studies, airborne LiDAR associated with kinematic GPS provides rapid,
accurate, continuous, and high-resolution topographic datasets over
large areas (Krabill et al., 2000; Sallenger Jr. et al.,, 2003 ). Compared to
beach profile surveys that provide discrete data sampling in two dimen-
sions, airborne LiDAR surveys provide more convenient and synoptic
topographic data of the beach in three dimensions (Woolard and
Colby, 2002; Zhang et al., 2005; Pye and Blott, 2016) from which
many morphometric parameters can be derived (Brock et al., 2004;
Saye et al., 2005).

Structure from motion (SfM) techniques are a good alternative
to time-consuming ground-based measurements and costly LiDAR cam-
paign. Recent development of camera-equipped unmanned aerial vehi-
cles (UAVs) provides high resolution topographic datasets suitable for
observing morphological change in beaches (Mancini et al,, 2013).
They are a cheap and convenient powerful tool for geomorphic change
detection (Cook, 2017), but they are generally deployed on smaller spa-
tial extent than airborne LIDAR campaign. However, topographic mea-
surements such as LiDAR surveys are only “snapshots” of a beach
state (Woolard and Colby, 2002; Pye and Blott, 2016), and as beaches
are not surveyed immediately before and after each event, the changes
observed should be interpreted with caution. A newly developed meth-
od using radar technology offers a tool for quantifying morphological
changes over large areas and at high temporal resolution (Bell et al.,
2016; Bird et al., 2017). Even if the vertical accuracy of the elevation
maps produced with this method doesn't reach the one of LiDAR-
derived DEMs, this technique appears sufficient and efficient to monitor
seasonal change of bedforms as well as storm impact on intertidal areas.

The post-processing of LiDAR point clouds produces high quality
DEMs (Woolard and Colby, 2002; White and Wang, 2003; Liu and
Zhang, 2008). When a time series of LiDAR data is available, a volumet-
ric change analysis can be performed by subtracting two DEMs on a cell-
by-cell basis to create a DEM of Difference (DoD) (Wheaton et al., 2010)
or Elevation Change Map (ECM) (Priestas and Fagherazzi, 2010). The
DoD provides a map of erosion and deposition from which sediment
budgets can be computed (Zhang et al., 2005; Thornton et al., 2006;
Wheaton et al., 2010). The simple difference between two topographic
datasets is a raw estimate of geomorphic change. A reliable quantifica-
tion of geomorphic change must account for the uncertainty inherent
in the data used to compute the DoD (Brasington et al., 2000;
Wheaton et al., 2010). Moreover, a great deal of noise is inherent in air-
borne LiDAR measurements because of their high resolution (generally
1 to 5 m) and vertical accuracy (generally 10 to 20 cm) (Krabill et al.,
2000; Sallenger Jr. et al., 2003). Usually, a detection threshold is esti-
mated using the RMS difference with a survey with ground control
points (Sallenger Jr. et al,, 2003; Thornton et al., 2006) or the RMS dif-
ference between two surveys computed on hard surfaces like roads or
parking lots (Zhang et al., 2005; Young and Ashford, 2006). Accounting
for uncertainty to detect significant geomorphic changes from LiDAR
using this methodology has not been discussed enough or explicitly in
coastal studies. Another methodology to estimate a detection threshold
based on a probabilistic approach has been used for almost twenty years
for fluvial environments (Brasington et al., 2003; Wheaton et al., 2010)
and only recently for a coastal environment (Autret et al., 2016).

Mapping the shoreline and its migration over time is one of the fore-
most methodologies used to investigate beach changes (Crowell et al.,
1991). Traditionally obtained during field surveys or from digitizing ae-
rial images, the delineation of a shoreline is based on the visual interpre-
tation and perception of the analyst. The digitized feature’s accuracy and
shape can vary between analysts depending on their experience and
knowledge, even if the same procedure is applied on the same dataset
(Rutzinger et al.,, 2012; Ruggerio et al., 2013; Palaseanu-Lovejoy et al.,
2016). The availability of LIDAR datasets enables a shoreline to be
extracted more objectively, and potentially more rapidly, than the tradi-
tional time-consuming procedures over beaches several kilometers long

(Stockdon et al., 2002; Woolard and Colby, 2002; Baptista et al., 2008;
White et al., 2011; Ruggerio et al.,, 2013).

Depending on the objectives of the study, the shoreline is extracted
from LiDAR-derived DEMs as a datum-based line such as the Mean High
Water (MHW) level (Stockdon et al., 2002; Ruggiero et al., 2003; Moore
et al., 2006; Robertson et al., 2007), or as a geomorphic feature like
the dune base (Do) or the foredune crest (Dpign) (Elko et al., 2002;
Houser et al., 2008; Stockdon et al., 2009; Suanez et al., 2012). Whereas
extracting a datum-based line from a DEM is rather straightforward,
extracting the dune base (Djow) or the foredune crest (Dpigpn) is more
challenging as their height and shape vary between and within different
beach-dune systems. As LiDAR surveys usually cover large areas, devel-
oping a fully reproducible and comparable procedure to extract geo-
morphic features automatically in irregular shaped topography like
a beach-dune system has become a key methodological issue. To our
knowledge, three principal methodologies for this kind of almost auto-
matic extraction are used on beach areas: the detection of the highest
elevation peak landward of the shoreline (Stockdon et al., 2009),
the Least Cost Path extraction (Mitasova et al., 2011; Hardin et al,,
2012), and an extraction based on the second derivative (curvature)
of the elevation data (Gao, 2009; Hugenholtz and Barchyn, 2010;
Hugenholtz et al., 2012; Rutzinger et al., 2012). Stockdon et al. (2009)
developed a profile-based approach to extract the dune crest (Dpign)
where the foredune is the top of the dune field. The Least Cost Path ap-
proach (Mitasova et al.,, 2011; Hardin et al.,, 2012) preserves the resolu-
tion of the input DEM because it is based on a cell-by-cell basis, but it is
also adapted to dune systems where the foredune reaches the highest
elevation. However, these two methodologies may not be applicable
to every dune system because the crest of the foredune is not always
the top of the dune field, e.g. some sections of our study sites are
characterized by multiple dune ridges. The curvature-based approach
can differ between studies using, for example, filtering windows
or thresholds that can be adapted to the study site morphology or
study purposes. Yet, this generally requires the generation of cross-
shore beach profiles from the DEM on which the analysis is performed.
Unlike the Least Cost Path methodology, the delineation of the beach
features has an alongshore resolution corresponding to the user-
defined transect spacing, which is usually coarser than the initial DEM
resolution.

Regardless of the methodology used to delineate a shoreline, the
horizontal movement of the chosen shoreline serves as a binary indica-
tor of the beach state: seaward (positive) displacement indicates accre-
tion, whereas landward (negative) displacement indicates erosion
(Dolan et al,, 1991; Moore, 2000; Boak and Turner, 2005). Furthermore,
the vertical movement, i.e. the height variation, of a geomorphic feature
like the dune base (Djow) or the dune crest (Dpigp,) is also a good indica-
tor of the evolution of beach vulnerability (Houser et al., 2008; Stockdon
et al,, 2009; Suanez et al., 2012). However, located between the
foredune and the beach, the dune base (Do) is a good indicator of
the coastal processes operating on any particular beach (Hesp, 2002).
Despite its importance, the migration of the dune base (Djo\,) in both
horizontal and vertical directions has not received much attention
(Crapoulet et al., 2017). According to one hypothesis, depending on
the geomorphological setting of the beach, the response of the dune
base (Djow) to an extreme event and its resilience is a combination of
a horizontal and a vertical movement.

The aim of this paper is to propose reproducible monitoring solu-
tions adapted to basic and complex beach and dune morphologies
using LiDAR time series. LIDAR datasets enable to monitor beach
responses to sequences of storms and fair-weather conditions. Two in-
dicators commonly employed in the scientific literature are computed:
the sediment budget and dune base (D) migration. Sediment budgets
are obtained by implementing a ‘Geomorphic Change Detection’ meth-
odology originating from fluvial environment studies (Wheaton et al.,
2010) using a probabilistic detection threshold, instead of a traditional
RMS error (Zhang et al., 2005), to distinguish significant changes from



B. Le Mauff et al. / Geomorphology 304 (2018) 121-140 123

raw (unthresholded) volume estimations, and to assess the benefits and
limitations of this methodology in a beach environment.

