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Highlights 

 The 2013/14 winter was a major erosive event at eight European coastal dunes  

 Coastal dunes with steeper pre-storm slopes lost the largest sand volumes 

 Alongshore variable storm response is controlled by pre-storm dune topography  

 Percentage of recovery is well correlated to local chronic shoreline change rate 

 Dune crest elevation increase rate exceeds sea level rise rate at all sites 
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Abstract 

Coastal dunes are natural barriers against coastal flooding, and represent large sources of sediment to 

mitigate coastal erosion, besides being a natural habitat for many living beings. Yet, these complex 

environments are threatened by sea level rise and possibly enhanced storminess. Most of the studies 

on coastal dune erosion and recovery from storms are either site specific or focus on a short-time 

scale, from months to a couple of years. Here, airborne LiDAR data collected from 2011 to 2020 at 

eight diverse coastal dunes, spread from NW England to SW France, were analysed to study their 

response, and recovery from the most energetic extreme storms wave conditions since at least 1948. 



 
 

Results show that the 2013/14 winter was the first or second largest erosive event (from -14 to -290 

m3/m dune volume loss) from 2011 to 2020 at all sites. The magnitude of storm-driven sand volume 

loss was mainly controlled by dune face slope (r = 0.84). Dunes with steeper pre-storm slopes lost the 

largest volumes of sand. At a dune scale, the scarping height was also well correlated to the dune face 

slope at sites where storm response was characterized by limited alongshore variability. Dune recovery 

was site specific (no recovery, partial, complete, excess), with dunes that either progressively returned 

to their pre-storm morphology or were reshaped while recovering. Percentage of dune sand volume 

recovery was well correlated to the local and long-term satellite-derived shoreline change rate 

computed from 1984 to 2021 (r = 0.81), suggesting that dune recovery is mainly controlled by the local 

coastal sediment budget. The rate of dune crest elevation increase (from 4.2 to 12 cm/year) at four of 

the study sites from 2011 to 2020, largely exceeded sea level rise rate over the past decade (3.3 ± 0.7 

mm/year). These results provide key insight into the contrasting resilience of some of the most 

exposed coastal dunes along the Atlantic coast that recover at different rates following the same 

sequence of extreme storms.  

 

1. Introduction 

Coastal dunes are exposed and complex environments shaped by multiple interactions between 

waves, wind and vegetation (Delgado-Fernandez and Davidson-Arnott, 2011; De Vries et al., 2012; 

Hesp et al., 2013; Ruessink et al., 2019; Bauer et al., 2022), with morphological changes from 

centimetres to kilometres scale (Walker et al., 2017). Airborne light detection and ranging (LiDAR) data 

offers the opportunity to study morphological changes on a regional scale and in a non-invasive way 

(Burvingt et al., 2017; Nicolae-Lerma et al., 2019; Konstantinou et al., 2021), with a horizontal 

resolution < 1 m and a vertical accuracy of c. ± 15 cm (Sallenger et al., 2001; Nicolae-Lerma et al., 2022). 

The largest coastal dune morphological changes are generally observed when storm waves coincide 

with high water levels (Masselink et al., 2015). The extreme storm wave conditions in the northeast 



 
 

Atlantic during the 2013/14 winter are considered as the most energetic since at least 1948 (Masselink 

et al., 2016) and caused severe beach and dune erosion all along the Atlantic coast of Europe (Blaise 

et al., 2015; Castelle et al., 2015; Dissanayake et al., 2015; Masselink et al., 2015; Autret et al., 2016; 

Pye and Blott, 2016). The storm response of coastal dunes was shown to be controlled by wave 

characteristics at the coast (Castelle et al., 2015), surge levels (Pye and Blott, 2016), the degree of 

exposure to the storm waves (Burvingt et al., 2017) and the storm clustering effect (Dissanayake et al., 

2015). Previous work worldwide showed that the alongshore variability in coastal dune response to 

extreme storms is controlled by morphological or geological characteristics such as the pre-storm 

alongshore variability of dune morphology (Houser, 2013; Cohn et al., 2021), the pre-storm offshore 

sandbar morphology (Castelle et al., 2015), the degree to which the beach is embayed (Burvingt et al., 

2017).  

Studying the period of recovery following extreme storms informs about the resilience of coastal areas. 

Beach recovery processes on cross-shore dominated beaches occur over a wide range of timescales: 

from years to decades (Splinter et al., 2011; Houser et al., 2015; Scott et al., 2016; Castelle et al., 2017a; 

Phillips et al., 2017; Burvingt et al., 2018; Robin et al., 2020; Konstantinou et al., 2021; Masselink et al., 

2022). Although beach recovery is mainly controlled by the incident wave energy over the subsequent 

months or years (Burvingt et al., 2018), it also relies on the interactions between the beach and the 

intertidal/subtidal bar (Aagard et al., 2004; Scott et al., 2016; Brooks et al., 2017; Phillips et al., 2017) 

and/or subaerial dune systems (Suanez et al., 2012; Houser et al., 2015). The magnitude of the storm 

response can also play an important role in the recovery time of beaches (Konstantinou et al., 2021).  

Transgression distances due to sea level rise were shown to be small in comparison to characteristic 

shoreline excursions driven by storm events and subsequent reconstruction phases (Davidson-Arnott 

and Bauer, 2021). Extreme storms can also have a positive contribution to the nearshore sediment 

budget and potentially mitigate adverse SLR impacts (Harley et al., 2022). In light of this findings, the 



 
 

analysis of the response and recovery from extreme storms at various dune sites can inform on the 

resilience of coastal dunes in a context of sea level rise and possibly enhanced storminess. 

The airborne LiDAR data acquired through different coastal monitoring programs along the Atlantic 

coast of Europe over the last decade, offers the unique opportunity to compare coastal dune response 

over the same period of time and using the same approach, at sites with diverse morphological and 

hydrodynamic settings. The eight coastal dunes were selected for their similar exposure to storm 

waves, but they show a high diversity in morphological characteristics (e.g. height, size, beach state, 

etc…). While several and mostly site-specific studies focused on the controlling factors of dune 

response to storms, very few studies examined the recovery of coastal dunes from extreme storms at  

large spatial and multi-annual  scales. The main objective of this study is therefore to examine multi-

annual dune change in a context of extreme storms at eight study sites from NW England to SW France. 

