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A sequence of daily beach surveys acquired over one month covering an area larger than 100,000 m2, was ana-
lyzed to studymorphological changes resulting from a cluster of storms. The beach response was highly variable
in both the cross- and alongshore. A cumulative storm effect was not observed, despite one storm being charac-
terized by a 10-year return period that had significant wave height (Hs) of 8.1 m and a peak wave period (Tp) of
17 s. Instead, storms that can potentially cause significant erosion in terms of Hs had a limited effect on themor-
phology because the large wave height was coupled to either neap tides, normally-incident short-waves
(f N 0.04 Hz), or low levels of infragravity (0.004 b f b 0.04 Hz) energy. Multiple linear regression analysis
shows that volumetric changes in the upper part of the beachface are explained by offshore wave characteristics
(period, height and direction), tidal range or by infragravity energy in the inner surf zone (assessed using pres-
sure and velocity measurements). The results indicate that it is not possible to scale-up single-storm erosion
studies into predictions of cluster-storm erosion.

© 2013 Elsevier B.V. All rights reserved.
1. Introduction

Long-term recession is a common feature of shorelines worldwide
(e.g., Bird, 1985; Komar, 1998). Short-term recession can be traced to
anthropogenic effects (e.g., Frihy and Komar, 1993), while climate
change or variations in sediment supply are potentially the main driver
of long-term erosion (Stive, 2004; Zhang et al., 2004). These recession
patterns are the result of cross- and alongshore gradients in sediment
fluxes, which cause sediment redistribution between the onshore and
offshore areas, between up and down the coast, and ultimately induce
net erosion and accretion. The intrinsic difficulties in estimating sediment
transport due to the presence of thresholds, non-linearities, bedforms,
and different modes of transport make the up-scaling from short-term
(~minutes) and small-scale (~centimeters) predictions of sediment
transport to long-term (Ndays) and large-scale (~kilometers) predic-
tions of beach evolution an extremely challenging exercise. Depending
on themagnitude of the forcing conditions, the role of waves can quick-
ly change from accretive small wave conditions to erosive storm wave
conditions. Although simplistic, this approach holds also when describ-
ing subaqueous sandbars that tend to move slowly onshore during
calm, accretive conditions and more rapidly migrate offshore during
stormy, erosive conditions (Gallagher et al., 1998; Plant et al., 2006).
However, such simplistic models do not provide the level of detail
titute ‘IH Cantabria’, Universidad
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needed by planners to define coastal hazard zones or by engineers to es-
timate fill quantities needed for post-storm re-nourishment.

Studies have shown that shorelines can partially recover from
storm-induced erosion and that the initial recovery can be extremely
fast. For example, Wang et al. (2006) showed that substantial beach re-
covery in the form of re-establishing the pre-storm beachface slope and
berm occurred within 90 days. Even more impressively, Birkemeier
(1979) showed that up to half of the sand eroded during the storm
was recovered within one day of the storm. On the other hand, a full re-
covery frommajor storms can also last for years, especially if erosion of
the dunes backing the beach has occurred (Thom and Hall, 1991). In fact,
the ‘vulnerability’ of a beach, intended as the potential of a beach to be
affected by a major storm, depends on the balance between storm fre-
quency and recovery rates. Studies of beach vulnerability dependon un-
derstanding the role of dunes that act as sediment reservoirs, sandbars
that shelter the beach from wave action, and the three-dimensional
(3D) response of the whole coastal system.

The difficulty in collecting adequate datasets makes the study of the
role of storms on long-term beach change challenging (Zhang et al.,
2002; Anderson et al., 2010) with most studies focusing on detailed
measurements of fast-scale hydrodynamic and sediment transport pro-
cesses at a selected location (e.g., Aagaard et al., 2005), or on the analysis
of beach profiles which are usually sparse in time (e.g., Almeida et al.,
2012). Datasetswith adequate resolution in both time and space are un-
common, and even fewer studies have addressed the effect of ‘clusters’
of storms on beach response (Birkemeier et al., 1999; Ferreira, 2006).
Lee et al. (1998) and Birkemeier et al. (1999) analyzed long-term
beach profile surveys from Duck (North Carolina, USA) and concluded
f extreme storms, Geomorphology (2013), http://dx.doi.org/10.1016/
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that a sequence of storms has a ‘cumulative’ effect on beach erosion, and
if the beach has no time to recover, clusters of storms have an effect
comparable to that of a less frequent and more energetic storm with
respect to both intensity and stormduration. Numericalmodeling stud-
ies show that wave chronology also affects beach profile evolution
(Southgate, 1995; Ferreira, 2005). These findings needmore corrobora-
tion by comprehensive observational studies over various beach types
before they can be translated into beach management practices.