The beach and the dune work as a complex system in which beach
responses, processes and rates of recovery vary between each intercon-
nected subsystem (Scott et al., 2016). The dune crest (Dpigpn), the dune
base (Djow) and the MHW level are used in this paper to isolate each se-
lected subsystem, i.e. the back dune, the foredune, the upper beach, and
the tidal beach. Geomorphic Change Detection is operated through this
cross-shore segregation to assess the variable beach responses within
the system. To execute these geomorphic extractions, the challenge is
to develop a new method based on the curvature approach, which is
efficiently reproducible along sandy coasts characterized by complex
and variable dune morphology, i.e. from a simple foredune ridge to mul-
tiple dune ridges with blow-outs. Lastly, the monitoring of the geomor-
phological response of the beach and dune systems is completed by
an original shoreline mobility indicator displaying a combination of
the horizontal and vertical movements of the dune base between two
LiDAR datasets.

Through this approach, three study sites in Northern Vendée
(France) with different geomorphological settings are analyzed, totaling
11 km of beach length. Although the availability of LiDAR datasets in-
fluenced site selection, the study sites represent the variety of morpho-
logical beach types found in this region. The beach responses were
monitored over 5 years with a time series of 3 LiDAR datasets. Within
the dates of the three LIDAR measurements, two contrasting periods
can be distinguished. The first two years, between May 2008 and
August 2010, are characterized by a succession of several storms in-
cluding Storm Xynthia in February 2010 whose storm surge reached
the 100-year return period in several tide gauges of the central part
of the Bay of Biscay (Pineau-Guillou et al., 2012). During the next
three years, no major storm occurred until fall 2013, which is favorable
for the recovery of the beach and dune system (Thom and Hall, 1991).
Due to the low temporal resolution of the LiDAR surveys, the observed
changes cannot be attributed to any particular storm event. Hence
likely causes of the overall changes during the two periods considered
can only be inferred.

2. Study sites
2.1. General geomorphological context

The study area is located in the North-East Atlantic Ocean, in the
northeastern part of the Bay of Biscay, in the Vendée region of France
between the Armorican massif and the Aquitanian coastal sedimentary
basin. It is situated south of the Loire river incised-valley (Chaumillon
et al,, 2008) where the continental shelf can reach up to 200 km
wide. The irregular shoreline is interrupted by a large embayment,
Bourgneuf Bay, characterized by extensive intertidal mudflats bor-
dered by one of the biggest marshes of the French Atlantic coast,
i.e. the Marais Breton (450 km?), as well as polders reclaimed up
to the beginning of the 20th century (Verger, 2009). These coastal
lowlands are located below high-tide levels and sometimes below the
mean sea level. They are protected from ocean swell by the discontinu-
ous dune ridges of Noirmoutier Island and the Pays-de-Monts forest
(Fig. 1a).

The dune ridges of the study area developed during the Holocene
(Morzadec-Kerfourn, 1995; Ters, 1961) at different orientations articu-
lated around rocky outcrops or platforms (Fig. 1a). The southern end of
Noirmoutier Island is formed by a sand spit oriented NW-SE. It is sepa-
rated from the Pays-de-Monts dune ridge by the dynamic Fromentine
inlet characterized by a large ebb-tidal delta (Fig. 1a). Yeu Island is lo-
cated 20 km offshore of the Pays-de-Monts forest. The area bounded
by Yeu Island, Noirmoutier Island, and Pays-de-Monts beaches is
shallow and complex: the depth is <15 m NGF, and the bottom is char-
acterized by large rocky platforms such as the Pont d'Yeu or the Boeufs
platform (Fig. 1a).

Over the study area, the three selected study sites have different
geomorphic configurations. They are presented in the following subsec-
tions from north to south.

2.2. Luzeronde

Luzeronde beach is located in the NW part of Noirmoutier Island
(Fig. 1a). It is a 2 km-long embayed beach oriented NW between two
rocky headlands (Herbaudiére and Devin). The beach is backed by nar-
row dunes with a simple foredune ridge between 8 m and 12 m high
(Figs. 1b, 5a). At low spring tide, rocky platforms may emerge from
the shoreface on the southern part of the beach, which is more exposed
to chronic coastal erosion. Several types of sea defenses have been
built around Devin Point since the middle of the 19th century, such as
sea-walls, ripraps, groins, and rows of wooden stakes used to dissipate
wave energy. The northern part of the beach is more sheltered, with a
chronic sand accumulation. Thus, the net alongshore drift is estimated
at <10,000 m>/year in a northward direction (DHI and GEOS, 2008).

2.3. Tresson

The second site is a rectilinear portion of Tresson beach located
at the beginning of the southern sand spit of Noirmoutier Island
(Fig. 1a), 3.5 km long and oriented SW. The beach is backed by large
dunes with a simple foredune ridge between 8 m and 14 m high
interrupted by noticeable blow-outs (Figs. 1c, 5b). The shoreface and
the intertidal beach are flat and muddy. The northern part of the sand
spit is characterized by a sediment deficit and cement or rock groins
across the beach. The net alongshore drift is estimated to be oriented
southward, reaching 25,000 m?/year (DHI and GEOS, 2008). Within
the studied portion of the sand spit, German casemates are today located
on the upper beach at the bottom of the dunes they were built on. They
are evidence of a constant dune retreat since World War II.

24. Pays-de-Monts

The third site is the northern part of Pays-de-Monts forest (Fig. 1a).
The segment of beach is 6 km long, approximately rectilinear and
oriented W. This wide dissipative beach lies between the Fromentine
inlet and the Pont-d'Yeu rocky platform. The northern end of the studied
portion is strongly influenced by the tidal inlet dynamics. Unfortunately,
the emerged area covered by the ebb-tidal delta at low tide was not en-
tirely surveyed. With the exception of the ebb-tidal delta characterized
by ripples and megaripples and channel-shoal migration (Hayes, 1980;
Verger, 2009; CREOCEAN, 2011), the tidal beach is wide and flat. It is
backed by large dunes extended by Pays-de-Monts forest. The dune
field has complex and multiple successive dune ridges, with the
foredune being generally the lowest ridge (Figs. 1d, 5c). The foredune
is between 6 m and 14 m high with an irregular shape as it can be
interrupted by blow-outs. The net alongshore drift of this beach portion
is estimated to be 20,000 m>/year in a northward direction (DHI and
GEOS, 2008). The only artificial beach segment of the northern part of
Pays-de-Monts is located south between the studied portion and the
Pont-d'Yeu rocky platform. This artificial shoreline is composed of sea
walls and cement slipways overhung by a promenade.

3. Hydrodynamic setting
3.1. General hydrodynamic setting

Tides are semi-diurnal with a range reaching up to 6 m during spring
tides (SHOM, 2014). According to the coast classification developed in
Davies (1964), the coast can be considered macro-tidal.

A description of the wave climate is provided by Butel et al. (2002)
based on buoy records. The Yeu buoy analyzed in their study is located
4 km west of the island at a depth of 33 m. It collected data from July
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Fig. 1. (a) Location map of the three study sites between brackets and isobath lines (—5 m and — 15 m NGF). Photographs of dune scarps and different dune morphologies showing
the various impacts of Storm Xynthia at the sites of (b) Luzeronde (source: M. Paillart), (c) Tresson (source: M. Paillart), and (d) North Pays-de-Monts (source: Observatoire du Littoral

des Pays-de-Monts).

1998 to January 2000. During this period, the mean annual significant
wave height was 1.81 m, with a maximum of 8.88 m. The mean signifi-
cant wave height was about 2.16 m in winter and 1.35 m in summer.
The mean-annual mean period (T02) was 5.89 s with a maximum of
12.1s; itranged from 5 s to 7 s between summer and winter. The direc-
tion of the most frequent waves is from two main sectors, W-WNW and
WSW-W, with larger waves coming from the WSW-W sector (Butel
et al,, 2002).

The wave climate variability in the Bay of Biscay was analyzed over a
longer period (1953-2009) in a study report (CREOCEAN, 2011) with a
model developed by Dodet et al. (2010) based on the WAVEWATCH III
model (Tolman, 2009). The study report displays the results of the
regional model extracted offshore of the study area at 50 m depth
(CREOCEAN, 2011). They provide additional information about some
parameters of the wave climate. In terms of significant wave height,
winters are characterized by higher waves than the buoy observations
(Butel et al., 2002), reaching >4 m. Wave height also shows a significant
inter-annual variability, especially between winters: the significant
wave height reaches 5 m during some winters and it doesn’t exceed
3 m during others (CREOCEAN, 2011). The period is more variable be-
tween winters and summers than it is in the buoy observation: the
point extraction in the model displays a peak period (Tp) ranging
from 13 s in winter to 7 s in summer. Unlike significant wave height,
peak period (Tp) shows less inter-annual variability.

The wave propagation from offshore to the study sites is strongly
altered by the nearshore geographical and geomorphic setting. Stronger
S-W waves are diffracted by Yeu Island before they reach the shoreface.
Between Yeu Island, Noirmoutier Island and the mainland the bathym-
etry is very shallow (<15 m NGF), with a large rocky platform and com-
plex sand bars formed principally by the ebb delta of the Fromentine
inlet (Fig. 1a). In such an environment combined with the macro-tidal

range, the bottom friction as well as complex refraction phenomena
strongly increase with low tides (Bertin et al., 2007).