First, the cross-shore and alongshore storm-driven dune responses are presented and analysed to 

determine their controlling factors. The second objective is to quantify the degree of recovery for these 

eight coastal dunes over the six years following the extreme winter, and to explain its differences by 

analysing its controlling factors. Conclusions on the resilience of these coastal dunes are also made 

based on the characteristics, the duration and magnitude of their recovery. 

 

2. Study area, Datasets and Methods 

 

2.1.  Study area 

The eight coastal dune sites are spread along the Atlantic coast of Europe, from NW England to SW 

France (Fig. 1). These sites were selected for their exposure to storm waves generated in the north 

Atlantic Ocean, and the availability of large scale and multi-annual topographic datasets. These eight 

study sites are characterised by different environmental settings (Table 1) such as climate, waves, 



 
 

tides, winds, geology, etc., resulting in a large variability of coastal dunes in terms of morphology 

(height, size, shape), beach type (open or embayed), vegetation cover (size, density) and 

anthropogenic pressure. Although they are all exposed to similar wave climates, the degree of 

exposure to storm wave events varies due to their location and orientation. A relatively wide range of 

tidal regimes can also be found, from macrotidal (NW England) to mesotidal (SW France).  

 

 



 
 

Figure 1. Location map and photos of the eight study sites with from north to south: Formby (FBY), 

Penhale (PNH), Gwithian (GWI), Notre-Dame-de-Monts (NDM), Carcans (CAR), Lacanau (LAC), Truc 

Vert (TCV), and Lette Blanche (LBL). 

 

 

Table 1. Range of dune height, dune width, dune length, beach state, lower dune elevation 

threshold (Z0 according to the Ordnance Datum Newlyn for the English sites and according to the 

NGF - IGN69 datum for French sites), dune orientation (α), and mean spring tidal range (m).  

 Dune 

height 

(m) 

Dune 

width 

(m) 

Dune 

length 

(km) 

Beach 

state 

Z0 

(m) 

α 

(°) 

MSTR 

(m) 

Formby (FBY) [6 - 16] 150 1600 Open 4 

(ODN) 

287 8 

Penhale (PNH) [30 - 60] 200 2200 Semi-

embayed 

2.5 

(ODN) 

283 6.3 

Gwithian (GWI) [12 - 50] 300 3400 Semi-

embayed 

2.5 

(ODN) 

315 6.3 

Notre-Dame-des-Monts 

(NDM)  

[5 - 15] 150 700 Open 2.5 

(NGF) 

260 4 

Carcans (CAR) [15 - 25] 200 4000 Open 2.5 

(NGF) 

275 3.7 

Lacanau (LAC) [12 - 28] 250 4000 Open 2.5 

(NGF) 

275 3.7 

Truc Vert (TCV) [15 - 24] 325 4000 Open 2.5 

(NGF) 

278 3.7 



 
 

Lette Blanche (LBL) [13 - 25] 280 4000 Open 2.5 

(NGF) 

282 3.7 

 

The majority of wave events affecting the European Atlantic coast are generated by extratropical 

storms developing within the mid-latitude westerly wind belt (Lozano et al., 2004). Storminess in the 

north Atlantic due to extra-tropical storms is strongly linked to the North Atlantic Oscillation (NAO) 

and the West Europe Pressure Anomaly (WEPA), which are characterized by considerable inter-annual 

and inter-decadal variability (Castelle et al., 2017b) affecting coastal response (Dodet et al., 2019). The 

2013/14 winter was characterized by a positive winter NAO and the largest WEPA index on record, 

causing extreme wave conditions across all study sites. 

2.2. Study sites 

 

2.2.1. Formby, NW England (FBY) 

Formby (FBY) dune is located along the Sefton coast (Merseyside, NW England). This open coast is 

mainly exposed to W-NW waves originating from the Irish Sea, and is also influenced by estuarine 

regimes, the Ribble and Mersey estuaries being located 20 km up north and 10 km down south to 

Formby, respectively (Pye and Blott, 2016). Significant wave heights only exceed 4 m during major 

wave events (Brown et al., 2010). The tidal regime is semi-diurnal and macrotidal, with a mean spring 

tidal range (MSTR) of approximately 8 m, exposing a wide intertidal zone at low tide characterized by 

large ridges. The stretch of dune selected here is 1.6 km long and 150 m wide, its height ranges from 

6 to 16 m (Fig. 2). Dune vegetation is dominated by dense marram grass (Fig. 1). Formby dune also 

plays a major role in the protection against coastal flooding for the low-lying land of north Merseyside 

and west Lancashire (Pye and Blott, 2016). 

2.2.2. Penhale (PNH) and Gwithian (GWI), SW England 



 
 

The Cornish coast (SW England) offers a large number of diverse beaches (Scott et al., 2011). Amongst 

them, Penhale (PNH) and Gwithian (GWI) on the north coast of Cornwall are long and wide embayed 

sandy beaches backed by extensive dunes. They are exposed to regular North Atlantic swells, with an 

annual average significant wave height of 1.6 m and peak period of 10–11 s (Valiente et al., 2019). The 

tidal regime is semi-diurnal and macrotidal with a mean spring tidal range of 6.3 m (Poate et al., 2009). 

Penhale is a wide and dissipative beach embayed by prominent headlands (low tide embayment), 

while Gwithian beach is located in a shallow crescentic bay (St Ives Bay) with a wide and flat shoreface 

(Valiente et al., 2019). Both beaches and dunes are W-NW oriented and are exposed to the dominant 

wave approach. The stretch of dunes at Penhale and Gwithian selected here are 2.2 and 3.4 km long, 

200 and 300 m wide, respectively. Their height ranges from 30 to 60 m, and from 12 to 50 m (Fig. 2). 

As with Formby dune, the vegetation is dominated by dense marram grass (Fig. 1). 

2.2.3. Notre-Dame-de-Monts (NDM), NW France 

Located between the rocky shores of Brittany and the Aquitanian open sandy coast, the Vendée coast 

(NW France) is characterized by long and open or embayed sandy beaches (Le Mauff et al., 2018). 

Bergère beach is a wide, dissipative and open beach located north to Notre-Dame-de-Monts (NDM). A 

two-year wave-buoy record collected offshore of this beach showed a mean significant wave height of 

1.81 m, and a mean period of 5.89 s (Butel et al., 2002). The tidal regime is semi-diurnal and macrotidal 

with a mean spring tidal range of 4 m. Bergère is W orientated and is well exposed to the dominant W-

WNW and WSW-W wave incidence (Butel et al., 2002). The stretch of dune selected here is 700 m 

long, 150 m wide, and its height ranges from 5 to 15 m (Fig. 2). Dune vegetation is dominated by sparse 

marram grass and the dune is backed by a large forest mainly comprised of maritime pines (Fig. 1). 