In the present work, we discuss whether the response to multiple
storm events is equal to the linear sum of the effect of each storm or
whether the last storm results in increased or decreased erosion. Both
hypotheses are viable and in this context recent data-driven models
have shown that shoreline erosion tends to diminish if erosive condi-
tions are maintained (Yates et al., 2009). At the same time, because of
the difficulty in collecting an appropriate dataset, little is known about
the alongshore variability in beach response to storms. Here, we use de-
tailed topographic surveys that were obtained daily over an area of
100,000 m2 for 30 days and concurrent hydrodynamic measurements
to describe the beach response of volumetric erosion and alongshore
morphologic evolution caused by a series of storms. Each storm response
is characterized as a function of its offshore and inner surf zone hydrody-
namic characteristics estimated from an offshore directional buoy and a
current meter located in the surf zone. Finally, we take advantage of the
fortuitous sequence of extreme storms to analyze and discuss the beach
response to extreme storms of varying duration and magnitude.

2. Field site

A surf zone field experiment was performed at Truc Vert beach, locat-
ed south of Bordeaux, France, in close proximity to the Arcachon lagoon
(Fig. 1) inMarch to April 2008 (Senechal et al., 2011a). The beach is a typ-
ical representation of the south Atlantic coastline of France, which is char-
acterized by an undisturbed sandy shoreline and by well-developed
aeolian dunes (Senechal et al., 2009). Truc Vert beach is characterized
by the presence of two sandbars, one subtidal and one intertidal, whose
shape ranges from linear to the more commonly-observed crescentic
shape. The inner sandbar is usually more dynamic with the presence of
well-formed rip channels (Castelle et al., 2007). The mean grain-size of
the beachface is 0.35 mm. Truc Vert is a macro-tidal beach with a tidal
Arcachon
Lagoon

Fig. 1.Map of the Truc Vert study site.
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range varying from 1.5 m during neap tides to 5 m during spring tides.
The mean annual offshore significant wave height (Hs) and period (Tp)
are 1.4 m and 6.5 s (Butel et al., 2002), and events that are characterized
by Hs N 4.1 m and Tp N 10.1 s are classified as storms (Le Cozannet et al.,
2011).

3. Methods

Twenty nine topographic surveys were conducted daily around low
tide fromMarch 4 to April 8, 2008, using four Differential GPSs (DGPSs)
with horizontal and vertical errors of less than 0.05 m. One DGPS was
positioned on an all-terrain vehicle and three DGPSs were mounted to
human walkers to survey the inner surf zone, swash zone, and the
dunes. Cross-shore beach profiles were measured from the dune to
the edge of the swash with an alongshore spacing of 20 m (an average
of 50 profiles was obtained during each survey). Additional information
about the surveying technique and the errors associated with the beach
survey are described in Parisot et al. (2009). Two larger offshore bathy-
metric surveys were performed by the SHOM (Service Hydrographique
et Oceanographique de laMarine) on February 14 and April 7–9 (Fig. 2).
In addition, images from a two-camera system were collected at 2 Hz
from March 8 to April 7 to infer the position and dynamics of the sub-
aqueous sandbars (results are presented in Almar et al., 2010).

Hs, Tp, andwave direction (θp) weremeasured every 30 min by a di-
rectional wave buoy located in 20 m water depth offshore of the area
surveyed. Water levels were extracted every 30 min from a regional
tidalmodel thatwas correctedwith a tide gauge in theArcachon lagoon.
In order to analyze temporal variations in the offshorewave climate and
so in the amount of breaking-related dissipation, we used the Iribarren
number which is defined as:

ζ ¼ tanβ=
ffiffiffiffiffiffiffiffiffiffiffiffiffi
H0=L0

p
; ð1Þ

where tan β is the beach slope, calculated as the alongshore average of
the cross-shore slope between 1 and 3 m contours, L is thewave length,
and the subscript 0 refers to deep water conditions.