3.2. Wave conditions and water levels over the study period

The hydrodynamic context over the study period is presented in
Fig. 2. It displays the significant wave height measured at 08504-buoy

Residuals 2007-2013
Isaak 2007-12
Johanna 2008-03
Xynthia 2010-02
Joachim 2011-12

- HAT.

- 1-year return period
10-year return period

Water Level (m)

1 ]

4 L 1 L
0 1 2 3 4 5 6

H1/3 (m)

Fig. 2. Simultaneous measurements of the water level at Saint-Nazaire tide gauge
(REFMAR) and the significant wave height at the 08504 Yeu buoy (CEREMA) between
December 2007 and September 2013 and their respective 1-year and 10-year return
periods. The Highest Astronomical Tide (H.A.T.) level is also represented on the figure.
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located 12 km north of Yeu Island at 14 m depth, and variations in water
level at the nearest tide gauge (Saint-Nazaire). The 08504-buoy is non-
directional, it measures the usual wave parameters at variable rates:
from hourly measurements during fair weather conditions up to every
10 min during storm conditions. The tide gauge is located in Saint-
Nazaire harbor, 30 km north of the study sites. It provides water level
variations every 10 min. Both datasets were merged using time as a
key variable in order to retain only simultaneous measurements over
the studied period from December 2007 to September 2013.

In Fig. 2, four events stand out from the rest of the measurements by
exceeding at least the 1-year return period of the water level deter-
mined by the SHOM (Pineau-Guillou et al., 2012) and/or the significant
wave height determined by the CEREMA. Three of these notable
events, represented with a cross, a star and an asterisk in Fig. 2 (Isaak
in December 2007, Johanna in March 2008, and Xynthia in February
2010), belong to the first period of analysis between winter 2007-
2008 and August 2010. Only one event, represented with a plus sign
in Fig. 2 (Joachim in December 2011), belongs to the second period be-
tween August 2010 and September 2013.

Storm Xynthia is the only event that exceeds at least the 1-year re-
turn period of both the water level and wave height but not simulta-
neously. Due to a large storm surge, the water level even exceeded the
10-year return period. On the contrary, Storm Joachim exceeded the
10-year return period of the significant wave height without reaching
abnormally high water levels.

Based on the Dolan and Davis (1992) storm classification, Storms
[saak and Johanna belong to class IV (severe) with a Storm Power
Index (SPI) reaching 2247 and 2036, respectively, just below the thresh-
old (2322) of the next extreme class. Storms Xynthia and Joachim
belong to class V (extreme) with an SPI reaching 3462 and 3721, re-
spectively, below the average score (4548) of the Dolan and Davis
(1992) 42-year period of analysis. Based on the maximum significant
wave height and the duration of the storm, the Dolan and Davis
(1992) classification gives a good assessment of a storm's intensity
and its potential destructive power. However, in a macro-tidal environ-
ment, the concomitance of high spring tide levels with the peak of
the storm enhances the potential destructive power and the erosional
response of the beach (Short, 1991; Zhang et al., 2001; Ruz and
Meur-Ferec, 2004; Esteves et al., 2012). The Dolan and Davis (1992)
classification does not take into account this phenomenon. During the
first period of analysis, Storms Johanna and particularly Xynthia strong-
ly impacted the study sites by reaching high water levels and ordinary
(<1-year return period for Johanna) to uncommon (>1-year return pe-
riod for Xynthia) wave heights during storms. Both peaks of the storm
surges occurred during a high spring tide (Fattal et al., 2010; Bertin
et al,, 2014). The water levels were high enough to pass over the
highest astronomical tide level (3.43 m NGF) causing significant geo-
morphic changes on the beaches. In fact, the abnormally high water
levels reached during a storm event, i.e. the storm tide, is the most im-
portant factor in beach erosion potential compared to wave energy
(Dean, 1991; Zhang et al., 2001). As an example, strong waves exceeding
the 10-year return period were recorded during Storm Joachim (during
the second period of analysis) but the storm occurred during neap tides
and the measured water level remained below the 1-year return period,
which limited the damage in the study area. Moreover, strong bottom
friction occurs at low water levels, which dissipates much of the wave
energy.

Of the four events, Storm Xynthia is remembered as the most
destructive: during the night of the 27th to the 28th of February
2010, 47 people died in France and material damages were estimated
at >2 billion euros. The wind came from the SW sector with gusts
reaching 36 m/s (Creach et al., 2015). The sea-level pressure dropped
to 977 mbar (Bertin et al., 2014). At the peak of the storm, the spring
tide was high and the significant wave height reached >3.5 m at the
buoy between Yeu Island and Noirmoutier Island. Wave height mea-
surements were not exceptional during Storm Xynthia (Fig. 2), nor

were wind measurements whose wind speed values were lower than
several storms over the last 15 years that produced gusts of over
50 m/s (Bertin et al., 2015). On the contrary, Xynthia generated a
large storm surge ranging from 1 m above the astronomical water
level prediction in Saint-Nazaire, 30 km north of the study sites, to
1.25 m in Les-Sables-d'Olonne, 45 km south of the study sites (Bertin
et al,, 2012). This exceptional storm surge is explained by the unusual
track of the storm from the SW to the NE part of the Bay of Biscay
(Riviere et al., 2012), generating young and steep waves enhancing
surface stress (Bertin et al., 2015). The return period associated with
the high water levels observed during Xynthia exceeds 100 years in
Saint-Nazaire and Les Sables-d'Olonne tide gauges (Pineau-Guillou
etal, 2012).

The two periods, defined by the three dates of LiDAR surveys, differ
in terms of the number of extreme events. The earlier period (May
2008-August 2010) has much greater potential for eroding the coast
due to the concomitance of high spring tide levels with the peak of
the storms, unlike the second one (August 2010-September 2013)
which is more favorable for the resilience of the coastal system (Thom
and Hall, 1991). The earlier period will be referred in the text as “period
17, and the later period as “period 2".

4. Materials and methods

To explore how the beach dune system has changed between each
LiDAR survey, a methodology based on DEM differencing and shoreline
migration is applied. First, the characteristics of the LIDAR measure-
ments are presented, and the pre-processing of the datasets is also
detailed. Accounting for the different morphologies of the beaches and
dunes between the study sites, a methodology is developed to extract
two geomorphic features: the dune base (Dlow) and the dune crest
(Dhigh). These limits and the mean high water level (MHWL) are
used to spatially segregate results of the DEM differencing. To infer geo-
morphological changes observed between two DEMs, we needed to dis-
tinguish those significant variations in the topography of the beach from
those small variations that may be attributed to noise inherent to LiDAR
data. A methodology outlined by Wheaton et al. (2010) is applied to
deal with this geomorphic change detection problem, to produce reli-
able erosion and deposition maps and sediment budgets. Finally, the
time series of the extracted dune base are used to estimate the shoreline
mobility accounting for its horizontal and vertical movements. The pro-
cedure is applied to the three study sites for periods 1 and 2. The main
steps of the procedure are summarized in Fig. 3.

4.1. LiDAR measurements

4.1.1. LiDAR survey characteristics

The 2008 dataset was acquired during the GERRICO program air-
borne survey using an Airborne Laser Scanning (ALS) LiDAR system
providing a 3D point cloud of 3 points per m?. This campaign took
place between 4th and 7th May 2008 over the western French coast
and was conducted by the private company ACTIMAR (France). The
altimetric accuracy for this acquisition is higher than 0.15 m, and the
planimetric accuracy is <1 m.

The 2010 dataset used in this study comes from the Litto3D project
providing topographic and bathymetric data of French coastal areas
(Pastol, 2011). The data were acquired by the SHOM and the French
National Geographic Institute (Institut Geographique National - IGN)
using both topographic and bathymetric LiDAR. These data were ac-
quired on 28th and 29th August 2010. The Litto3D LiDAR data have
an altimetric accuracy of nearly 0.2 m associated with a planimetric ac-
curacy estimated at <1 m, and a density of 3 points per m?.

The 2013 LiDAR data were acquired on 23rd September 2013 using
an ALS70-HP LiDAR system flying at 2500 m. The processed point
cloud has a 6 pts/m? density (Ba et al., 2015) with a planar accuracy of
~0.15 m and an altimetric precision of ~0.1 m. The overall processing
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Fig. 3. Flow chart of the main steps and processing of the methodology used in this paper.

of this survey was carried out by the private company FIT-Conseil
(France).

