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On 10th March 2008, the high energy storm Johanna hit the French Atlantic coast, generating severe dune
erosion on Vougot Beach (Brittany, France). In this paper, the recovery of the dune of Vougot Beach is ana-
lysed through a survey of morphological changes and hydrodynamic conditions. Data collection focused on
the period immediately following storm Johanna until July 2010, i.e. over two and a half years. Results
showed that the dune retreated by a maximum of almost 6 m where storm surge and wave attack were
the most energetic. Dune retreat led to the creation of accommodation space for the storage of sediment
by widening and elevating space between the pre- and post-storm dune toe, and reducing impacts of the
storm surge. Dune recovery started in the month following the storm event and is still ongoing. It is charac-
terised by the construction of “secondary” embryo dunes, which recovered at an average rate of 4–4.5 cm per
month, although average monthly volume changes varied from −1 to 2 m3.m−1. These embryo dunes
accreted due to a large aeolian sand supply from the upper tidal beach to the existing foredune. These
dune-construction processes were facilitated by growth of vegetation on low-profile embryo dunes promot-
ing backshore accretion. After more than two years of survey, the sediment budget of the beach/dune system
showed that more than 10,000 m3 has been lost by the upper tidal beach. We suggest that seaward return
currents generated during the storm of 10th March 2008 are responsible for offshore sediment transport.
Reconstitution of the equilibrium beach profile following the storm event may therefore have generated
cross-shore sediment redistribution inducing net erosion in the tidal zone.

© 2011 Elsevier B.V. All rights reserved.
1. Introduction

Since the 1960s, several studies based on theoretical or experi-
mental approaches have analysed processes of dune erosion in
storm conditions (Edelman, 1968, 1972; van der Meulen and
Gourlay, 1968). They have shown the respective roles of the different
factors involved in dune erosion such as morphology, sedimentology
or hydrodynamics (van de Graaff, 1977; Vellinga, 1982; Kriebel and
Dean, 1985; Kriebel, 1986; Carter and Stone, 1989; Carter et al.,
1990; Pye and Neal, 1994; Saye et al., 2005; Claudino-Sales et al.,
2008). The first work based on a probabilistic approach demonstrated
that the “submersion” parameter, determined by the extreme water
level at the coast due to a combination of the high spring tide and
the storm surge, was the primary factor involved in the dune erosion
process (van de Graaff, 1986). More recently, studies applying a
: +33 2 98 49 87 03.
nez),
n.cancouet@univ-brest.fr

l rights reserved.
model-based approach to dynamic processes have been carried out,
taking into account the impact of run-up on the dune front (Fisher
and Overton, 1984; Larson et al., 2004; Erikson et al., 2007). The
total dune retreat, and hence volume of sand eroded, therefore de-
pends on the frequency and intensity of each run-up event when its
height is greater than that of the dune toe (Overton and Fisher,
1988). This process therefore causes dune undercutting which, in
the long run, will lead to destabilisation of the scarp slope. This im-
pact can easily be identified by the presence of erosion features
such as beam-type by tensile failures, slumps or slides (Carter and
Stone, 1989; Carter et al., 1990; Pye, 1991; Erikson et al., 2007).
Wave erosion along the seaward face of the dune may also initiate
saucer-, cup- or trough-shaped depressions (Hesp, 2002). Based on
this principle, Ruggiero et al. (2001) put forward a model designed
to assess dune sensitivity to erosion generated by the impact of
storm waves. This methodological approach was used for assessing
vulnerability of barrier islands to hurricanes along the eastern coast
of USA (Sallenger, 2000; Sallenger et al., 2004; Stockdon et al.,
2007); it was also used for analysing decadal-scale variation in dune
erosion and accretion rates on the Sefton coast in northwest England
(Pye and Blott, 2008).
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In contrast, even if processes of post-storm dune recovery are quite
well known, few studies based on high frequency morphological and
hydrodynamic survey have been undertaken on this topic. However,
dune recovery offers the opportunity to test the interactions between
climate and geomorphologic processes on relatively short timescales
(Levin and Ben-Dor, 2004; Saye et al., 2005; Camacho-Valdéz et al.,
2008; Claudino-Sales et al., 2008; Houser et al., 2008; Pye and Blott,
2008; Houser and Hamilton, 2009; Levin, 2011). The first study based
on field observations concerns the model of dune recovery proposed
byCarter et al. (1990). It dealswith three phases associatedwith the un-
dercutting, slumping and reforming of dune slopes. Therefore, the sed-
iment removed from the dunes during scarping is usually returned to
the slope face as part of the beach/dune recovery cycle. This process
generally leads to echo dune formation due to initial sand accumula-
tions between the mean high water springs (MHWS) and the scarp.
Later, windblownmaterialmay accumulate at the crest, often in distinct
lobes (Hesp, 1988), and/or on the mid-slope until the entire scarp is
covered. Once the scarp slope is filled, and lying below the angle of re-
pose, vegetation growth accelerates the dune recovery process. Never-
theless, the rebuilding of seaward faces does not mean that the dune
front will have recovered its initial pre-storm position (Carter et al.,
1990). This depends largely on shoreface–beach/dune sand exchanges
which are determined by a wide range of environmental parameters,
such as sand availability and wind conditions (Sherman and Bauer,
1993; Aagard et al., 2004; Anthony et al., 2006). More recently,
Priestas and Fagherazzi (2010) studied dune recovery on Barrier Island
in Florida after Hurricane Dennis (2005). They showed that overwash
from the storm surge removed nearly the entire foredune but it was
strongly dependant on dune morphology. Nevertheless, a year and a
half after the hurricane, secondary dune recovery was still ongoing be-
cause of the large supply frombeach to dune. However, it was shown by
Houser and Hamilton (2009) on Santa Rosa Island (Florida) following
Hurricane Katrina (September 2005) that beachmorphological features
control the supply to the dune. The authors showed that beach/dune
system recovery occurred at the widest sections where overwash pen-
etration was limited, leading to a large volume of sediment available
for coastal system recovery. The effects of moisture have been also ex-
plicitly recognised in several studies to be a limiting factor because it in-
creases threshold shear velocites and consequently reduces aeolian
transport (Hotta et al., 1984; Namikas and Sherman, 1995; Sherman
et al., 1998). In addition, on macrotidal beaches, surface moisture fol-
lowing tidal inundationmay also delay initiation of transport by several
hours, especially in the runnels, retarding optimum transport condi-
tions even though wind speed and direction may favour for aeolian
transport (Vanhée et al., 2002; Ruz and Meur-Ferec, 2004).