 

2.2.4. Carcans (CAR), Lacanau (LAC), Truc Vert (TCV) and Lette Blanche (LBL), SW France 

The open sandy coast of Aquitaine (SW France) is 230 km long and extends from the Gironde estuary 

to the Adour estuary. It is exposed to North Atlantic swells with a dominant W to NW incidence (Butel 



 
 

et al., 2002), and mean significant wave height ranges from 1.1 m in July to 2.4 m in January, while 

mean peak wave period ranges from 8.5 s in July and 13 s in January (Castelle et al., 2017a). Almost 

the entire coast is characterised by a net southerly longshore drift of the order of 100-650.103 m3/year 

The tidal regime is semi-diurnal and meso- to macrotidal, with a mean spring tidal range of 3.7 m. This 

coast is also characterised by intermediate and double barred beaches, with an inner intertidal bar 

that commonly have a transverse bar and rip channel morphology. The outer subtidal bar is generally 

well-developed and often exhibits crescentic patterns with a relatively regular spacing of 

approximately 600–800 m (Castelle et al., 2007; Almar et al., 2009). All beaches are backed by a large 

coastal dune field (Bossard and Nicolae Lerma, 2020), which size and shape is inherited by both natural 

processes and 162 years of human interventions (Robin et al., 2021). The stretch of dunes at Carcans 

(CAR), Lacanau (LAC), Truc Vert (TCV) and Lette Blanche (LBL) are all 4 km long, and respectively 200, 

250, 325 and 280 m wide (Fig. 2). Their heights vary from 15 to 25 m (CAR), from 12 to 28 m (LAC), 

from 15 to 24 m (TCV), and from 13 to 25 m (LBL). As with Notre-Dame-de-Monts, dune vegetation is 

dominated by sparse marram grass and the dunes is backed by large forests mainly comprised of 

maritime pines (Fig. 1). 

 

 



 
 

 



 
 

Figure 2. Alongshore-averaged dune profile (thick black) superimposed onto all cross-shore profiles 

(light grey) extracted from the pre-2014 airborne LiDAR survey showing the diversity of size and 

shape of the coastal dunes and their alongshore variability. 

 

 

2.3. Datasets  

 

2.3.1. Lidar datasets 

Airborne LiDAR Digital Elevation Models (DEMs) are valuable tools to study coastal morphological 

change (Burvingt et al., 2017; Nicolae Lerma et al., 2022), with several airborne LiDAR datasets from 

2011 to 2020 available for our eight study sites (Table 2). Since LiDAR campaigns have not been carried 

out in 2013 at only one site (FBY), the timing of the ‘pre-2013/14 winter storm’ datasets can be an 

issue. The most recent pre-2013/14 winter surveys were either carried out in 2011, 2012 or 2013 (Table 

2), while all post-storm surveys were acquired in 2014 except for the NDM post-storm survey which 

was carried out in 2015. This makes attributing the difference in morphology to the 2013/14 storms 

debatable. However, many studies demonstrated that the morphological changes caused by the 

2013/14 winter were typically much larger than the changes observed during the previous years 

(Masselink et al., 2015; Castelle et al., 2015; Scott et al., 2016; Burvingt et al., 2018; Konstantinou et al 

2021). The morphological changes derived from the LiDAR data between 2011 and 2014, or between 

2012 and 2014 are therefore considered to represent the changes that occurred during the 2013/14 

winter. Airborne LiDAR datasets collected along the coastline of NW and SW England (FBY, PNH and 

GWI) are reported to have a vertical accuracy of less than +/-15 cm, while the vertical accuracy of the 

LIDAR datasets collected at NDM and along SW France are 8 cm (Launeau et al., 2018) and from 10 to 

20 cm (Nicolae-Lerma et al., 2019), respectively. All LiDAR datasets were interpolated to produce 

topographic DEMs on a local 1 m x 1 m regular grid. LiDAR surveys were performed either during spring 



 
 

and autumn. Given the strong seasonal variability of beach state and volume (Masselink et al., 2015; 

Castelle et al., 2015; Pye and Blott, 2016, Le Mauff et al., 2018), the beach system was discarded from 

the analysis in order to avoid seasonal noise.  

2.3.2 Morphological change parameters 

The DEMs derived from LiDAR datasets offer the opportunity to define several parameters to assess 

the morphological changes observed on the difference of DEMs (DoDs) from 2011 to 2020 (Fig. 3). 

Some parameters such as volume change per width dV (m3/m) can be computed and averaged 

alongshore over the entire DEM (𝑑𝑉̅̅̅̅ , with the (. ̅ ) notation denoting alongshore averaging. Other 

parameters such as the cross-shore dune foot position Xfoot and height Zfoot, or dune crest height Zcrest 

can be hardly identified automatically due to the large alongshore variability in dune morphology. 

These parameters, in addition to the post-storm dune scarping height, Zscarp, were manually computed 

over 40 regularly-spaced profiles for each study site (Fig. 3), and averaged to provide the corresponding 

alongshore-averaged time-series (Fig. 4). Following the work published by Wernette et al. (2018), dune 

foot was defined as the location marked by an increase in slope moving landward from the shoreline. 

Here, for all study sites, the post-storm (2014) scarped profiles were considered as the most 

appropriate profiles to determine dune foot elevation. The same authors also defined the dune crest 

as a local relative topographic maximum, marked by a significant decrease in slope gradient. Here, 

using the maximum elevation of the dune or the point where there is a decrease in slope gradient 

would not, or only partially describe the morphological changes which were observed on the upper 

part of the dune at most of the profiles. Instead, all surveys of each profile were plotted together, and 

a cross-shore position along the dune profile where dune elevation changes are representative of the 

entire upper part of the dune for the whole study period was selected. Although this definition is 

subjective and make the results not comparable with other studies, this parameter was found to give 

a better description on how dune elevation changed from 2011 to 2020, and lead to a robust 



 
 

comparison between our study sites. Dune face slopes were thus not calculated using Zcrest but using 

Zscarp, the latter giving a better estimate of the dune face slope. 