4.1.2. Pre-processing of LiDAR datasets

Each point of the 3 datasets corresponds to discrete return ALS
data. For this study, only the last return corresponding to the
background is kept. The 3 datasets were provided as “bare earth”
model as the vegetation and the buildings were already removed. The

3 datasets are overlapped and clipped in order to determine an area
common to the three surveys for each site. Then, each dataset is
resampled on the same grid delimited by the common area at 1 m
cell resolution using the nearest neighbor method. According to the
recommendations of Woolard and Colby (2002), the 1 m resolution
is the most suitable for volumetric change calculation and detailed
representation of dune morphology. Finally, only the beach and dune
area are extracted. Urbanized areas, forest stands, swamp and sea are
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excluded from the datasets using photo-interpretation from available
orthophotographs.

4.1.3. Assessment of LiDAR datasets

In order to detect significant elevation change between two
surveys, the relative vertical accuracy between the compared DEMs
is more important than the absolute vertical accuracy estimated by
comparing each survey to ground control points at higher accuracy
(Zhang et al., 2005). The three LiDAR datasets are compared to
check their consistency between each other. Regions of interest are
defined on hard and flat areas like parking lots and large roads as sug-
gested by Zhang et al. (2005). An RMS error is calculated on a cell-by-
cell basis. The relative accuracy represented by the mean RMSE
including every dataset and study site is about 0.09 m with a standard
deviation of 0.04 m (Table 2), which is below the estimates of relative
accuracy (Zhang et al., 2005; Young and Ashford, 2006) and absolute
accuracy (Krabill et al., 2000; Sallenger Jr. et al., 2003) found in the
literature.

4.2. Extraction of geomorphic features

Transects are generated perpendicular to the coast shape along the
study sites at 50 m spacing. Based on transects, topographic beach pro-
files are extracted from LiDAR datasets. A total of 39 profiles were
extracted for the Luzeronde site, 59 for the Tresson site and 113 for
the Pays de Monts site. In this study, a profile by profile analysis was
used in order to extract the Mean High Water level (MHW), the dune
base (Djow) and the dune crest (Dyjgn). The MHW level is a feature
simply extracted by intersecting each beach profile with the contour
line z = 1.88 m NGF. Do, and Dyg, are identified using the first
derivative (slope) and curvature of the beach profile z. The dune crest
(Dnign) is a feature corresponding to a high negative curvature value as-
sociated with a high elevation value. Since there may be multiple candi-
dates for the dune crest location, the detection was thresholded to 9 m
for the Luzeronde and Tresson sites and 5 m for the Pays de Monts site,
meaning that the dune crest (Dp;gn) cannot be lower than these values.
The dune base (Do) is described as a high positive curvature value
associated with a sudden slope increase. In order to make the dune
base (D) extraction easier on the complex morphologies of the sites
investigated, the dune base (Do) Was searched for only between the
beginning of the profile and the cross-shore location of the dune crest
(Dnign) for all the sites.

The first derivative of the elevation is defined as follows:

, _dz
7=2 (1)

where dx is the 1 m sampling.
The curvature can be written as:

k=—% 2)

3/2
(1+27)
where z’ is the first derivative and z” the second derivative, described as:

. &z
dx?

3)

Since LiDAR data record small-scale topographic variations, impor-
tant features such as the dune base (Djon) and dune crest (Dpign)
might be mislocated due to topographical noise. Filtering is needed
to locate the significant elevation changes on the first derivative
and curvature functions, disregarding the elevation profile noise. In
order to retrieve the features successfully, a space-scale approach
(Witkin, 1984) is used here following a method detailed in Gao (2009).
A Gaussian kernel filter smooths the LiDAR-derived profiles z and

keeps the most significant information. The standard Gaussian distribu-
tion G(x) is defined as:

Xp (— ZX—;) (4)

G(x,0) = b e

V2o

where x is the designated variable and o its standard deviation. The
smoothed profile F(x) = Z is obtained by convoluting the original
LiDAR elevation profile f(x) = z as follows:

F(x,0) = f(x) * G(x,0) (5)

where G(x, 0) is the Gaussian kernel and “*” symbolizes the convolu-
tion. For all the sites studied, o = 3 was used as well as a kernel window
of [—5, 5] (m) (Fig. 4). When the beach profile z was smoothed, the
slope and the curvature of the profile were computed.

As the automated extraction of the dune base (Do) and dune crest
(Dhign) is based on a number of assumptions, manual editing is needed
to check the consistency of their positions (Stockdon et al., 2009).

4.3. Efficiency of beach feature extraction

The efficiency of the automatic extraction of the dune crest (Dpign)
and the dune base (Do) were assessed by visually checking their
respective position on every beach profile of the study sites (Fig. 5).
In a few cases when the position was wrong, it was necessary to edit
to the correct position manually (Table 1). For the dune crest, errors
were usually found where blow-outs are present (Tresson and Pays-
de-Monts sites) or where the foredune is backed by higher back
dunes (Pays-de-Monts site). In the case of the dune base, manual
editing of its position was more often needed in the 2013 DEM because
of a smoother topographic break between the beach and the dune on
the profile and the building embryo dunes, both associated with the
recovery of the system, leading to a potential error in the determination
of the position of the dune base. On the contrary, few errors were found
for the extraction of the dune base in the 2010 DEM because of the
sharp dune undercutting likely associated with Storm Xynthia's impact
(Fig. 1b-d).

Unfortunately, no field data are available to validate the consistency
of the extraction procedure. Therefore, despite the high accuracy of
the RTK-dGPS, the delineation of the dune base and the dune crest
can also be subject to the interpretation of the operator during field
surveys. Moreover, as demonstrated in Palaseanu-Lovejoy et al. (2016)
and Rutzinger et al. (2012), manual digitizing of geomorphological
breaklines on a DEM has a lower precision and is not identically repro-
ducible (it varies between operators) compared to automatic extraction,
even with manual editing of uncertain segments.

A recent attempt to find a robust alternative methodology to the
Least Cost Path extraction and the Curvature approach was presented
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Fig. 4. Dune base (Do) and crest (Dyigp,) detection from beach profile using slope and
curvature with o0 = 3 and a [—5, 5] (m) kernel.
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Fig. 5. Oblique view of the DEMs of the three sites with the interpolated lines of the extracted dune base (Djow) and dune crest (Dpign). This figure is available in colour online at

https://www.journals.elsevier.com/geomorphology.

by Palaseanu-Lovejoy et al. (2016). Although the procedure was devel-
oped on sea cliff transects, it seems robust enough to be applied to a
smoother dune relief. Further investigations are needed to compare
the three procedures on various beach-dune morphologies.

4.4. Geomorphic change detection

4.4.1. DEM differencing principle

Two DoDs (DEMs of Difference) are computed by subtracting the
elevation values of the more recent DEM from the older ones on a
cell-by-cell basis such that areas of erosion are expressed negatively,
and areas of deposition positively. Volumetric change is also calculated
from the DoD through the sediment budget. It is classified into three
categories: erosion, deposition and net change, which is the balance
between erosion and deposition. Volume changes per unit surface
(m®> m~2) are computed to compare volumetric results with each
other between and within study sites despite differences in the spatial
extent.

The first DoD covers the 2008-2010 period from the beginning
of May 2008 to the end of August 2010 (=2.5 years). The second
DoD covers the 2010-2013 period from the end of August 2010 to
23rd September 2013 (~ 3 years).

4.4.2. Uncertainty in DEM differencing
The vertical absolute accuracy of LiDAR surveys used to quantify
beach change is generally about +0.15 m (Sallenger Jr. et al., 2003).

Table 1

Quality of the dune base and crest detection per site per year.
Feature extracted Dune base Dune crest
Year 2008 2010 2013 2008 2010 2013
Luzeronde
Manually edited points 16 2 5 0 0 0
Number of points 39 39 39 39 39 39
Auto-detection rate (%) 59 95 87 100 100 100
Tresson
Manually edited points 2 0 20 3 5 4
Number of points 59 59 59 59 59 59

Auto-detection rate (%) 96.6 100 66.1 949 91.5 93.2

Pays-de-Monts

Manually edited points 8 11 55 8 12 17
Number of points 113 113 113 113 113 113
Auto-detection rate (%) 929 90.3 513 929 89.4 85

Considering this potential error, the probability of a hard structure
(road, building, topographic benchmark, etc.) showing no change in a
DoD is very small. The elevation change values are normally distributed
with many small change values represented around zero. There is un-
certainty about whether this large number of small changes is real or
due to error measurements. The interpretation of small changes in ele-
vation is difficult because of the inherent noise induced by error mea-
surement. A detection threshold is applied to the DoD to distinguish
meaningful geomorphological changes from such uncertain elevation
change values.