The aim of this study is to analyse dune recovery processes on Vou-
got Beach after Storm Johanna on 10thMarch 2008. In a previous study,
the morphological impacts of this storm on Vougot Beach were ana-
lysed, as, when this event occurred, the beach had been undergoing
morphological survey since July 2004 (Suanez and Cariolet, 2010).
Therefore, in the present paper the objectives are: 1) to analyse and
quantify morphosedimentary changes induced by dune recovery
using ground observations and pre- and post-storm dune/beach mor-
phological surveys; 2) to analyse hydrodynamic conditions by measur-
ing and calculating extremewater levels— in this case, storm surge and
swash run-up elevation based on tide and wave measurements; and 3)
to produce a short to medium-term functioning scheme of the beach/
dune system relative to dune recovery on Vougot Beach.

2. Geomorphological and hydrodynamic setting

The study area covers Vougot Beach located in the municipality of
Guissény; it is situated on the north coast of Finistère in Brittany
(Fig. 1). This coastal area comprises large rocky outcrops representing
the submerged part of the Léon plateau. Contact between the coastal
platform and the continental part of the plateau consists of a partly
tectonic scarp 30 m to 50 m high. In the Vougot Beach area, the scarp
is disconnected from the sea due to the existence of a dune which was
formed during the Holocene (Guilcher and Hallégouët, 1991). This
dune, anchored on Zorn cliff, stretches over about 2 km in a southwest
to northeast direction. It culminates at 13 m NGF in altitude (i.e. above
sea level — asl). (The altimetric reference NGF – Nivellement Général
Français – refers to French topographic datum. In our case this reference
is situated 3.5 m above the spring-tide low-water level). It represents a
massive dune complex 250 m to 400 mwide (Fig. 2a). The grain size of
dune sand is about 200 μm; the sediment becomes coarser on the beach
where grain size reaches 250 to 315 μm.

Until the 19th century, this vast sand body was backed by wet-
lands which were connected to the sea in the Porz Olier sector located
in the northeast. In 1834, a dike was built in order to isolate the area
from the sea, and the wetlands were drained for agriculture. Today,
this polder area, partly occupied by Curnic pond, stands near or
below sea level. This low-lying land is also protected from the sea
by the dune, which acts as a natural defence. This element is all the
more important since this area is inhabited (camping, Curnic neigh-
bourhood, farming, etc.).

Over the last decades, the dune of Vougot Beach has experienced
erosion. A historical shoreline change analysis based on a series of ae-
rial photographs and field measurements from 1952 to 2009 showed
that retreat of the dune principally affected the eastern part of Vougot
Beach (Suanez et al., 2010). Erosion was caused by the construction of
the Enez Croas Hent jetty in 1974, which completely modified the hy-
drodynamics and interrupted the westward sand drift inducing an in-
crease in sediment loss for the Vougot Beach/dune system.
Calculation of erosion rates over the 1978–2000 period (following
the building of the jetty in 1974) showed that the maximum retreat
of the dune reached 0.6 m/yr; and this rate has increased from
0.6 m/yr to 1.5 m/yr over the last decade (from 2000 to 2009). How-
ever, the increase of dune retreat has to be qualified since the major
erosion event related to the storm of 10th March 2008 occurred
near the end of that period. This recent event probably contributes
to the higher value which may not very representative.

The comparison between DEMs (Digital ElevationModels) obtained
from the 2005 and 2009 surveys of Vougot Beach/dune system con-
firmed this evolution. A volume of eroded sand from the dune amount-
ing to −10,677±72m3, together with an erosion of the foreshore
beach of −10,933±931 m3, was determined (Suanez et al., 2010).
Most of this material was transported to the west and contributed to
building-up the western section of Vougot Beach, which gained
4,505±489 m3. This longshore sand transport is due to wave diffrac-
tion generated by small islands and reefs, such as Enez Du, situated on
the tidal zone (Fig. 2a).