These parameters were also used to vertically divide dune profiles into classes and define the 

corresponding volumes of sand. For this study, the volume comprised between the start of the dune 

profile Z0 (Table 1) and the dune foot was defined as Vfoot (m3/m), the volume comprised between the 

dune foot and the dune crest was defined as Vface (m3/m), and the volume comprised between the 

dune crest and the end of the dune profile was defined as Vtop (m3/m). The alongshore-averaged 

percentage of recovery, Precovery  (%), that corresponds to the ratio of the volume recovered between 

2014 and 2020 in comparison to the volumes lost during the pre-2014  and the 2014 surveys and is 

expressed in percentage, was also calculated for each study site. 

Long-term (38 years) shoreline change rates were also computed to explore how such long-term trend, 

and thus local coastal sediment budget, controls the timing and magnitude of coastal dune erosion 

and recovery. The CoastSat toolkit (Vos et al., 2019) was used to extract waterlines from publicly 

available optical satellite data from 1984 to 2021 through Google Earth Engine, namely Landsat 5, 7 & 

8 (L5, L7, L8, 30-m spatial resolution) and Sentinel-2 (S2, 10-m spatial resolution) satellite images 

without any water level correction following Castelle et al. (2022). The 38-year time series of shoreline 

positions, including between 97 (GWI) and 678 (NDM) data, was linearly regressed to estimate the 

alongshore-averaged long-term shoreline changes, R (m/year), at each of the eight sites (Table 2).   

 



 
 

 

Figure 3. (a) Representative cross-shore profiles at Carcans showing the manually detected 

parameters used to describe morphological changes: the dune crest height, Zcrest, the post-storm 

scarping height, Zscarp, and the dune foot height, Zfoot. (b) Dune profile showing the vertical division 

of the sand volumes: Vfoot corresponding to the volume from the start of the dune profile to the 

dune foot, Vface corresponding to the volume comprised between the dune foot and the dune crest 

and, Vtop corresponding to the volume comprised between the dune crest and the end of the dune 

profile. (c, d and e) Examples of digital Elevation Model (DEM) and difference of DEMs (DoD) used 

to derive alongshore averaged parameters. 

 

 



 
 

 

Table 2. Airborne LiDAR datasets with vertical accuracies and the satellite-derived and alongshore-

averaged long-term shoreline change rates, R (m/year), for the eight study sites. 

Study sites LiDAR datasets LiDAR data vertical accuracy (cm) 
R 

(m/year) 

Formby (FBY) 2013, 2014, 2016, 2017, 

2018, 2020 
± 15 (data.gov.uk) -2.1 

Penhale (PNH) 2012, 2014, 2016, 2017, 

2018, 2020 
± 15 (Wiggins et al., 2019a) - 0.1 

Gwithian (GWI) 2012, 2014, 2016, 2017, 

2019, 2020 
± 15 (Wiggins et al., 2019a) 0.4 

Notre-Dame-des-

Monts (NDM) 

2013, 2015, 2017, 2018, 

2019, 2020 
8 (Launeau et al., 2018) 0.2 

Carcans (CAR) 2011, 2014, 2016, 2017, 

2018, 2019, 2020 
[10 - 20] (Nicolae Lerma et al., 2019) -0.6 

Lacanau (LAC) 2011, 2014, 2016, 2017, 

2018, 2019, 2020 
[10 - 20] (Nicolae Lerma et al., 2019) -0.3 

Truc Vert (TCV) 2011, 2014, 2016, 2017, 

2018, 2019, 2020 
[10 - 20] (Nicolae Lerma et al., 2019) 0.3 

Lette Blanche (LBL) 2011, 2014, 2016, 2017, 

2018, 2019, 2020 
[10 - 20] (Nicolae Lerma et al., 2019) 0 

 

3. Results 

 

3.1. Multi-annual morphological changes  



 
 

Time-series of the alongshore-averaged volume change per meter width, dV  , cross-shore 

dune foot position, dXfoot  , and dune crest height, dZcrest  , were used to describe the 

morphological changes observed from 2011 to 2020 at the eight study sites (Fig. 4). For most 

of the study sites, these time-series show a short and large erosive period followed by a multi-

annual recovery period. The 2013/14 winter represents the largest or second largest (FBY and 

LBL) loss of sand volumes (from -14 to -290 m3/m) for the eight study sites from 2011 to 2020 

(Fig. 4a and 4b). This winter also caused the largest or second largest dune foot retreats (from 

-1.5 to -17 m) over the same period (Fig. 4c and 4d). Time-series of the dune crest height also 

shows that, in average, all dunes rose by tens of centimeters (from 0 to 70 cm) during the 

2013/14 winter, except FBY (-0.31 cm) (Fig. 4e and 4f). Following this erosive winter, the eight 

study sites can be divided into three groups considering their recovery rates. Only three years 

after the 2013/14 winter, recovered volumes of sand at NDM, TCV and LBL exceeded the 

volumes that were lost during the 2013/14 winter. Despite a subsequent erosive winter 

(2018/2019), these dunes have larger or similar volumes of sand compare to the pre-2014 

ones (+25, +90 and +16.5 m3/m respectively). In the second group, PNH, GWI, CAR, LAC show 

only very limited or limited volume recovery (12%, 63%, 11% and 36% respectively). For each 

of these four study sites, relatively large amounts of sand were recovered within the three 

years following the 2013/14 winter, as did the dunes of the first group. However, a large part 

of these recovered volumes were subsequently lost between 2018 and 2019 (CAR, LAC) or 

between 2018 and 2020 (PNH). The third group only comprises the dune of FBY that shows no 

recovery over the 6 years following the 2013/14 winter (Fig. 4a), its volume remained stable 

between 2014 and 2017, while a large volume of sand (-85 m3/m) was lost between 2018 and 

2020. Similar patterns of erosion and recovery can be observed between the volume changes 



 
 

and the dune foot positions at most of the study sites (FBY, PNH, GWI, NDM, TCV and LBL). 

However, the return of the dune foot position to its pre-2014 position at CAR and TCV dunes 

is much faster in comparison to the recovery of the volumes lost during the 2013/14 (Fig. 4d), 

indicating a change in dune morphology. The dune crest height changes at sites located in 

England and NDM do not any show clear trends as heights either increase or decrease 

throughout the years (Fig. 4e). Dune crest elevation changes are either large (>50 cm; FBY) or 

small (< 20 cm; PNH, GWI and NDM) at these four sites between 2011 and 2020. Along the 

Aquitaine coast (Fig. 4f), a relatively steady increase of the dune crest height can be observed 

at the four study sites between 2011 and 2020, by approximately 0.5 m (CAR and LBL) and 1 

m (LAC and TCV).  