Surf zone hydrodynamics were measured throughout most of the
experiment using a collocated pressure (p) sensor and horizontal elec-
tromagnetic currentmeter thatmeasured cross- (u) and alongshore (v)
velocity components, referred to as a PUV sensor. The location of this
array is shown in Fig. 2. Using these measurements, we calculated 3-h
means of p, u, and v for different frequency bands: very low frequency
(vlf, 0.0005 b f b 0.004 Hz), infragravity (ig, 0.004 b f b 0.04 Hz), and
swell (sw, 0.04 b f b 0.2 Hz). Instrument heights off the bed were
collected for 30 days and are accounted for when calculating wave
properties and the total water depth.

4. Results

4.1. Hydro- and morphodynamic changes

The pre-experiment bathymetry showed three-dimensionality of
the outer bar characterized by a crescentic shape with an alongshore
horn spacing of around 600 m (Fig. 2, left panel). Similar to the observa-
tions of Ruessink et al. (2007), the pattern of the outer bar, although
subdued, is reflected onto the morphology of the inner bar (Fig. 3, top
panel). A cross-correlation between the detrended vertical elevations
along the outer and inner bar measured around cross-shore positions
650 and 250 m resulted in a low, but 95% statistically significant, regres-
sion coefficient (r = 0.4, p b 0.05) at zero spatial lag. In the cross-shore
direction, beach profiles display different characteristics depending on
their alongshore position. Cross-shore profiles corresponding to the
horns of the crescents (Fig. 4) show an asymmetric outer sandbar with
a crest that is much shallower than the one corresponding to profiles at
the bays of the crescents. Following the sequence of storms (Fig. 2,middle
panel), the outer sandbar still displayed a strong crescentic pattern with
f extreme storms, Geomorphology (2013), http://dx.doi.org/10.1016/
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Fig. 2. Contours of beachface and bathymetry of Truc Vert beach as a function of alongshore and cross-shore position (offshore is positive to the left, north is towards the top of the panels).
Panels show the survey performed on February 14 (left panel), the survey of April 7–9 (middle panel) and the net morphological change (right panel). Contour lines are plottedwith 1 m
spacing. A colorscale of MSL elevation is plotted to the right. The white-lined box indicates the area over which daily surveys were completed. The white dot indicates the location of the
inner surf zone sensor.
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an alongshore horn spacing of 600 m. The inner sandbar still displayed a
number of undulations reflecting the alongshore pattern of the outer
sandbar. The cross-correlation was also statistically significant at 95%,
but negative (r = −0.4) with a spatial lag of 100 m, implying that the
sandbar positions are out of phase (Fig. 3 bottom panel).

Four large storms occurred during the experiment (Fig. 5). The first
storm (S1, March 3 to 5) peaked around low tide of March 4 during
neap tides with a maximum Hs = 6.3 m, Tp = 15 s, and θp = 14°.
Fig. 3. Standardized vertical elevations along the outer (thick line) and inner (thin line)
bar at the beginning (February 14, top panel) and the end (April 7–9, bottom panel) of
the field campaign. Alongshore transects of beach elevations representative of the outer
and inner bar were measured around cross-shore positions 650 and 250 m.

Please cite this article as: Coco, G., et al., Beach response to a sequence o
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Unfortunately, this storm took place just before the onset of the beach
profile survey campaign and its effects cannot be assessed.

The second storm (S2, March 9 to 12) peaked during the night of
March 10 with a maximum Hs = 8.2 m, Tp = 16 s, and θp = 10° and
occurred during spring tides. The S2 estimated return period for this
storm is 10 years (Ardhuin, pers. comm.). At the peak of S2, the tidal
levelwas around1 mabovemean sea level (MSL). The PUV sensormea-
sured a large wave setup (Fig. 6b), indicating that the large offshore
Fig. 4. Cross-shore beach profiles at alongshore position−150 (dashed line) and+200 m
(continuous line), which correspond to a crescent bay and horn, respectively (see Fig. 2).
Profiles are derived from the survey performed on February 14 (see Fig. 2, left panel).