The macrotidal range, reaching 8.5 m, is responsible for the large
tidal beach surface which can be exposed over more than 400 m at
low tide. The deep-sea wave characteristics are presented on wave
rose in Fig. 2a. These wave data have been calculated by numerical
run model over the period 1979–2002 at the location point off Vougot
Beach at 64 m water depth (4°50′10″W and 48°44′30″N) (Fig. 1a).
The principal offshore waves arriving in the Guissény area mostly
come from a west-northwest direction (Fig. 2a). Their modal height
(Hmo) is between 1 and 1.5 m, and the modal period (Tpic) between 9
and 10 s. The Guissény shoreline is relatively well protected from
west to northwest waves by the platform scattered with islets and
reefs emerging at low tide (such as Golhédoc or Enez Du). These
features complicate hydrosedimentary flows at the coast, generating
major diffraction phenomena which account for the many ‘comet
tails’ formed in the lee of these obstacles (Fig. 2a). It is also these islets
and reefs that give the dune line its convex curved shape by
sheltering the coast. Nearshore wave deformation is also expressed by
a local westward coastal drift, as is the case at the beach of Centre
Nautique and on the eastern section of Vougot Beach (Fig. 2b). Wind
velocity and directional frequency data were obtained from the
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Fig. 1. The general location (a), Vougot Beach (b).
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nearest meteorological station run by Météo France at Brignogan.
The most frequent annual winds are from west-southwest with a
moderate north-eastern component (Fig. 2a). The seasonal variations
of these meteorological and marine components are presented in
Fig. 3. The winter period (December to February) is characterised by
strong winds (>8 m/s for more than 30%) blowing from northwest to
southwest. These winds are associated with west-northwest waves
(96%). Wave heights and periods associated with storm events are the
strongest (respectively≥10 m and 18 s for the largest storms). During
spring (March to May), waves are less energetic (36% of wave heights
reached 2 to 4 m and 34% of wave periods 8 to 12 s)while the northeast
wind direction increases (20%). The summer period (June to August) is
characterised by significant low energy marine conditions. During the
autumn (September to November), again energetic conditions increase
close to the winter period. Dominant winds are from northwest to
southwest (35%) and wave parameters are reinforced.

3. Impact of the storm of 10th March 2008 on dune erosion

On 10th March 2008, a severe storm hit western France, causing
major damage on the coasts of Brittany and Normandy. From a geomor-
phological point of view, the erosive effects induced by this stormwere
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Fig. 2. a) Geomorphological map: 1: wave-cut platform. 2: island. 3: gravel sheet. 4: sand beach. 5: mud flat. 6: outer dune. 7: inner dune. 8: sandy-silt deposit. 9: silt. 10: brackish
marsh. 11: river. 12: dune scarp. 13: rocky cliff. 14: periglacial cliff. 15: abandoned cliff. 16: comet tail. 17: drift current. 18: wave refraction. 19: sea defence structure. 20: fault. 21:
urban zone. Wave rose established from data obtained by a numerical model over the period 1979–2002 (source: Laboratoire National d'Hydraulique et d'Environnement, LNHE-
EDF Chatou, and Centre d'Etudes Techniques Maritimes Et Fluviales, CETMEF-Brest). Wind rose established from data obtained by the Météo France record station at Brignogan over
the period 1984–2007. b) Aerial photograph taken on 14 August 1978 during high tide. This photo shows wave refraction–diffraction around islets inducing a main sediment trans-
port from east (transects 1 and 2) to west (transect 3) — see arrows 1, 2 and 3. Even if front of transect 3 sediment transport is oriented from west to east (see arrow 4), we suggest
that the net longshore sediment transport in the study area is oriented from east to west according to the angle α given by last wave crests on the shoreline.
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not associated with exceptionally energetic waves (2-year return peri-
od interval), but rather with the fact that the storm was combined
with a high spring tide (Cariolet et al., 2010). The extreme water levels
at the coast exceeded the altitude of the dune toe on Vougot Beach by
several metres, causing severe erosion (Suanez and Cariolet, 2010).
The maximum retreat reaches around 6 m (Fig. 4a).
Similarly, dune/upper intertidal beach profile measurements taken
along three transects also showed significant dune retreat (Fig. 4b,
c,d). Calculations of sediment budget performed for both sections of
profile showed that for transects 1 and 2 the quantity of sediment lost
through dune retreat (respectively −9.1 and −8.51 m3.m−1) was
counterbalanced by a sediment gain on the upper intertidal zone
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(respectively +10.24 and +16.45 m3.m−1) (Fig. 4b,c). On the other
hand, the results obtained for transect 3 (Fig. 4d) showed that the entire
dune/upper tidal beach profile had undergone erosion. These morpho-
sedimentary processes showed that the adjustment principle of the
equilibrium profile described by Dean (1991) between the dune and
the upper tidal beach zones functioned correctly on the eastern part
of Vougot Beach. Further west, the longshore sediment transport dis-
turbed cross-shore transfer between the dune and the beach (Suanez
and Cariolet, 2010).

4. Methods and data analysis

4.1. Morphological survey

An aerial and tidal beach survey was carried out using a Trimble
5700/5800 Differential GPS. Data points described by three coordi-
nate values (x, y, z) were collected in Real Time Kinematic (RTK)
mode. Each DGPS measurement was calibrated using the geodesic
marker from the French datum and the geodesic network provided
by the IGN (Institut Géographique National) located about 2 km from
the study area. Five control points were defined in the field to assess
the accuracy of the surveys. Since the beginning of the survey, about
100 field campaigns have been carried out. For each of them, the po-
sition of the control points was measured and the margin of error for
the three dimensions (x, y, and z) was calculated using standard de-
viation. The results show an x, y, z accuracy reaching, respectively,
4–5 cm (x and y) and 1 cm (z). These values were used to calculate
the margin of error associated with the sediment budget calculation.
The first survey consisted of annual foredune change measurements
March to MayDecember to February

Fig. 3. Seasonal variations in w
using the edge of the dune as the erosion reference feature (ERF).
This limit is highly relevant because it corresponds to the top of the
bluff cut by erosion processes, which clearly demarcates the dune
vegetation from the loose sand of the backshore (Crowell et al.,
1991; Zuzeck et al., 2003).