Based on the assumption that inherent errors in the datasets are in-
dependent, the first step in determining a reliable detection threshold is
to propagate the error of the two surface models used to compute the
elevation difference (Taylor, 1997; Brasington et al., 2003):

Bpon = \/ (6Znew)” + (6Zo1a)2 (6)
where 6p,p is the propagated error of the DoD, 6z, the individual
error of the most recent DEM, and 6z,,4 the individual error of the
older one. In this study, post-processed LiDAR surveys were exploited
and variable estimates of the uncertainty (6z) were not available.
Each dataset has different reported vertical uncertainties ranging
from 4+ 0.1 m to 0.2 m but they are uniform between the study sites
(Table 2). Consequently, the combined error (5pop) of the independent
uncertainty of each DEM is uniformly applied to the entire DoD.

The second step is to determine the significance of the propagated
uncertainty of the DoD. Assuming that the estimate of 6z is a reasonable
approximation of the standard deviation error (o) and based on Eq. (1),
the threshold is specified at a user-defined confidence interval:

Ui = ({0 + (cro,d>2) )

where Uy is the critical threshold error below which elevation changes
will be considered noise, 0y, the individual error of the most recent

Table 2
Uniform vertical accuracy of each LiDAR dataset provided by the
SUrveyors.
Dataset Vertical accuracy (x~0)
2008 +0.15
2010 +0.20
2013 +0.10
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Table 3
Comparison of detection thresholds based on RMSE calculated on hard flat surfaces and on
the probabilistic approach at a 95% confidence interval.

Study site DoD: 2008-2010 DoD: 2010-2013

RMSE 95% CI RMSE 95% CI
Luzeronde +0.06 +0.49 +0.13 4043
Tresson +0.05 40.49 40.04 4043
Pays-de-Monts +0.13 +0.49 +0.14 +043

surface model, 0,4 the individual error of the older one, and t the critical
t-value at the given confidence level.

As in Wheaton et al. (2010), the 95% confidence interval is used as
a critical threshold. Following this method, elevation changes that
have a 95% chance of not being due to error measurement are consid-
ered meaningful. The cells whose elevation change is below this con-
fidence interval are excluded from the analysis and considered too
uncertain to be computed in a sediment budget or to allow inference
of geomorphological processes. The two uniform detection thresholds
at a 95% confidence interval are calculated between the 2008 DEM
and the 2010 DEM, and between the 2010 DEM and the 2013 DEM,
respectively. It is consequently uniform between the three study sites
(Table 3).

4.4.3. Segregation of geomorphic change detection

The extracted beach features (Dyign, Diow, and MHW) are finally
used to segregate the results obtained from the DoDs as limits of four
cross-shore zones representing interconnected subsystems of the
beach and dune system. The first zone is the tidal beach: it lies be-
tween the seaward beach limit covered by the DEM and the mean
high water level (MHW). The second zone is the upper beach between
the MHW and the extracted dune base (Djow). The third zone is the
foredune between the extracted dune base (Djow) and the extracted
dune crest (Dyign) (Fig. 6). The forth zone covers the back dune from
the frontal dune crest (Dpign) to the landward limit of the resampled
DEM. A fifth zone named “unclassified” is also delimited. It includes
portions of the DEM where the cross-shore transects cannot be com-
puted. These unclassified zones are generally located at the edges of
the DEM. The limits of the zones may vary between each survey due
to elevation change on the beach. In the DoDs, the limits of the older
DEM are considered in the calculation of surface and volumetric
changes.

Tools provided by ArcGis 10.2.2 are used to collect and transform
the datasets. The Geomorphic Change Detection software 6.1.10
(http://gcd.joewheaton.org), developed in Wheaton (2008), is used
to build the DoDs, take into account their respective uncertainties, and
compute sediment budgets and segregations.
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Fig. 7. Schematic polar plot of the dune base (Dlow) migration index between two
theoretical beach profiles. The centre of the polar plot represents the position of Do, on
the earlier profile (t). The position of Doy 0on the later profile (t 4+ 1) is defined by a
distance (magnitude) and an azimuth (angle) relative to the initial position of Do, 0n
the earlier profile (t).

4.5. Dune base (D,y,,) migration index

The shoreline mobility is assessed through the creation of a new
index resulting from the combination of the horizontal and vertical
movements of the Dy, feature. This index, computed for each transect,
is composed of the horizontal distance and the angle between the po-
sitions of Dy, between two consecutive dates on each transect. The
shoreline mobility is then projected onto a polar plot representing
the migration of the extracted points in a given period (Fig. 7). The
magnitude of the polar plots in the Results section is presented
with a logarithmic scale in order to enhance differences between the
points.

5. Results

The volumetric results presented in the following sections do not
include unclassified areas, except for the Pays-de-Monts site.

5.1. Luzeronde

5.1.1. Geomorphic change detection

Between 2008 and 2010, the sediment budget of Luzeronde beach
is approximately balanced with a very slight loss of sand made uncer-
tain by an error volume that affects both positive and negative net
changes (Fig. 8a, b and Table 4). In fact, erosion and deposition occur

Tidal beach

Upperbeach | Foredune Back dune

Dune crest (Dhigh)

Fig. 6. Beach segregation displayed on a cross-shore profile based on datum (MHW) and extracted geomorphological features (dune base and dune crest).
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at about the same magnitude. However, deposition mainly occurs on
the tidal beach (79% of the total volume of deposition), while erosion
mainly occurs on the upper beach and the foredune (50% and 29%,
respectively, of the total volume of erosion) (Table 4). Nonetheless,
the tidal beach shows the most significant evolution with a net volume
change per unit surface reaching 0.35 m> m~2, including 0.45 m> m—?2
of deposition and 71% of grid cells showing significant changes within
this zone (Fig. 8a). Furthermore, deposition is principally visible on
the northern part of the beach, while erosion is visible on the southern
side of the beach, with higher values from either side of the Dy, line
(Fig. 8a). Beach cusps appear on the upper beach as a deposition fea-
ture against the MHW line and as an erosion feature against the Djoy
line (Fig. 8a).

The second period of analysis is less equivocal: the sediment budget
is clearly positive with 77% of deposition in the total volume difference
distribution (Table 4). The spatial distribution of the significant changes
follows the same pattern as in the 2008-2010 period but inversely
(Fig. 8c, d). Deposition mainly occurs on the upper beach and the
foredune, while erosion mainly occurs on the tidal beach. This time,
the upper beach and the foredune are the zones where volume changes
per unit surface are the most important especially in deposition,
while the tidal beach displays more mixed results slightly dominated
by erosion. Erosion is principally visible on the northern part of the
beach, while deposition is visible on the southern side of the beach
with higher values from either side of the Dy, line (Fig. 8c). Beach
cusps appear again on the upper beach but this time as an erosion fea-
ture against the MHW line, and as a deposition feature against the
Djow line (Fig. 8c).

5.1.2. Migration of the dune base (Dj,y,)

The extracted dune base points migrate mainly in a seaward and
downward direction between 2008 and 2010, whereas they migrate
mainly in a seaward and upward direction between 2010 and 2013
(Fig. 9a). In fact, almost all the points of the first period are located
in the lower half of the polar plot with >80% located in the quarter
between 180° and 270°. On the contrary, the upper half is symmet-
rically occupied, with few exceptions, by most of the points of the
second period (Fig. 9a), which are spread in the same way as for
the first period with a similar magnitude. Some of these points
show a difference by displaying a slightly downward displacement
with a higher magnitude that can exceed 10 m between 2010 and
2013. Some points of the second period also show no horizontal move-
ment but a non-significant (<1 m) to moderate upward direction
(Fig. 9a).

It is clear on the 2008-2010 DoD that the dune base is eroded
during this period, which corresponds to negative off-set (Fig. 8a).
The polar plot gives complementary information: the dune base line
(Diow) also predominantly migrates seaward and downward during
this erosive period (Fig. 9a). This situation may be explained by a first
important phase of erosion induced by Storm Xynthia which has possi-
bly caused a landward and downward displacement of the dune base,
followed by a quick recovery phase during the weeks between this
storm (February 2010) and the next LiDAR campaign (August 2010).
Despite a balanced sediment budget between 2008 and 2010, a lot of
sand redistribution has occurred. During the possible second phase,
sediment redistribution on the upper beach may have caused a sea-
ward displacement of the dune base without reaching the altimetric
level of the previous campaign (May 2008), inducing a downward dis-
placement of the dune base and a negative offset on the 2008-2010
DoD. Such an observation has already been described in Crapoulet
et al. (2017).