f extreme storms, Geomorphology (2013), http://dx.doi.org/10.1016/
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waves dissipated most of their energy before reaching the inner surf
zone (Fig. 6a, Hs has decreased to about 1 m). The wave heights at the
PUV sensor modulated with the tides, and were affected by depth-
limited breaking. During the onset of S2, pig increased rapidly and was
a factor of two larger than psw before the peak of the storm and the re-
lated instrument failure (Fig. 6d). The pig/psw, pvlf/psw, uig/usw, vig/vsw
ratios were larger during this storm than at any other time during the
experiment (Fig. 6d–f). At this stage of the experiment, the PUV sensor
was located near a rip channel, which might contribute to the large
increase of signals (pressure and velocity) in the infragravity and very
low frequency bands. Both uig/usw and vig/vsw were tidally modulated
(Fig. 6e,f) and primarily offshore- and southward-directed. Power outage
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during the height of the storm (March 11 to March 13) prevents further
insights. The large waves and super-elevation of the mean water level
due to the spring tides and storm-induced setup during S2 caused strong
erosion of the upper part of the beachface above the 4 mcontour line and
removed the alongshore morphological variability in the surf zone
(Fig. 7a–c). The two rip channels that were present on March 7 were
infilled during the storm, with strong localized accretion of up to 0.5 m
measured at the most offshore extent of the rip channel. Sediment from
the upper beachface was transported towards the 2 and 4 m contours,
where moderate accretion is observed. Below the 2 m level, apart from
the infilling of the rip channels, erosion dominates as one would expect
for a major storm event. The net accretion/erosion patterns occurring
(a)S4

(b)

(c)

(dd/mm)

(d)

(dd/mm)

(e)

23/03 28/03 02/04

 (dd/mm)

(f)

he vlf and swbands, (d) p in the ig and sw bands, (e) u in the ig and swbands, (f) v in the ig

f extreme storms, Geomorphology (2013), http://dx.doi.org/10.1016/
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Fig. 7. Contours of beachface surveys (elevation relative to mean sea level) as a function of alongshore and cross-shore position (offshore is to the left, north towards the top of the sub-
plots) for each of the three surveyed storms (S2, S3 and S4). Top,middle and bottom row show the topography before (first column, subplots a, e, i) and after (second column, subplots b, f,
j) S2, S3 and S4 respectively. Subplots in the third column (c, g, k) show the netmorphological change (contours are from the later of the beach surveys) where red indicates accretion and
blue indicates erosion. Subplots in the fourth column shownetmorphological change between the surveys of (d)March 10 and 11, (h)March 21 and22, (l)March 29 and April 7. Contours
are from the last of the beach surveys (March 11, March 22, and April 7). The survey dates are on top of each panel. Contour lines are plotted at 1 m spacing. The coordinate system is the
same as in Fig. 2. Colorscales of elevation and elevation differences are plotted to the right.
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around the peak of S2 between March 10 and 11 (Fig. 7d) resulted in
strong alongshore and cross-shore variability in erosion and deposition.
As shown by video images (see Fig. 8), the offshore sandbar responded
to S2 by changing configuration from crescentic to linear (see also
Almar et al., 2010). This type of response is consistent with observa-
tions collected at other beaches globally (van Enckevort et al., 2004).

The third storm (S3, March 15 to 17) peaked on March 16, just
4–5 days after the peak of S2 (Fig. 5) and occurred during −1 m low
tide (neap tides). The maximum offshore Hs was 5 m, which is more
than3 times themean annual value, waveswere near normally incident
(θp = −2°), and Tp = 12 swhichwas lower compared to the previous
storm. The increase in pig/psw, pvlf/psw, uig/usw, vig/vsw was marginal,
especially when compared to the rapid increase observed during S2
(Fig. 6c–f). Despite Hs reaching 5 m at the peak of S3, the beachface ex-
perienced only moderate erosion (Fig. 7e–g).