 



 
 

 

Figure 4. Time-series of the alongshore-averaged volume change per beach width dV  , dune foot 

position dXfoot  , and dune crest height dZcrest   from 2011 to 2020 at the eight study sites.  

 



 
 

The comparison of the alongshore-averaged volume changes ( dVstorm  ) and dune foot position 

changes ( dXstorm  ) over the 2013/14 winter show that the magnitude of the volumes lost during that 

winter is well correlated (r = 0.9) to the magnitude  of the dune foot retreat (Fig. 5a). A large correlation 

is also computed (r = 0.84) when looking at the 2014-2020 recovery period (Fig. 5b). In both cases, no 

correlations were found between these parameters and the corresponding dune crest height changes, 

dZstorm  and dZrecovery  . 

  

Figure 5. Alongshore-averaged volume changes over (a) the stormy period, dVstorm  , and (b) the 

recovery period, dVrecovery  ,  versus dune foot position changes,  dXstorm   and dXrecovery  , and dune 

crest height changes, dZstorm   and dZrecovery  , over the same periods at the eight study sites. The 

Pearson correlation coefficient, r, and the p-value of the Wilcoxon Rank-Sum test are added to 

assess the statistical significance of these relationships. 

 



 
 

3.2.  Morphological response of coastal dunes to extreme storms 

 

3.2.1. Dune profile response to extreme storms 

Representative pre- and post-2014 cross-shore dune profiles were selected at the eight study sites to 

show and compare the dune profile response to extreme storms (Fig. 6). At relatively small dunes 

( Zcrest   < 15 m), like FBY and NDM, two different responses were observed. At NDM, the dune 

morphology did not change substantially as the dune mostly translated landwards by a few meters 

(Fig. 6d), while the entire face of the dune, including the dune crest, was eroded at FBY causing a large 

retreat and a lowering of the dune crest (Fig. 6a). Noteworthy, the post-storm profile at NDM is likely 

to include a degree of recovery since LiDAR data were collected one year after the stormy period 

(2015). Dune scarping was observed at the six other dune sites causing a large retreat of the dune face, 

but no major morphological changes were observed behind the dune crest. Scarping heights, Zscarp, are 

mostly comprised between 10 and 20 m at PNH (Fig. 6b) and GWI (Fig. 6c) with a weak alongshore 

variability, while moderate (CAR, Fig. 6e) and strong (LAC, TCV and LBL; Fig. 6f, 6g and 6h) alongshore 

variability were observed in SW France owing to the presence of megacusp embayments cutting the 

dune with a spacing of hundreds of meters (see Section 3.2.2). The increase in dune crest elevation 

observed at CAR, LAC, TCV and LBL and shown in Figure 4f does not appear in Figure 6 because of the 

scale of the figure, but positive vertical changes on the upper part of the dunes can be observed at 

LAC, for instance, in Fig.7d. 

 



 
 

 

Figure 6. Representative pre- and post-2014 cross-shore dune profiles extracted from LiDAR data 

at the eight study sites. 

 

 

3.2.2. Alongshore variability in dune response to extreme storms 



 
 

The difference of pre-2014 and post-storm DEMs at PNH and LAC were used to show two contrasting 

examples of the morphological dune response to extreme storms (Fig. 7), where either limited (PNH) 

or strong (LAC) alongshore variability in storm response can be observed. The entire 1.5 km of dune 

front at PNH was subjected to severe and relatively alongshore-uniform erosion (Fig. 7b), while a series 

of severe erosion hotspots (megacusp embayments) alternate alongshore with a spacing of 

approximatively 500 m at LAC (Fig. 7d). 

 

 

Figure 7. Orthophotos (a and c) and difference of pre- and post-2014 DEMs (b and d) showing two 

contrasting examples of storm responses at Penahle (PNH) and Lacanau (LAC), respectively. 

 

A dimensionless index, LVI, proposed by Burvingt et al. (2017) was used to compare the longshore 

variability in storm response at the eight study sites (Table 2). This index is based on the alongshore-

averaged volumetric change ( dVstorm  ) and its standard deviation (σdVstorm). It varies between 0 and 1 

with higher values representing greater longshore variability in storm response. Based on this index, 



 
 

two groups can be defined: a first group (FBY, PNH, GWI and CAR) where dunes show limited longshore 

variability in storm response with LVI values ranging from 0.19 to 0.36, and a second group (NDM, LAC, 

TCV and LBL) where dunes show a larger longshore variability in storm response, with LVI values 

ranging from 0.48 to 0.58 (Table 2). 

 

Table 2. Longshore variability index, LVI, for each study site, and the corresponding absolute values 

of the alongshore-averaged volume changes dVstorm   and its standard deviation, σdVstorm. 

Sites І dVstorm  І (m3/m) σdVstorm LVI 

Formby 43 23 0.35 

Penhale  203 46 0.19 

Gwithian 97 34 0.26 

Notre-Dame-de-Monts 19 17 0.48 

Carcans 290 166 0.36 

Lacanau 208 219 0.51 

Truc Vert 109 117 0.52 

Lette blanche 71 99 0.58 

 

 

3.2.3. Controlling factor of dune response to extreme storms 

Differences of slope were noticed between the different study sites. The alongshore-averaged dune 

slope, Slope  , was compared to the averaged volume of sand lost during the 2013/14 winter, dVstorm  

, for each study site (Fig. 8a). Results show that the steeper the dune, the larger the loss of volume of 

sand was (r =-0.84, p-value = 0.0002). At the six study sites where dune scarping was observed (PNH, 

GWI, CAR, LAC, TCV, LBL), results also show that the dune slope has a strong control on the scarping 



 
 

height. A good correlation (r = 0.85, p-value = 0.002) was found when comparing the alongshore-

averaged dune slope, Slope  , and the alongshore-averaged dune scarping height, Zscarp  (Fig 8b). 

 

 

Figure 8. (a) Alongshore-averaged volume changes during the stormy period, dVstorm  , in 

comparison to the pre-2014 alongshore-averaged slope, Slope   , and dune crest height, dZcrest  , 

at the eight study sites. (b) Alongshore-averaged dune scarping height, Zscarp  , in comparison to the 

pre-2014 alongshore-averaged slope, Slope  , and dune crest height, dZcrest  , at the six study sites 

where dune scarping was observed. The Pearson correlation coefficient, r, and the p-value of the 

Wilcoxon Rank-Sum test are added to assess the statistical significance of the relationship. 