5.2. Tresson

5.2.1. Geomorphic change detection

During the first period of analysis, the sediment budget is obviously
positive with 95% of the volume difference distribution attributed to de-
position (Table 4). The remaining 5% of erosion is mainly located on the
large back dune of the Tresson site (Fig. 10a), this is likely to correspond
to isolated trees filtered from the 2010 bare earth model that have been
provided by the IGN. Erosion marks are also visible in several blow-outs
near the Dygp, line. Volume changes are the most important on the tidal
beach with >0.30 m> m~—2 deposited (Fig. 10b) and 49% of grid cells
showing significant changes. The large deposition area is thinner in
the northwestern part of the beach, whereas it becomes wider towards
the head of the sand spit in the southeastern part of the beach (Fig. 10a).
The deposition area overlaps the MHW limit into the upper beach zone.
Some thin deposition marks are also visible on either side of the Djoy,
line (Fig. 10a).

Between 2010 and 2013, the sediment budget is still positive but in a
rather more modest proportion (Table 4). Erosion increases to reach
19% of the total volume distribution. Some remaining trees in the back
dune, which have not been filtered from the bare earth models that
have been provided, may again cause some interference. Some blow-
outs are still marked by erosion (Fig. 10c). However, this increase in
the erosion proportion is principally attributed to a loss of sediment
along the MHW limit over both the upper beach and the tidal beach.
This erosion area is located more in the northwestern part of the
beach (Fig. 10c). Overall, deposition, which still dominates the sediment
budget, occurs along the Dy, line over both the upper beach and the
foredune. This deposition area becomes wider towards the head of the
sand spit in the southeastern part of the beach. Higher deposition values
can be found along the Dy, line and the beach cusps visible towards
the south-east (Fig. 10c). The upper beach and the foredune represent
the most significant deposition zones with respectively 0.35 and
0.15 m® m~2 of deposition (Fig. 10d). Moreover, 52% of the grid cells
within the upper beach zone show significant changes. On the contrary,
the loss of sediment from the tidal beach reaches only 0.05 m®> m—?2
(Fig. 10d), with only 9% of grid cells showing significant changes.

5.2.2. Migration of the dune base (Dioy,)

On the polar plot, the points are quite packed into three distinctive
groups with few differences between the two periods (Fig. 9b). The
largest group displays a slightly downward seaward displacement
between 2008 and 2010. Between 2010 and 2013, the displacement is
still seaward but rather upward and more spread out with a higher
magnitude exceeding 10 m. The second group shows no horizontal mi-
gration during the two periods. However, the vertical displacement is
barely significant between 2008 and 2010 but reaches 1 m between
2010 and 2013. The last group displays a moderate migration in a land-
ward direction with a more upward angle for the points of the second
period compared to those of the first period (Fig. 9b).

Few significant changes occur at the dune base level in the 2008-2010
DoD, with the dune base migration remaining limited as its maximum
magnitude is 4 m but almost horizontally seaward. In the 2010-2013
DoD (Fig. 10c), a continuous deposition occurs at the dune base level.
The polar plot indicates that the deposition results in a horizontal seaward
migration of the dune base rather than an upward increase (Fig. 9b).

5.3. Pays-de-Monts
5.3.1. Geomorphic change detection

Between 2008 and 2010, the beaches of the Pays-de-Monts site lose
sand with 74% of erosion in the sediment budget (Table 4). The upper

Fig. 8. Geomorphic change detection results for the Luzeronde site: (a) 2008-2010 DoD, (b) sediment buget segregation of the 2008-2010 period, (¢) 2010-2013 DoD, (d) sediment
budget segregation of the 2010-2013 period. This figure is available in colour online at https://www journals.elsevier.com/geomorphology.
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Sediment budget segregation and thresholding at 95% confidence interval by site and period.

Volume of erosion (m>)

Volume of deposition (m?)

Net volume difference (m?)

Raw Thresholded +Error Raw Thresholded +Error Raw Thresholded +Error
Luzeronde 2008-2010
Tidal beach 8446 6827 2143 32431 29,029 8875 23,985 22,203 9130
Upper beach 24,180 17,143 4887 8102 5226 1750 —16,078 —11,917 5191
Foredune 11,653 9773 1930 5989 1384 398 —5664 —8390 1971
Back dune 7038 347 116 4290 997 342 —2748 650 361
Unclassified 13,799 6705 2459 7908 2245 881 —5891 —4460 2611
Total area 65,116 40,796 11,535 58,720 38,882 12,245 — 6396 —-1914 16,822
Luzeronde 2010-2013
Tidal beach 16,819 13,095 4604 12,043 8901 2648 —4776 —4194 5311
Upper beach 5724 3651 1315 29,471 24,496 6669 23,747 20,845 6797
Foredune 1039 695 199 25,234 15,735 3518 24,195 15,040 3524
Back dune 1055 263 95 21,521 2682 849 20,466 2418 855
Unclassified 5869 883 350 16,467 10,910 3404 10,598 10,028 3421
Total area 30,512 18,592 6563 104,737 62,724 17,089 74,225 44,132 18,306
Tresson 2008-2010
Tidal beach 2179 0 0 73,292 54,054 20,197 71,113 54,054 20,197
Upper beach 659 0 0 21,320 9845 3788 20,661 9845 3788
Foredune 2125 1027 303 22913 4966 1819 20,787 3939 1844
Back dune 16,961 2594 894 53,010 4511 1546 36,050 1917 1786
Unclassified 4142 643 169 21,690 3468 1466 17,547 2824 1475
Total area 26,067 4265 1366 192,225 76,843 28,816 166,159 72,578 28,848
Tresson 2010-2013
Tidal beach 22,159 6851 2697 4462 27 13 —17,697 —6824 2697
Upper beach 8712 5400 2135 44,898 36,078 9562 36,186 30,678 9798
Foredune 2543 829 269 35,264 22,087 5327 32,721 21,258 5334
Back dune 24,433 3681 1221 37,586 4144 1254 13,154 463 1750
Unclassified 3349 747 321 24,409 10,675 3103 21,060 9928 3120
Total area 61,196 17,507 6644 146,618 73,010 19,259 85,422 55,503 20,373
Pays-de-Monts 2008-2010
Tidal beach 123,394 52,711 20,065 94,202 2718 1190 —29,191 —49,993 20,100
Upper beach 36,396 27,869 5635 20,733 5066 1939 — 15,664 —22,803 5959
Foredune 35,587 26,917 6251 4961 881 356 —30,627 —26,036 6261
Back dune 62,938 1552 477 4496 488 202 —58,442 —1064 518
Inlet area 84,085 26,920 6016 69,478 37,985 11,210 —14,607 11,065 12,722
Total area 342,659 136,032 38,465 194,304 47,501 14,976 —148,355 —88,531 41,277
Pays-de-Monts 2010-2013
Tidal beach 87,931 9428 3762 48,590 3903 1584 —39,341 —5525 4082
Upper beach 20,295 13,625 3874 70,687 60,020 15,401 50,391 46,395 15,880
Foredune 4126 3054 837 32,992 19,708 6778 28,866 16,654 6829
Back dune 6672 1383 455 78,630 11,516 4247 71,958 10,133 4271
Inlet area 41,605 27,073 9150 196,262 136,792 34,576 154,657 109,719 35,766
Total area 160,631 54,564 18,078 427,161 231,938 62,586 266,530 177,375 65,145

significant changes with wide zones of erosion on the tidal beach and
on the upper beach characterized by higher values of elevation change
(Fig. 11a). The grid cells showing significant changes represent only

beach and especially the foredune display the most significant changes
with respectively 0.15 and 0.25 m> m~?2 of erosion (Fig. 11c). The
inlet and the north of the study site seem to concentrate most of the

270
270

180 180

Fig. 9. Polar plots of the dune base (D,,,) migration between 2008 and 2010 in red and between 2010 and 2013 in blue at the sites of (a) Luzeronde, (b) Tresson and (c) Pays-de-Monts.
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23% within the foredune and 9% within the tidal beach. In the inlet area,
zones located between the dry beach and the wet beach with high ele-
vation change values alternate between erosion and deposition. On the
upper beach, 500 m south of the high erosion values adjacent to
the inlet area, a large deposition zone is located along the MHW line
(Fig. 11a). Furthermore, south of this deposition zone, a thin, elongated
and almost continuous strip of erosion starts in the foredune zone along
the Djow line and continues to the southern limit of the studied area
(Fig. 11a).

During the second period of analysis, the Pays-de-Monts site has a
clear positive sediment budget in which 81% of the volume distribution
is attributed to deposition (Table 4). The inlet area represents 58% of
the total net volume difference, 50% of the total volume of erosion
and 59% of the total volume of deposition, with wide areas of significant
elevation changes across the dry beach and the wet beach. Apart
from this particular zone, the upper beach and the foredune remain
the most significant deposition zones in terms of volume changes per
unit surface with, respectively, 0.30 and 0.20 m® m~2 of deposition
(Fig. 11d). Moreover, 44% of the grid cells in the upper beach show sig-
nificant changes. The widest areas of significant changes remain in the
northern part of the study site (Fig. 11b). South of the inlet, a zone on
the upper beach that shows noticeable erosion in 2008-2010 is still
marked as a negative elevation change, while further south the deposi-
tion zone of 2008-2010 becomes wider with higher values of positive
elevation change (Fig. 11b). The elongated and almost continuous
zone of erosion, which displays uniform erosion in the first period, be-
comes wider in the second period, with a uniform positive elevation
change this time, which overlaps the upper beach zone across the Djoy,
line (Fig. 11b).