The second survey was based on a detailed monitoring of the tidal
beach/dune surface changes. This morphological measurement was
carried out using the same method as that used for both similar sur-
veys conducted in 2005 and 2008–2009 (Suanez et al., 2010). The
survey took place from 12th to 15th July 2010. It was carried out
only on the tidal beaches and the loose sand close to the dune bluff
contact. Vegetated dunes, skerries, and small islands showing no
changes were not monitored any further. These invariable points
from the first survey in 2005 were used. Surfer 8.0 software was
used to import and process the (x, y, z) data. A kriging interpolation
model supporting breaklines was applied to convert data point obser-
vations into continuous field grids (altitude matrices). The whole
study area contour lines and 3D visualisation were generated from a
0.5 m grid. Morphological changes were analysed by calculating the
volumetric difference between both surfaces from November 2008–
January 2009 and July 2010.

The third survey consisted of the continuation of beach/dune pro-
file measurements carried out along the three cross-shore transects
presented in Fig. 4e. Measurements continued to be carried out
once a month, which represents the frequency established since the
survey started in July 2004 (Suanez and Cariolet, 2010). Quantifica-
tion of sediment budgets based on the 'vertical surface calculation'
method was performed on two different sections of the profile: the
upper tidal beach and the dune defined by the slope steep face.
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Finally, a bathymetric survey was conducted on 29th July 2010 so
as to analyse the seabedmorphology beyond the low spring tide level.
An area where DGPS terrestrial topographic measurements overlap
these bathymetric measurements (see Fig. 16) was used to control
the quality and consistency of bathymetric measurements. These
bathymetric measurements were achieved using a high resolution,
shallow water multi-beam echo sounder (MBES) (RESON SeaBat
8101) operating at 240 kHz. It was positioned using two bi-
frequency GPS receivers (SEPTENTRIO) functioning in RTK mode,
while the mobile installed on the boat received the differential cor-
rections from the base set up near the sailing school beach via a
UHF radio link. Navigational accuracy was estimated at ±2 cm hori-
zontally and ±4 cm vertically. The vessel's movements (roll, pitch
and heading) were measured by a motion sensor (iXSea OCTANS)
submerged near the echo sounder head. Several velocity profiles
were obtained in the survey area to control the sound propagation
speed in water. Complete calibration of the MBES system was per-
formed before the survey by applying the standard procedures in
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operation. The bathymetric data were processed using the specialised
software QINSy 8.00 and included: integration and synchronisation of
echo sounder data with that of related sensors, navigation control,
correction of systematic errors (velocity, calibration) and cleaning of
erroneous sensors. A georeferenced DEM (Digital Elevation Model)
with a grid size of 0.5 m was produced and integrated with the exist-
ing topographical dataset.

4.2. Hydrodynamic condition analysis

The hydrodynamic conditions were analysed to assess the sensi-
tivity of the dune to extreme water levels by applying the “Property
Erosion Model” method by Ruggiero et al. (2001). The extreme
water levels were calculated using the two parameters affecting
water elevation at the coast: storm surge (obtained from the mea-
sured tide) and run-up (combined effects of set-up and swash run-
up generated by swell).

Measured tide data were obtained from the Roscoff tide gauge sta-
tion located at about 30 km from the survey area (Fig. 1a). So as to
correct the site effects related to the large distance between Roscoff
and Guissény, a HOBO U20 Water Level Logger-Onset® was used to
record the water levels between November 2009 and March 2010
on Vougot Beach (Fig. 5a). It was set up on a rocky outcrop located
in the middle of the upper tidal beach to the right of transect 1
(Fig. 4e). A recording frequency of 2 min was used and the data
were smoothed to a moving average of 10 to filter out deformations
of the water surface related to wave action. The maximum daily
water level was extracted for each of the two series from the Roscoff
tide gauge station and the HOBO logger, so as to only work on high
tide levels. The correlation between these daily high tide levels mea-
sured on Vougot Beach and in Roscoff show a difference of 13±2 cm
(Fig. 5b.c). A similar result of about 0.20 mwas obtained by the SHOM
(Service Hydrographique et Océanographique de la Marine — French
Army) concerning the difference of extreme water level of 100-year
return period between Roscoff (where tide gauge record is set up)
and our study area (SHOM-CETMEF, 2008). The value of 0.13 m was
taken to correct the tidal data from Roscoff, recorded for the entire
observation period (April 2008 to July 2010).

Run-up was calculated via a semi-theoretical approach using the
basic equations established by Hunt (1959), Battjes (1971) and
Holman (1986). These equations draw upon the relationship between
the maximum vertical elevation of run-up and two additional factors
which are the offshore wave height Ho and the Iribarren number (or
surf similarity parameter) which itself includes the beach slope tanβ:

RT

Ho
¼ Cξo ð1Þ

where RT is the value of the run-up, which is the sum of set-up and
swash (RT=�ηmax+R); Ho is the significant wave height (in metres);
C is a dimensionless constant; and ξo is the Iribarren number (Battjes,
1974):

ξo ¼
tanβ

Ho=Loð Þ1=2 ð2Þ

where Ho is the offshore wave height (in metres); Lo is the wave-
length (in metres); and tanβ is the beach slope.