 

The post-storm dune scarping heights, Zscarp, were also compared to the corresponding dune slopes, 

Slope, at 40 cross-shore profiles distributed along each of the study sites where dune scarping was 

observed (Fig. 9). Results show that the post-storm scarping height is strongly controlled by the pre-

2014 dune slope at dunes with limited longshore variability in storm response (LVI< 0.26) such as PNH 



 
 

(r = 0.86) and GWI (r = 0.95) (Fig. 9a and 9b), in comparison to smaller correlations (0.57 < r < 0.62) 

that were found at sites with moderate (LVI = 0.36) and large (LVI> 0.51) longshore variability in dune 

response at CAR (Fig. 9c) and LAC, TCV and LBL (Fig. 9d, 9e and 9f), respectively.  

  

Figure 9. Post-storm dune scarping height, Zscarp, in comparison to the pre-2014 dune slope, Slope, 

derived from 40 cross-shore profiles at six of the eight study sites where dune scarping without dune 

crest erosion was observed. The Pearson correlation coefficient, r, are added to assess the statistical 

significance of these relationships.  

 

3.3. Morphological recovery of coastal dunes from extreme storms 

 

3.3.1. Dune profile recovery patterns from extreme storms 



 
 

Representative pre-2014, post-storm and last survey (2020) cross-shore dune profiles were selected 

at the eight study sites to show and compare the morphological response to, and recovery from, 

extreme storms (Fig. 10). The 2020 dune profile at FBY shows that the dune continued to retreat over 

the subsequent years of the 2013/14 winter (Fig. 10a), highlighting the absence of recovery at this 

study site which is characterized severe chronic erosion (R = -2.1 m/year). At PNH and GWI, limited 

recovery can be observed along the 2020 profiles in comparison of the 2014 ones, and is mainly 

restricted to the foot and the lower part of the dune face (Fig. 10b and c). NDM dune fully recovered, 

the dune face topography in 2020 is similar to the pre-2014 one, and accretion can be observed at the 

dune foot when comparing both profiles (Fig. 10d). The dune faces of CAR and LAC continued to retreat 

and to steepen between 2014 and 2020 within the megacusp embayments, with recovery at the dune 

foot, while little changes were observed throughout near the megacusp horns (Fig. 10e and f). An 

increase of the dune crest along with the steepening and retreat of these dunes can also be observed 

between 2011 and 2020, especially at LAC (Fig. 10f). The dune crest also rose by a couple of meters 

along several profiles of the TCV dune (Fig. 10g), and recovery of the dune face was larger compare to 

CAR and LAC. Full recovery can be observed at LBL dune along with accretion at the dune crest and 

behind (Fig. 10h). 



 
 

 

Figure 10. Representative pre-2014, post-storm and last survey (2020) cross-shore dune profiles 

extracted from LiDAR data at the eight study sites. 

 

Alongshore-averaged sand volumes at the dune foot ( dVfoot  ) , the dune face ( dVface  ) and the dune 

top ( dVtop  ) were used to have an overview of the vertical distribution of the recovered volumes of 

sand at each study site (Fig. 11). Results show that before the 2018/19 winter, dune foot volumes were 

fully recovered at all study sites except for FBY (Fig. 11a and b). The time-series of dune foot volumes 



 
 

also show a regional coherent behavior along the SW coast of France (CAR, LAC, TCV and LBL), where 

strong similarities of the erosion/accretion pattern and magnitude at the dune foot are observed. 

These results differ from the time-series of the volume changes at the dune face (Fig. 11c and d), the 

volumes of sand lost during the 2013/14 winter were only fully recovered at NDM, TCV and LBL (Fig. 

11c and d). The dune faces of PNH, GWI, CAR and LAC show limited to moderate recovery (11%, 63%, 

19 % and 34%, respectively), even before the 2018/19 winter. Volume changes at the top of the dune 

shows erosion (-29 m3/m) at FBY, limited accretion at PNH, GWI and NDM (1, 12 and 13 m3/m, 

respectively), and relatively strong accretion at the Aquitanian sites (from 33 to 110 m3/m). 



 
 

 

Figure 11.  Time-series of the alongshore-averaged volume changes at the dune foot ( dVfoot  ) , the 

dune face ( dVface  ) and the top of the dune ( dVtop  ) from 2011 to 2020 at the eight study sites. 

 



 
 

 

3.3.2. Alongshore variability in dune recovery from extreme storms 

PNH and LAC were selected as two contrasting examples of storm response, the difference of post-

storm and 2020 DEMs were used to investigate here the spatial distribution of the recovered volumes 

of sand (Fig. 12). Relatively alongshore-uniform recovery can be observed at PNH, except for a stretch 

of 450 m at the middle of the dune that shows no recovery and further erosion (Fig. 12b). At LAC, the 

megacusp embayments formed during the 2013/14 winter remained the most dynamic areas of the 

dune over the 6 subsequent years. Within these megacusp embayments, accretion can be observed at 

the dune foot, while the dune face rolled over itself with the presence of symmetric and landward 

patterns of erosion/accretion (Fig. 12d).   

 

 



 
 

Figure 12. Orthophotos (a and c) and difference of post-storm (2014) and 2020 LiDAR DEMs (b and 

d) showing two contrasting examples of dune recovery from extreme storms at Penahle (PNH) and 

Lacanau (LAC). 

 

Alongshore profiles of cross-shore volume changes over the stormy period (dVstorm) and the 2014-2020 

recovery period (dVrecovery) are used to compare the alongshore variability in storm response and 

recovery for all study sites except for FBY dune where no recovery was observed (Fig. 13). At PNH, 

GWI, and NDM, both dVstorm and dVrecovery profiles are symmetric and alongshore uniform apart from 

blowouts at PNH (Y = 307 m) and GWI (Y = 844 m), and the stretch of dune that did not recover at PNH 

(from Y = 670 to 940 m). Similarly, clear symmetric patterns of erosion and accretion that are not 

uniform alongshore and correspond to the megacusps described in the previous sections can be 

observed on the CAR, LAC, TCV and LBL. The length and magnitude of these patterns vary between the 

study sites and within the same study site (from 100 to 1000 m, and from 50 to 450 m3/m). Areas of 

accretion can be observed along the dVstorm profiles while the same areas show erosion during the 

recovery period, especially at LBL, suggesting that the whole stretch of dune is realigning. Although 

the magnitude of the recovery is correlated to the magnitude of the storm response at a dune scale, 

this result cannot be extrapolating when comparing the different study sites because dune that lost 

the largest volume of sand are not necessarily the ones that show the highest percentages of recovery 

(r = 0.36).  