The back dune represents notably 12% of the total volume of deposi-
tion between 2010 and 2013 (Table 4). This is likely explained by the
aeolian redistribution onshore of washovers caused by Storm Xynthia
and visible in the central part of the study site in Figs. 11 and 12.

The inlet area strongly influences the overall sediment budget of
the North Pays-de-Monts site (Table 4). To illustrate this point, if we
exclude this particular area from the sediment budgets, the negative
net change of the 2008-2010 DoD would increase by 11% towards ero-
sion, while the positive net change of the 2010-2013 DoD would be di-
vided by 2.5 (— 160%) reducing the resultant deposition (Table 4). The
northern part of the study site, including the inlet area, is characterized
by an alternation of erosion and deposition on the upper beach. Their
location does not vary notably between the two periods, although ero-
sion tends to cover a larger area during the 2008-2010 period as well
as deposition during the 2010-2013 period (Fig. 11a, b). These signifi-
cant changes may be largely attributed to the inlet's specific dynamics
and processes. For the rest of the beach, significant changes are princi-
pally observed at the dune base level: the foredune is uniformly eroded
between 2008 and 2010, and largely recovers between 2010 and 2013
by building an embryo dune where space was left by the erosion of the
first period.

5.3.2. Migration of the dune base (Do)

On the polar plot, the migration occurs in two opposite directions in
the two periods (Fig. 9c). Between 2008 and 2010, the majority of the
points are packed in an almost horizontal but slightly upward landward
direction around 90°, with a magnitude generally below 10 m with one
exception almost reaching 20 m. Between 2010 and 2013, most points
are also packed around the horizontal line but in the opposite down-
ward, seaward direction. The magnitude is higher than in the first
period, as several points exceed 10 m and some of them reach a dis-
placement of 20 m between 2010 and 2013. Some of the points of
both periods show no horizontal displacement and a small upward
movement with higher magnitude in the second period. In both cases,
a few points migrate in the opposite direction of the majority of the
points of their respective period with a more spread out pattern be-
tween 2010 and 2013 as their angle extent lies between 45° and 135°.

South of the inlet, the beach response at the dune base level is
reversed: erosion between 2008 and 2010, and deposition between
2010 and 2013. It is as obvious in the DoDs (Fig. 11) as in the polar
plot (Fig. 9¢). The migration of the dune base is also horizontal in either
way.

6. Discussion
6.1. Mechanisms controlling beach responses

6.1.1. Comparison of the beach response between the three study sites

Despite site-specific mechanisms, similar observations can be
made between the three study sites. Between 2008 and 2010, more
sediment is either deposited or eroded on the lowest part of the
beach (i.e. the tidal beach), whereas between 2010 and 2013 more
sediment is deposited on the upper parts of the beach (i.e. the
upper beach and the foredune) (Figs. 8, 10, 11). Thus, the dune base
migrates mostly in a seaward direction between 2010 and 2013,
whereas it shows a more diverse and limited behavior between the
sites during the first period of analysis, likely associated with storms
(Fig. 9). Migration occurs at a higher magnitude during the second pe-
riod than between 2008 and 2010. Moreover, the highest magnitudes
in a seaward direction during the second period of analysis always
display a horizontal to slightly downward direction (Fig. 9). The im-
pact of a sequence of storms on a beach and dune system is difficult
to (i) anticipate because of both site-specific geomorphological condi-
tions and storm characteristics (Coco et al., 2014; Masselink et al.,
2016; Scott et al., 2016), (ii) ascribe due to the frequency and timing
of the LiDAR surveys relative to the storm events. Therefore, the beach
responses during the recovery phase appear to be more homogenous
between the three study sites.

The three study sites show different morphological responses to
either period 1 (2008-2010) and period 2 (2010 — 2013). Site-specific
conditions can explain the differences in the redistribution of sand with-
in and between each study site as well as local factors that can influence
sand supply (cf. Hesp, 2002). Along the SW coast of England, pre- and
post-storm LiDAR surveys showed highly variable beach responses
to the impact of 2013/14 winter storms and recovery, principally due
to the embayed morphology of the coast associated with a variable
beach orientation (Masselink et al., 2016; Scott et al., 2016; Burvingt
etal., 2017).

6.1.2. Luzeronde

During the two consecutive periods of analysis, both accretionary
and erosive responses are observed showing a symmetrical cross-
shore and alongshore sediment redistribution within the embayment
(Figs. 8, 9a). The two rotations of the beach were dominated by an
almost balanced combination of alongshore and cross-shore sand re-
distribution around a fulcrum point (Harley et al., 2015). Luzeronde
beach is characterized by a W-NW orientation. Although the temporal
resolution of the LiDAR surveys prevents us from attributing the ob-
served changes to any storm, we can assume that the SW wave ap-
proach of Storm Xynthia, oblique to the shoreline, was likely to
cause a rotation of the beach with significant erosion along the south-
ern (up-wave) part of Luzeronde beach while deposition could occur
in the opposite northern (down-wave) part of the beach (Fig. 8).
As described in Section 3.1, the most frequent and less energetic
waves come from the W-WNW and WSW-W sectors. Although
Storm Joachim showed larger waves than the most frequent ones
(Fig. 2), its direction was similar (Bertin et al., 2015). This more
dominant westerly wave forcing is likely to cause a counter-rotation
of the beach. The periodic rotation of embayed beaches has been
observed worldwide at various time scales depending on variations
in wave forcing from a single storm event to climate oscillation
(Ranasinghe et al., 2004; Thomas et al., 2012; Turki et al., 2013; Harley
et al, 2015).
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The beach is sheltered by two headlands (Fig. 1a) that probably
limited the loss of sediment from the system, which stayed in relative
equilibrium (Fig. 8). Moreover, as described in Scott et al. (2016),
high-energy events are sometimes required for the recovery of beaches;
sediments may remain on the subtidal beach until long swells mobilize
them, transporting them onshore. Sediment input to the beach could be
explained by the longer swell of Storm Joachim. Indeed, due to high
water levels, storms Johanna and Xynthia probably eroded the upper
beach and the foredune. Some of the eroded sediment were likely to
be deposited on the tidal beach, or further offshore on the subtidal
beach. These The longer swell of Storm Joachim, with a peak period
reaching 15 s (Bertin et al., 2015), may have mobilized sediments
again providing input to the beach. Unfortunately these hypotheses
can only be verified with pre- and post-storm surveys.

6.1.3. Tresson

The SW wave approach of Storm Xynthia was nearly perpendicular
to the shoreline of Tresson beach. The subtidal beach is very shallow,
flat and wide; for instance, the distance between the dune base and
the —5 m contour can exceed 3 km (Fig. 1). Even though the peak
period of the wave didn't exceed 10 s during the storm surge, a large
amount of sediment may have been mobilized and transported onshore,
if so, this phenomenon could be an input of sediment to the beach.
Indeed, limited movement of the dune base (Do) is observed between
2008 and 2010 (Fig. 9b). The upper beach and the dune base were not
severely affected during period 1 (Fig. 10a), although it is characterized
by a higher prevalence of storm events. The erosion of the headlands
north of the study site may also have provided sediment to the sand spit.

The sand supply brought onto the tidal beach during the period 1
was probably transported onto the upper beach during the period 2
by mechanisms dominated by aeolian processes as described in Ruz
and Meur-Ferec (2004) and Suanez et al. (2012). Sediments are
redistributed alongshore in the direction of the head of the sand spit
mainly by wave processes(Evans, 1942; Héquette and Ruz, 1991;
Davis and FitzGerald, 2004). Hydrodynamic conditions are character-
ized by a more westerly approach during period 2 (see Section 3).
The wave approach is more oblique to the shoreline, increasing the
alongshore redistribution of the sediment towards the SE, which may
produce a sediment deficit on the NW part of the beach (up-wave).
Moreover, the obliquity of the beach to the dominant westerly winds
provides a long fetch distance, increasing aeolian transport down-drift
and towards the dunes (Bauer et al., 2009).

6.1.4. Pays-de-Monts

The variable responses of the Pays-de-Monts site during the two pe-
riods are principally explained by the proximity of the Fromentine tidal
inlet associated with the combination of wave and current processes
that will not be discussed here (Bertin et al., 2013; Dodet et al., 2013;
Hansen et al., 2013). At some distance from the tidal inlet, the beach
responses seem to become more uniform showing minor alongshore
variations (Fig. 11a, b) such as the beach response observed along the
Gironde coast (Castelle et al., 2017) or like the complete foredune re-
moval described in Priestas and Fagherazzi (2010). Mechanisms are
dominated by rhythmic upper beach lowering and foredune retreat
during period 1, and upper beach and foredune recovery during period
2 through the building of an embryo dune where space was left by ero-
sion (Figs. 9¢c, 11b) (Thom and Hall, 1991; Suanez et al., 2012).