In our case, one of the difficulties lay in using these formulas
which were established from in situ measurements on micro- to
mesotidal beaches. The slope values generally used therefore repre-
sent the slope of the foreshore (Holman and Sallenger, 1985;
Nielsen and Hanslow, 1991; Stockdon et al., 2006). However, in a re-
cent study based on measurements of watermarks as an indicator of
the limit of run-up, Cariolet (2011a) showed than in a macrotidal
context, the slope of the active section of the upper beach was more
appropriate for the use of these formulas. By applying the same
semi-theoretical approach based on field measurements, a formula
was calibrated for Vougot Beach (Cariolet, 2011b). This formula
shows once again that the slope of the active section of the upper
beach gives the best adjustments when compared with the results
obtained in terms of maximum swash height, with in situ measure-
ments of the watermarks indicating the limit of wave swash (Fig. 6):

Rmax ¼ 0;7H0ξ0 ð3Þ

where, Rmax is the run-up; tanβ is the slope of the moving section of
the upper beach; and Ho and Lo are offshore wave height and wave-
length. The offshore wave data used to calculate run-up between
March 2008 and July 2010 were acquired by modelling using the dig-
ital model WAVEWATCH IIITM (Ardhuin et al., 2009, 2010), at the cal-
culation point 4°29′24″ W, 48°40′12″ N in 18.3 m water depth
(Fig. 1b).
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4.3. Meteorological conditions and aeolian transport

The analysis of meteorological conditions was based on the acqui-
sition of wind and rain data recorded for the entire observation peri-
od by the Météo France station in Brignogan located around 15 km
from Vougot Beach (Fig. 1a). The aim was to investigate whether
dune growth was correlated with specific wind conditions, consider-
ing that the Vougot dune, oriented 60°N–240°S, is influenced by both
main wind directions of west and northeast (Fig. 3). Morphogenetic
winds were only considered when the measured speed V* was great-
er than the critical shear velocity V*c calculated from the Bagnold
(1941) formula:

V�c ¼ k1 ρs=ρað Þ gdð Þ½ �0:5 ð4Þ

where k1 is a constant=0.1; ρs is sand density (2.7 g/cm3); ρa is air
density (0.0023 g/cm3); d is mean grain diameter in cm; and g is
gravitational acceleration (9.81 m/s²).

For an average grain size of 200 to 250 μm, constituting the mobile
sands of the dune/upper beach system, the critical shear velocity V*c
was between 4.7 and 5.4 m/s. A threshold of between 5.0 and
5.5 m/s was chosen to filter raw data for wind data analysis.

5. Results

5.1. Morphological changes

The evolution of the dune front since the 10th March 2008 storm
shows that the maximum retreat reached −1.4 m in two years, i.e.
approximately 0.7 m/year (Fig. 7). This value is similar to that
obtained through the study of the kinematics of the dune edge over
the period 1978–2000 (Suanez et al., 2010).

Analysis of beach profile measurements shows that since the
storm on 10th March 2008, the upper tidal beach/dune system has
changed considerably. Generally speaking, severe erosion of the
upper tidal beach (≥1 m depending on the sectors) can be observed,
while the upper part of the upper tidal beach and the dune toe accret-
ed (Fig. 8). Erosion of the upper tidal beach led to the almost com-
plete disappearance of a sand sheet, revealing an irregular
topography comprising outcrops of organic-rich freshwater peat
layers, and/or periglacial deposits such as head, and/or Pleistocene
shingle accumulations (Fig. 9). Accretion of the upper beach (espe-
cially the backshore above MHWL) and dune toe led to the construc-
tion of embryo dunes reaching 1 m high and forming a secondary line
of dunes. Nevertheless, in the details, these results show that tran-
sects 1 and 2 functioned similarly, while the evolution of transect 3,
located further west, differs from the first two.
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The analysis of the sediment budget achieved for the two profile
sections – the upper tidal beach and the dune – between April 2008
and July 2010, shows that the upper tidal beach/dune system at tran-
sects 1 and 2 functioned in a similar way. Continuous and regular sup-
plying of the dune toe was observed over the whole period of survey
(r2 between 0.93 and 0.97) inducing a readjustment of sediment bud-
get (Fig. 10). Therefore, the volume of sediment lost by the dune dur-
ing the storm of 10th March 2008 for these two transects – as we
mentioned above, respectively −9.2 and −8.5 m3.m−1 (Fig. 4b, c) –
has almost entirely recovered (respectively +8 and +7.75 m3.m−1

for transects 1 and 2). On the other hand, continuous and regular ero-
sion (r2 between 0.88 and 0.78) was observed for the upper tidal
beach; this loss of sediment reaches, respectively, −47.6 and
−42 m3.m−1 for both transects 1 and 2 (Fig. 10). In detail, this erosion
proved to occur very rapidly; the survey in April 2008, just one month
after the storm, showed that the upper tidal beach lost between−9.5
and−10 m3.m−1 at transects 1 and 2. As we shall see below, this evo-
lution could be the result of very rapid post-storm processes operating
to readjust the equilibrium beach profile, as explained by Dean
(1991).

At transect 3, sediment budget evolution shows different behav-
iour, whereby the entire upper tidal beach/dune system accreted.
For the whole period of survey, a regular sediment volume gain (r2

0.92), reaching +5.3 m3.m−1, was recorded for the dune. However,
this volume remains lower than that lost by this same sector during
the storm of 10th March 2008 (−12.3 m3.m−1, see Fig. 4d). Similarly,
a sediment volume gain reaching +11.5 m3.m−1 was recorded for
the upper tidal beach, which is almost equivalent to the volume lost
on the 10th March 2008 (−15.9 m3.m−1, see Fig. 4d). However,
when analysed in detail, this sediment supply proves to have been
highly irregular (r2 0.01). After a major supplying phase between
April 2008 and August 2009, a significant sediment loss phase was
observed.