 
 

 

Figure 13. Alongshore profiles of cross-shore volume changes over the 2013/14 winter (dVstorm) and 

the 2014-2020 recovery period (dVrecovery) at all study sites except for FBY dune where no recovery 

was observed. 

 

3.3.3. Controlling factor of dune recovery from extreme storms 

Several morphological parameters were examined to explain the differences in recovery observed 

between the eight study sites. The best correlation (r = 0.81, p-value = 0.01) was found between the 

alongshore-averaged percentage of recovery, Precovery   (%), expressed as the percentage of volume 

recovered between 2014 and 2020 in comparison to the volumes lost between the pre-2014 and 2014 

surveys, and the multi-annual shoreline rate changes from 1984 to 2020, R (Fig. 14). This result 

suggests that dune recovery is mainly controlled by the local coastal sediment budget driving these 



 
 

long-term trends. Other morphological parameters were tested against the alongshore-averaged 

percentage of recovery such as the dune slope and the volume of sand lost during the 2013/14 winter 

( dVstorm  ), but resulted in poor correlation (r = - 0.44 and r = 0.36, respectively). 

 

Figure 14. The alongshore-averaged percentage of volumes recovered between 2014 and 2020 in 

comparison to the volumes lost between the pre-2014 and the 2014 surveys, Precovery  , against the 

alongshore-averaged shoreline rate changes from 1984 to 2020, R , at the eight study sites. The 

Pearson correlation coefficient, r, and the p-value of the Wilcoxon Rank-Sum test are added to 

assess the statistical significance of the relationship. 

 

4. Discussion  



 
 

Several studies demonstrated that storm waves of the 2013/14 winter caused severe erosion at many 

coastal areas along the Atlantic coast of Europe (Blaise et al., 2015; Castelle et al., 2015; Masselink et 

al., 2016; Pye and Blott, 2016; Scott et al., 2016; Burvingt et al., 2018). This study shows that this winter 

was the first or second largest erosive event over the entire study period (2011-2020), at the eight 

coastal dunes distributed from the NW coast of England to the SW coast of France. At six of the eight 

study sites, storm response is characterized by severe dune scarping over the entire face of the dune, 

leading to large sand volume loss and dune foot retreat. For the dunes that are on average higher than 

20 m, dune scarping height is generally limited to the face of the dune and does not exceed dune crest. 

In contrast, at FBY where the dune is lower than 15 m, the dune crest was eroded. At NDM, where the 

dune is even lower than FBY dune, storm response is characterized by a landward translation of the 

entire dune. These differences in dune profile response have an impact on the eroded volume of sand 

that were shown to be controlled by the dune face slope. This was also modelled on a 20 m high dune 

along the Dutch coast (De Winter et al., 2015), where severe dune scarping was observed. In 

comparison, modelled dune responses at 10 m high and relatively steep dunes along the Pacific 

Northwest coast of the United States showed that eroded volumes were instead correlated to the 

backshore beach slope (Cohn et al., 2019). The dune response at these sites did not show severe dune 

scarping, as observed here, but a relatively homogeneous vertical lowering along the upper part of the 

beach and lower part of the dune. This suggests that avalanching plays a significant role on the 

magnitude of eroded volumes at most of our sites, explaining the importance of the pre-storm dune 

slope. This contrasts with the dunes studied by Cohn et al. (2019) where swash excursions impacting 

the dune toe and controlled by the backshore beach slope had a key role on the storm response and 

eroded volumes. Another study (Itzkin et al., 2021) also demonstrated that low and wide dunes lose 

less sand volume than tall and narrow dunes during longer and more intense storms at beaches with 

similar width. This result can be verified here along the SW coast of France where beaches have similar 

characteristics, with CAR and LAC dunes losing more sand compared to TCV and LBL dunes.  



 
 

The large spatial coverage of airborne LiDAR data used in this study also gave the opportunity to 

observe strong differences of the alongshore variability in storm response between the study sites. 

Along relatively wide, exposed and dissipative beaches, that can be found in NW and SW England 

(Burvingt et al., 2017), dunes show very little alongshore variability in storm response. The response 

of dunes along double-barred, strongly rip-channeled, beaches that can be found in SW France, 

inversely shows large alongshore variability that are highlighted by the presence of severe erosion 

hotspots with megacusp embayments which were shown to be controlled by the pre-winter outer-bar 

morphology (Castelle et al., 2015). An exception was observed at CAR dune where the contour of the 

megacusp embayments is less pronounced, CAR being the steepest dune of the eight study sites and 

lost the largest volumes of sand. Houser et al. (2013) showed that initial conditions and specifically the 

pre-storm variability of the crest elevation alongshore can control the impact of an extreme storm on 

5 to 10 m high dunes along a barrier island (Santa Rosa Island, Florida, USA) . In our study, the crest 

elevation is too high, except at FBY and NDM, to play a major role in dune response to storms. Our 

results also suggest that alongshore variability in dune response can either be mainly controlled by the 

pre-storm topography of the dune and its slope (PNH and GWI), or by a complex combination of both 

topographic and bathymetric controls (CAR, LAC, TCV and LBL). Cohn et al. (2021) also showed that the 

alongshore variability of dune response to storms at 10 m high dunes (Outer Banks,North 

Carolina,USA) can be controlled by the presence of a deep nearshore bathymetric feature, the pre-

storm beach and dune topography.  