6.2. Probabilistic threshold efficiency and effect on sediment budgets

Geomorphic change detection using DEM differencing provides a
comprehensive assessment of topographic evolution both qualitatively

and quantitatively. Dealing with uncertainties remains a central issue
when interpreting or establishing confidence in the results of a
DoD (Wheaton et al., 2010; James et al., 2012) (James et al., 2012;
Wheaton et al,, 2010). A detection threshold is used to take account
of the uncertainty in the analysis. As described in Section 1, it can be
determined in three different ways, based on: (1) DEM comparison
with more accurate ground control points, (2) comparison of flat hard
surfaces between two DEMs, (3) the propagated uncertainty of each
DEM given at a user-defined confidence interval (used in this paper).
The visual interpretation of the DoD maps enables a qualitative assess-
ment of the sensitivity of the results to a defined threshold, depending
on the methodology. Without the availability of ground control points,
methodologies (2) and (3) are compared with unthresholded results
in Fig. 12. It can be seen that the detection threshold determined by
methodology (2) is not high enough to exclude noise interferences
that can influence the sediment budget (Table 3). A higher threshold
is determined by methodology (3), which enables changes due to
measurement errors to be better filtered. This may be considered too
conservative (Table 3) because only significant changes that are
95% probable not due to error measurements remain in the analysis.
Unfortunately, the raw datasets were not available for the study sites
of this paper. Furthermore, in order to assess quantitatively the effi-
ciency of a detection threshold, the results of a thresholded DoD should
be compared with those of a DoD obtained with datasets surveyed at
the same time but at higher accuracy and resolution. However, such
datasets are rarely available.

On raw DoD maps the entire grid is represented, whereas on
thresholded DoD maps the number of accounted grid cells is reduced.
In fact, depending on the site and the period, between 8% and 25% of
the area of thresholded DoD maps displays significant changes, while
the rest is uncertain. Some large areas known to be stable, e.g. the
back dune, are left intentionally in the grid in order to control the effi-
ciency of the threshold. For this reason, study sites with large back
dunes have a low percentage of significant changes (Table 4). On the
contrary, the tidal beach, the upper beach and the foredune can display
variable percentages of area showing significant changes of up to 71%,
while the value for the back dune is never higher than 4%.

In terms of volume calculations, the raw net volume difference al-
ways overestimates the absolute value of sediment budgets considering
the whole area at every site and period (Table 4). The back dune shows
many non-significant changes over wide areas, which will heavily influ-
ence raw sediment budgets in either erosion or deposition. In some rarer
cases, the net sediment budget is inverted from positive to negative or
the reverse when the probabilistic threshold is applied (Table 4).

Geomorphic change detection using DEM differencing is better
adapted to analyze and interpret geomorphic evolution with significant
changes relative to the inherent uncertainty of the datasets (James et al.,
2012). Although the probabilistic thresholding appears to exclude the
best noise interference, it may be too conservative in some areas
where changes are too small to be detected as significant (Fig. 12 and
Table 3). For example, on a beach dominated by a cross-shore response,
the sand eroded by a storm at the foredune is generally transported
onto the tidal beach (Wright and Short, 1984; Short, 1991; Cooper
et al., 2000). Changes at the foredune may appear as significant erosion,
with change values above the detection threshold, while the sand de-
posited as an adjustment of the equilibrium beach profile on the tidal
beach may cause small changes below the detection threshold, but
spread out over a wide area. As Pye and Blott (2016) warned against
the effect of errors between DEMs in volume difference calculations,
small changes in elevation over large areas like the tidal beach can
have a large impact on the total sediment budget. As an example in
this paper, uniform dune undercutting causes significant erosion in

Fig. 10. Geomorphic change detection results for the Tresson site: (a) 2008-2010 DoD, (b) sediment buget segregation of the 2008-2010 period, (c) 2010-2013 DoD, (d) sediment budget
segregation of the 2010-2013 period. This figure is available in colour online at https://www.journals.elsevier.com/geomorphology.
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the thresholded Pays-de-Monts DoD of the 2008-2010 period (Figs. 11,
12), while almost no significant change is detected on the tidal beach
where we can expect deposition as an adjustment of the equilibrium
beach profile. In DEM differencing, accounting for uncertainty through
a reliable detection threshold can successfully filter small changes due
to error measurements, but can also mask beach processes causing a
small change in elevation over a wide area.

The recovery processes of a beach dune system starts right after
the end of a storm and recovery mechanisms can be observed within
days (Wang et al., 2006). These processes can also last until a new
equilibrium is reached or a new storm event occurs (Woodroffe, 2007;
Suanez et al., 2012; Houser et al., 2015). The 2008 and 2010 LiDAR
datasets were surveyed 3 months and 6 months, respectively, after
storms Johanna and Xynthia, which is why the impact of the storms
may have been underestimated by comparing the two DEMs as the
study sites may have already experienced some recovery. The recovery
phase is analyzed by comparing two datasets collected at a three-year
interval in the same season, i.e. the end of summer 2010 and the
end of summer 2013. Even though period 2 was not exempt from
winter storms - including Joachim in 2011, which certainly had a rela-
tive impact on the beach system three years after the last major storm
tide - the three study sites seem to have fully recovered. Two reasons

suggest this hypothesis: (i) the net sediment budget over the two
periods is positive for the three study sites (Table 4), (ii) the seaward
displacements of the dune base during period 2 reaches generally
higher magnitudes than displacements in any direction during period
1 (Fig. 9) thanks to the building of embryo dunes (Figs. 8¢, 10c, 11b).
Airborne LiDAR surveys are still expensive and sporadically
collected. LiDAR data provide a “snapshot” of the beach state at the
time of the survey (Woolard and Colby, 2002; Pye and Blott, 2016)
which is strongly influenced by a combination of short-term and long-
term processes interacting on the beach at different scales (Cowell
and Thom, 1995). As the comparison of two datasets only provides
the cumulative result of short-, medium-, and long-scale processes oc-
curring on the beach, it can be very difficult to identify the contribution
of an isolated event or a sequence of storms and the associated recovery
in longer-scale beach evolution on a seasonal timescale or climate oscil-
lation (Lee et al., 1998; Ranasinghe et al., 2004; Scott et al., 2016;
Castelle et al., 2017). As an example, the interpretation of the beach evo-
lution in this paper is complicated because of the temporal scale and
the irregular frequency at which LiDAR surveys were carried out. To
understand fully the changing morphology of a beach dune system
from the event scale to long-term evolution, a “snapshot” of the beach
elevation should be surveyed within a long-lasting or even permanent
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project at least twice a year (Pye and Blott, 2016) or more frequently on
a regular basis (Andrews et al., 2002; Woolard and Colby, 2002). The
newly developed radar waterline method (Bell et al., 2016; Bird et al.,
2017), which allows repeated surveys at high temporal resolution to
quantify morphological change over large areas, seems to be a sound
alternative or a support to low-frequency LiDAR campaigns.

7. Conclusion

1) The automatic extraction of geomorphic beach features from the
DEMs, such as the dune base (Djow) and the dune crest (Dygn),
have a satisfactory success ratio despite differences in dune mor-
phology between the three study sites. More difficulties were
found in the 2013 DEM due to the smoother topographic break be-
tween the beach and the dune. Even though the procedure still
needs a visual check, it is more objective and reproducible over
large areas than manual digitizing or field surveys.

2) The probabilistic thresholding of DoDs at a 95% confidence interval
and the associated volumetric calculations provide the most reliable
results. However, caution should be taken when interpreting
thresholded maps of changes and sediment budgets because some
beach processes may be masked. No significant change in the
thresholded DoD does not mean no change at all, but rather that
the changes are not great enough, relative to the accuracy of the
measurements, to be rigorously integrated in the results.
Site-specific geomorphological settings, particularly beach orienta-
tion and local sediment supply, are the main factors explaining
the high variability of the beach responses between and within the
three study sites. Due to the low temporal resolution and frequency
of the LiDAR surveys used in this research, the attribution of the ob-
served beach changes to storms events and the associated recovery
can only be inferred with caution.
Despite site-specific mechanisms, recovery processes redistribute
the available sand more on the upper parts of the beach, producing
significant deposition generally in the form of embryo dunes. During
the three years separating the 2010 and 2013 DEMs identified as the
recovery phase, the beach and dune systems of the three study sites
seem to have largely recovered.
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