The topographic survey based on comparison between DEMs
obtained from the November 2008–January 2009 and July 2010 mea-
surements confirms this evolution. Calculation of the sediment bud-
get and construction of sediment transport using the ‘box model’
method, show that the entire dune and the upper beach accreted by
+1,816±141 m3 and +11,934±928 m3, respectively (Fig. 11).
This positive sediment budget was recorded in spite of the 0.4 to
0.7 m/year post-storm dune edge retreat. This erosion is largely asso-
ciated with dune collapse and/or slides accompanying post-storm
dune profile readjustment phenomena (Carter et al., 1990). Dune ac-
cretion occurred principally at the dune toe and led to the construc-
tion of embryo dunes (Fig. 12a–e). Locally, as described by Hesp
(1988), wind blown sand accumulated on the crest, generating
small lobes, and on the mid-slope inducing accretion on the entire
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scarp (Fig. 13). On the other hand, the upper tidal beach lost−23,857±
2,302 m3. This evolution confirms the results obtained by the analysis
of beach profile measurements (Fig. 8). However, calculation of the
overall sediment budget for the entire study area showed a deficit of
around 10,000 m3, in spite of the low accretion recorded at the low
tide terrace (Fig. 11).
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5.2. Role of hydrodynamic and meteorological conditions

Analysis of hydrodynamic conditions, as previously indicated, is
based on the estimation of extreme water levels at the coast. This in-
formation was combined with the height of the dune toe measured
along the three transects. The maximum water levels obtained for
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Fig. 9. Pre and post-stormmorphosedimentary setting of the upper tidal beach of Vougot.
a) Pre-storm morphosedimentary setting of the upper beach on 10/09/2007 when sand
sheet was present. b) Immediate post-storm morphosedimentary setting on 20/05/2008
when sand sheet was still present. c) and d) respectively 1.5 and 2.5 years post-storm
morphosedimentary setting showing an outcrop of peat layers and periglacial deposits
on the upper beach due to the erosion of the sand sheet (photos: CEVA— Pleubian).

25S. Suanez et al. / Geomorphology 139-140 (2012) 16–33
the storm of 10th March 2008 reach over 10 m asl, i.e. more than 4 m
above the dune toe (Fig. 14). This extremewater level calculation is in
accordance with field observations made the day of the storm. As
shown in Fig. 12b, during the p.m. high tide, the highest swash run-
up reached the dune crest. After the storm of 10th March 2008, the
water levels calculated for the whole survey period exceeded the
dune toe elevation six times during which the dune did not erode: be-
tween December 2008 and January 2009, between October and De-
cember 2009 and at the end of March 2010 (Fig. 14). This is mainly
due to the fact that these high water levels were not sufficiently ener-
getic to have a real effect on the erosion of the dune toe where
accretion continued. This could also be explained by the fact that
morphological measurements were rarely achieved just after high
water level events. Therefore, if the erosion phase was not so impor-
tant, a few days marked by aeolian sediment supply to the dune were
sufficient enough to make the dune sediment budget positive and/or
stable, instead of eroding. This sediment supply was all the more effi-
cient as the dune retreat created accommodation space suitable for
accretion.

The relationship between the evolution of the dune sediment bud-
get and meteorological conditions did not reveal any particular link
(Fig. 15). Dune accretion, which was similar for the three transects,
occurred in five more or less marked phases (Fig. 15a). While the sec-
ond and fourth were associated with high wind speeds (≥20 m.s−1),
this seems to be less the case for the three others (Fig. 15b). Similarly,
there is no marked relationship between dune accretion and wind di-
rection (Fig. 15c). Phases 1 and 3, concentrated during the summer,
were associated with predominantly westerly winds confirming the
observations made above on seasonal wind variation (see Fig. 3).
The three other phases, mainly concentrated during the winter,
were more marked by alternating westerly and north-easterly
winds. This was particularly the case during the winters of
2008–2008 and 2009–2010 when long periods of anticyclonic condi-
tions associated with NE winds alternated with periods of cyclonic
storminess associated with westerly winds. The last factor, charac-
terised by rain, showed no clear relationship with the evolution of
the dune sediment budget either (Fig. 15d). For example, during the
particularly damp phase 4, dune accretion was as high as during the
final phase in which rainfall was very low.

Statistical analysis was achieved in order to describe the relation-
ships between environmental variables and dune sediment budget
changes (Fig. 16). The first correlation between sediment budget and
wind speed indicates a relatively weak relationship (r2 between 29%
and 30%). However, in terms of aeolian dynamic processes this relation-
ship is consistent as the more the wind speed increases, the greater is
the volume of sediment transferred. The statistical analysis of the rela-
tionships between sediment budget and rainfall and wind direction
offer a very poor degree of correlation (respectively, r2 between 1%
and 12%, and r2 between 0.5% and 10%). This is mainly due to the fact
that the beach is a complex non-linear system and morphological
change can rarely be explained by the variability of one driver in isola-
tion. However, the positive yet weak correlation between the sediment
budget and rainfall could be explained by the fact that the strongest
winds are blowing from the west (see Figs. 2a and 3) and are generally
associated with Atlantic stormy and rainy conditions. The correlation
between wind direction and sediment budget could also indicate that
from the eastern part (transect 1) to the western part (transect 3) of
Vougot dune, the processes differ. Dune accretion in the eastern part
is linkedmore towesterlywinds,while in thewestern part it is promot-
ed more by NEwinds. This can be explained by the fact that the jetty at
Curnic protects the eastern part of the beach from E to NE winds, while
onlyWwinds can supply sediment to the dune in this area. The further
west you go, the less this sheltering effect occurs; NE winds may there-
fore be far more efficient in aeolian transport.