The analysis of the morphological evolution of the eight coastal dunes over the six years following the 

2013/14 winter showed that dune recovery strongly varies between the study sites. Like other studies 

that examined beach and dune recovery (Houser et al., 2015; Scott et al., 2016; Castelle et al., 2017a; 

Dodet et al., 2018; Burvingt et al., 2018), our study shows that full recovery of the dunes from a 

sequence of extreme storms can take a couple of years (NDM, TCV, LBL), more than a decade (PNH, 

GWI, LAC) or never occur (FBY, CAR). When post-storm recovery takes place over several years, the 

inter-annual variability in winter wave conditions over these years control beach and dune recovery 



 
 

(Burvingt et al., 2018; Dodet et al., 2018). Here, although the 2018/2019 winter did not stand out with 

regard to significant wave height, dune recovery was interrupted at all study sites, suggesting 

widespread storm waves associated with high water levels all across our study area.   Dune foot volume 

were fully recovered or exceeded the volume that was lost during the 2013/14 winter at all study sites 

before the 2018/2019 winter, suggesting that conditions for recovery were met and recovery was 

initiated at all study sites. However, volumes of the dune face never returned or exceed to their pre-

2014 levels at most of the study sites (FBY, PNH, GWI, CAR, LAC) during the same six years. Like other 

studies which showed a regional coherent behaviour between beaches exposed to similar wave 

conditions (Bracs et al., 2016; Burvingt et al., 2018; Wiggins et al., 2019b), time-series of the dune foot 

volumes shows a regional coherency along the SW coast of France, suggesting a strong control of the 

wave climate on the recovery processes along this section of the dunes. Different types of 

morphological changes associated with recovery were observed that can be either described as 

relatively static where dune tend to return to its pre-2014 position and shape, or dynamic, where the 

dune is translating and reshaped while recovering the volume of sand lost during the extreme storms. 

At PNH, GWI and LBL, the overall position and profile of the dune have not changed and the dune has 

already returned (LBL) or is building back to its pre-2014 shape (PNH and GWI). This behavior suggests 

that these dunes are gradually returning to an equilibrium profile (Suanez et al., 2012; Houser et al., 

2015; Robin et al., 2020). At LAC and TCV, dune recovery appears much more dynamic and is 

characterized by a landwards and upwards translation of the dune profile, that can be described as 

dune roll-over, also observed at other dunes with varying size and shapes (Brooks et al., 2017, 

Masselink et al., 2022) 

Large variations in the magnitude of recovered sand volume were observed among the eights study 

sites. A recent study along the SW coast of England showed that the magnitude of intertidal beach 

volume recovered was well correlated with the storm erosion volume (Konstantinou et al., 2021). This 

result was verified here within each dune system where storm-driven erosion was strongly non-

uniform alongshore, with accretion patterns mirroring erosion patterns (see Fig. 13). However, it was 



 
 

not verified when making the comparison between the different study sites, since the dunes that lost 

the largest volumes of sand did not show the highest percentages of recovery.  Instead, percentages 

of recovery were well correlated to the long-term shoreline changes from 1984 to 2021 (R), suggesting 

a key role of coastal sediment budget on the ability of coastal dune systems to recover from severe 

storms. Although comparison between dune recovery magnitude and patterns, and long-term 

shoreline changes, and thus local sediment budget, are relatively scarce in the literature, this is in line 

with recent studies showing that a lack of sediment delivery back to the beach, and hence to the dune 

between storm events, results in the inability for dune recovery or translation (Davidson et al., 2021), 

and that lowest values of dune accumulation are associated with areas where the shoreline chronically 

retreats (Costas et al., 2020). In contrast, along semi-enclosed coastal systems and thus relatively 

constant sediment budget (R ≈ 0) such as embayed beaches, full recovery is usually reached with 

recovery time increasing with increasing storm intensity (Dodet et al. 2018; Konstantinou et al., 2021). 

It could also be considered that study sites characterized by chronic erosion have the steepest slope 

and thus lose larger volumes of sediment during storms that slow recovery but no correlation was 

found between dune face slope and long-term shoreline change rate. 

Despite dune foot retreat and large dune face volume losses over the study period, continuous dune 

crest elevation increase and accretion at the upper part of the dune, defined as ‘dune roll-over’ 

(Masselink et al., 2022), was observed at the four sites along the SW coast of France. The largest 

increase in dune crest elevation occurred during the 2013/14 winter, supporting that optimal 

conditions for dune growth occur during storm events associated with strong winds but not necessarily 

at zones of shoreline progradation (Cohn et al., 2018; Coastas et al., 2020). The rate of dune crest 

elevation increase (from 4.2 to 12 cm/year) along the SW coast of France largely exceeds sea level rise 

rate of 3.3 ± 0.7 mm/year at TCV over the past decade (D’Anna et al., 2021), alike the findings of van 

IJzendoorn et al. (2021), who showed that sea level rise outpaced by vertical dune toe translation 

during recent decades on prograding coastal areas along the Dutch coast. This supports the conclusion 

that transgression distances due to sea level rise are small in comparison to characteristic shoreline 



 
 

excursions driven by storm events and subsequent reconstruction phases (Davidson-Arnott and Bauer, 

2021). Extreme storms were also shown to have a positive contribution to the nearshore sediment 

budget by exchanging sediment between the lower and upper shoreface (Harley et al., 2022). Similar 

exchange occurs in the upper profile between beach and dunes during these extreme events, the 

relatively large quantity of sand stored within dunes is redistributed to the intertidal area and thus 

mitigate shoreline erosion. Although both sea-level rise and enhanced storminess are expected to 

accelerate dune retreat (Masselink et al., 2022), this analysis shows that coastal dunes can be resilient 

systems against extreme storms. Such beach-dune systems can adapt to sea level rise when sediment 

budget is not a limiting factor, suggesting that beaches and dunes can thus survive sea level rise 

pending accommodation space (Cooper et al., 2020). Vegetation cover is a controlling factor of dune 

morphodynamics (Durán and Moore, 2013; Ruggiero et al., 2018; Ruessink et al., 2019) and likely plaid 

a role in sediment transport during these strong wind conditions but could not be considered here due 

to the lack of in-situ data. 

5. Conclusions 

 The same morphological parameters, derived from nine years of airborne LiDAR topographic 

data at eight coastal dunes spread along the Atlantic coast of England and France, allowed a 

robust comparison of the spatial and temporal coastal dune morphological changes.  

 Although coastal dune response to and recovery from an extreme winter shows a wide range 

of patterns and trajectories, key morphological controlling factors were also unraveled. We 

found that dune face slope and long-term shoreline change rates, characterizing local 

sediment budget, largely control eroded sand volume and percentage of recovery, 

respectively.  

 Alongshore variability in storm-driven response is enforced by a site-specific combination of 

pre-storm offshore bathymetric and dune topographic alongshore variabilities, which can also 

have an impact on the patterns of recovery.  



 
 

 Given that some of the coastal dunes were found to rise at a rate larger than sea-level rise, 

developing and maintaining consistent coastal monitoring programs at regional scale is crucial 

to better understand, model and manage coastal dunes.  
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