The last element of analysis between dune erosion phases and the
previously calculated extreme water levels (Fig. 14) does not show
any relationship either. With the exception of two erosive phases on
16th January 2009 and 10th April 2010, that can be linked to high
water levels on 12th January 2009 and 31st March 2010, respectively,
none of the other erosion phases match extreme water levels at the
coast. This shows that dune crest retreat during this major period of
foredune recovery was not linked to undercutting of the dune toe.
This is also confirmed by the continuous rise of the dune toe along
the three transects (Fig. 14). These few phases of erosion are, as
seen above, the result of spasmodic dune crest retreat due to slump-
ing phenomena, which continued for the two and a half year observa-
tion period at a relatively low rate (Fig. 7).
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Fig. 10. Sediment budget evolution on two section of beach profile (dune and upper beach section) for transects 1, 2 and 3, between March 2008 and July 2010.
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6. Discussion

As many previous studies have shown, post-storm dune recovery
processes on Vougot Beach are principally the result of sediment
transfer between the tidal beach and the dune toe. This sediment sup-
ply allowed the restoration of dune sediment budget equilibrium,
without however promoting progradation of scarp slope filled to the
initial pre-storm position. Nevertheless, as described by Carter et al.
(1990), the rebuilding of the seaward dune face tended to maintain
the pre-storm dune form, particularly on well-vegetated slopes. This
sediment supply also led to construction of sand accumulations form-
ing embryo dunes between the high water level and the scarp, i.e. in
the accomodation space resulting from the several metres retreat of
the dune toe during the 10th March 2008 storm. Later sediment stor-
age induced the elevation of this space. This process tended to reduce
storm surge impacts and increase dune toe/upper beach accretion.

Budget calculation showed that the sediment volume lost from
the upper tidal beach over the 2.5-year period was far greater than
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Fig. 11. 2010 (a) and 2009 (b) Digital ElevationModel. c) Altimetry differences between the 2009 and the 2010 DEMs. d) Boxmodel illustrating sediment transport (values given inm3).
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that gained by the dune. The topographic measurements achieved be-
tween November 2008–January 2009 and July 2010 show a loss of
10,000 m3; this is confirmed by the beach profile measurements
which indicate that at transects 1 and 2, the upper tidal beach lost, re-
spectively −38 and −35 m3.m−1, while dune accretion represented
only +8 and +7.8 m3.m−1. On the other hand, for the third transect
located further west, the entire upper tidal beach/dune system ac-
creted. These results prompt us to put forward two hypotheses on
the morphosedimentary functioning which operates alongside dune
recovery processes.

1 – The sediment deficit of the eastern part of Vougot upper tidal
beach could be explained by sediment transfer from east to
west (Fig. 11). This type of transfer was previously observed be-
tween 2005 and 2009 (Suanez et al., 2010). It is associated with a
longshore hydrosedimentary drift from east to west, induced by
wave refraction–diffraction phenomena around the islets and/
or reefs located seaward of the shoreline (Fig. 2b). It is also asso-
ciated with aeolian transfer generated by east to northeast winds
which, as seen above, represent a non-negligible proportion of
the annual wind regime in this sector (Figs. 2a and 3).

2 – Sediment deficit could also be related to phenomena involved in
restoring an equilibrium beach profile between the tidal beach
and the nearshore to shoreface zone. As demonstrated by several
authors, severe storms are often accompanied by offshore cur-
rents such as seaward return currents, generating major cross-
shore seaward sediment flows (Winant, 1980; Snedden et al.,
1988; Bradshaw et al., 1991; Wright et al., 1991; Héquette and
Hill, 1993). This sediment transport is often the cause of severe
offshore beach erosion which can reach great depths (Gayes,
1991; Héquette and Hill, 1995; Lee et al., 1998). Recent work
achieved by Lentz et al. (2008) showed that onshore volume
transport due to surface gravity waves propagating toward the
beach can result in a compensating offshore flow referred to as



Fig. 12. Morphosedimentary changes of the dune over the past two and a half years. a) pre-storm dune morphology showing gentle slope face partially vegetalised b) Storm surge
and wave attack on dune front during the 10 March 2008 storm. c) Vertical scarp, slumps and failures affecting post-storm dune slope profile. d) e) and f) Supply of dune toe leading
to the construction of embryo dunes. These embryo dunes were colonised and stabilised by four main plant species: Cakile maritime, Atriplex laciniata, Salsola kali, Elymus farctus.

Fig. 13. Construction of lobes at the crest dune due to windblowmaterial accumulation.
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undertow in the shallow water, for instance in the surf zone. The
authors mentioned that these observed offshore flows indicated
that wave-driven seaward return currents extend well offshore
of the surf zone, over the inner shelf. The monitoring conducted
for this study was unable to measure these morphosedimentary
dynamics as measurements were limited to the intertidal beach.
However, the bathymetric survey conducted in July 2010 showed
sediment features perpendicular to the shore at depth up to
−12 m asl (Fig. 17). These features could have been formed by
cross-shore sediment transport induced by seaward return
currents.

Beach profile readjustment following these erosion phenomena
on the nearshore to shoreface zone would therefore result in post-
storm sediment transport between the upper tidal beach and the
lower tidal beach–nearshore to shoreface zone. These processes
have been particularly well described by Dean (1991) but also by
Lee et al. (1998) in the frame of the Field Research Facility (FRF) at
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Duck, North Carolina. Erosion of the upper tidal beach sand sheet has,
therefore, led to the exposure of organic-rich freshwater peat layers
over a surface increasing between 2008 and 2010. In the long term,
these processes could limit sediment transfer between the beach
and the dune because, as shown by Ruz and Meur-Ferec (2004),
sand moisture content generally increases, due to ground water seep-
age in the vicinity of the peat layer outcropping at the seaward limit
of the upper beach, inducing a limiting factor for aeolian sand
transport.

The model proposed in Fig. 18 illustrates the whole processes de-
scribed above. The first erosive phase, corresponding to the storm of
10th March 2008, was characterised by exceptionally high extreme
water levels (surge+run-up) at the coast (4 m above the dune toe)
which attacked the dune and generated seaward return currents
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where the most severe episode of frontal dune erosion on record,
with up to 14 m of recession, occurred especially during a tide
which reached 6.0 m asl on 26th February 1990 and which was asso-
ciated with mean onshore wind speed of 15–23 m.s−1 (Pye, 1991;
Pye and Blott, 2008). At Vougot Beach, these processes led to major
dune retreat (up to 6 m), of which the primary effect was the creation
of accommodation space at the dune toe (Fig. 18b). The sediment vol-
ume lost by the dune was transferred to the upper tidal beach by
shifting the equilibrium profile upward. These processes worked par-
ticularly well at transects 1 and 2 where cross-shore transfer was
dominant (Fig. 4); they differed for transect 3 where longshore trans-
fer from east to west led to erosion of the upper tidal beach (Suanez
and Cariolet, 2010). As shown in Fig. 18b, it is assumed that seaward
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Fig. 16. Correlation between dune sediment budget and wind speed, wind direction and rainfall for the three transects.

Fig. 17. Bathymetric survey using a multibeam echo sounder conducted on the eastern part of Vougot Beach on 29 July 2010.
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return currents generated erosion of the lower tidal beach–nearshore
to shoreface zone, which is impossible to quantify as topo-
morphological monitoring did not cover this area. The second phase
illustrates the very rapid dune recovery processes that began in
the month following the storm (Fig. 18c). These processes involve
aeolian transport resulting in slight dune toe accretion (+0.1 to
+0.5 m3.m−1, see Fig. 10). However, this transport alone cannot ex-
plain the strong erosion experienced during this same period by the
upper tidal beach at transects 1 and 2 (−10 to −14 m3.m−1, see
Fig. 10). As previously emphasised, the sediment deficit in this east-
ern section of the beach could be related to transfer between the
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facilitated by the creation of accommodation space suitable for sedi-
ment storage (Fig. 18d).

Hence, if all these dynamics are entered into the various conceptual
models, the dune evolution observed since the storm of 10th March
2008wouldmatch scenario (D) of the Psuty model (Psuty, 1988), char-
acterised by a sediment budget deficit for the entire beach/dune system.
In these circumstances, the author indicates that dune erosion is, above
all, related to storm surge effect, and that by feedback processes, the in-
creasingly severe lowering of the beach profile promotesmore frequent
attack on the dune. These processes perfectly illustrate the functioning
of the beach/dune system on Vougot Beach, even though, as indicated
above, the dune recovery that has been occurring for two and a half
years is largely dictated by accommodation space. The creation of this
accommodation space, generated by the retreat and, more importantly,
elevation of the dune toe, has reduced the effects of wave attack on the
dune as uprush processes during storms are, under these circum-
stances, less frequent and less energetic. However, as indicated by the
Hesp model (Hesp, 1988, 2002), these dune recovery phenomena
after particularly erosive storms cannot occur for very long periods of
time. They generally depend on sediment availability and the frequency
of erosive events on a seasonal scale. In the case of Vougot Beach, the
sediment stock on the tidal beach that contributed to dune recovery,
today appears to be largely depleted.

7. Conclusion

The geomorphological analysis performed immediately after the
storm of 10th March 2008 reveals a number of key points relating
to dune recovery processes:

1. The particularly severe dune erosion during the storm was gener-
ated by extreme water levels approximately 4 m higher than the
dune toe. These processes caused dune retreat by up to 6 m in
places. They also very probably generated seaward return currents
which may have eroded the lower tidal beach–nearshore to shore-
face zone and transported this sediment seaward.

2. The initiation of the recovery of dunes was immediate and still ongo-
ing two and a half years after the storm. Already existing dunes ac-
creted further due to a large aeolian sand supply. This process led
to embryo dunes recovery at an average rate of 4–4.5 cm per
month, although average monthly volume changes varied from −1
to 2 m3.m−1, and total volume changes reached +1,816±141 m3

across the studied longitudinal section of about 650 m between
November 2008–January 2009 and July 2010. These dune construc-
tion processes were rapidly facilitated by vegetation growth which
fixed the embryo dunes.

3. The sediment supply to the dune was provided by sand mainly
from the upper tidal beach whose erosion reached over 1 m in
the eastern part of Vougot Beach for the entire survey period.
This sediment transfer was mainly generated by aeolian transport,
although nearshore drift currents may have played a role in east to
west sediment transfer.

4. Dune regenerationwas largely determined by the creation of accom-
modation space. This space is linked to dune retreat and consequent-
ly to dune toe elevation, which occurred during the storm. Dune toe
submersion and wave attack phenomena during the 2.5-year moni-
toring period were greatly reduced, enabling embryo dunes to be
formed and maintained as a second line of dunes.
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