After a period of small waves (offshore Hs b 1.5) fromMarch 18 to 20,
a fourth storm (S4) occurred (Fig. 5). Strictly speaking, S4 could not be
classified as a storm in terms of offshore wave height (Le Cozannet
et al., 2011) which was not extreme. On the other hand, the duration of
consistently large waves and their effect on beach morphodynamics
Please cite this article as: Coco, G., et al., Beach response to a sequence o
j.geomorph.2013.08.028
make this event comparable to an extreme storm. In fact for about
10 days (from March 21 to April 1), Hs was above the mean annual
value with peaks above 4 m. More specifically, the mean Hs for S4 was
2.9 m, which is more than twice the mean annual value, and Tp reached
15 s with a mean value of 11 s. The largest Hs occurred at the beginning
(March 21) and at the end (March 30) of the S4 event. Owing to the
10-day storm duration, water levels changed from spring to neap tides.
With respect to the angle of wave approach, from March 21 to 26,
waves approached the beachface from the north-west (mean angle
around 20°) while during the rest of the storm the mean angle de-
creased to about 10°. The PUV (Fig. 6c–f) shows a progressive increase
of the infragravity component of the pressure signal throughout the
storm and by March 30 the magnitude of the infragravity and swell
components are comparable.

Beachface response to this storm differed over time. At the beginning
of S4 the beachface eroded between the 2 and 4 m contours, while the
lower part of the beach underwent either accretion or minor erosion
(see changes occurring on the upper part of the beach between 21 and
22 March, Fig. 7 h). Beachface response was also variable in the along-
shore as evidenced by an increase in the three-dimensionality around
f extreme storms, Geomorphology (2013), http://dx.doi.org/10.1016/
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Fig. 8. Orthorectified images of Truc Vert beach on (left panel) March 8 and (right panel)
March 12.
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the 0 m contour, where a shoreline sandwave developed with an along-
shore spacing between horns of ~400 m. The simultaneous presence of
large waves and a large angle of wave approach (around 20°) resulted
in a migration of the sandwave. Fig. 7 h shows that most of the accretion
around the 0 m contour was on the southward side of the offshore-
protruding parts of the sandwave. Overall, the sandwavemigrated south-
ward (positive values of the alongshore position) about 100 m during
the period between March 18 and 24 (value estimated using cross-
correlation analysis, Fig. 9). Between March 24 and 29, offshore Hs

remained large but never exceeded 4 m, tidal range decreased and the
wave field became more shore-normal. By March 28, θp b 10° marking
the beginning of an accretionary phase for elevations below 1 mwhich
accelerated strongly at the end of March when wave height dropped
below 1 m. At the end of the survey campaign (April 7), the beachface
(Fig. 7 l) and the shape of the sandbars (Fig. 3) develop a three-
dimensionality. The end of the survey campaign also coincided with
strong erosion of the upper part of the beach. This event was not asso-
ciated with large waves (Hs ~ 1.4 m) but rather with the combination
Fig. 9.Alongshore sandwavemigration. Bed elevations as a function of alongshore position
at cross-shore position of 200 m.

Please cite this article as: Coco, G., et al., Beach response to a sequence o
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of spring tides and large θp (see Fig. 5 around April 7), and the increase
in energy towards lower frequencies (Fig. 6).

Alongshore variability across the beachface was examined to ex-
plore the changes from alongshore uniform to variable and is shown
in Fig. 10. S2 resulted in large erosion above the 1 m contour line with
sand being transported during the onset and the peak of the storm to-
wards lower beach levels, where high amounts of alongshore variability
were related to the presence of a large rip channel. Variability decreased
during the decaying phase of the storm. This is particularly evident for
isolines from 0 to 2 mwhere the reduction in standard deviation is sta-
tistically significant (F-test p b 0.05) and equal to a factor of three. Small-
er reductions in the standard deviation are observed on the upper part of
the beach. At the same time, the lower beach contours (between 0 and
1 m) showed large erosion and both migrated onshore by up to 10 m.
Fig. 10 also shows erosion of the embryo dunes (contour lines above
3 m), which resulted from the elevated water levels driven by the oc-
currence of spring tides, the setup associated with the storm, and the
large amount of infragravity energy present in the incoming wave
field (Fig. 6). Consistent with these findings, swash time series mea-
sured during the same stormwere dominated by energy at infragravity
frequencies (Senechal et al., 2011b). Surveys performed near the onset
and after the peak of S3 confirm the limited effect of this stormon beach
erosion with beach three-dimensionality only increasing slightly. Final-
ly, the long duration and smaller magnitude of S4 resulted in erosion of
the upper part of the beach with sediment likely to be transported to
offshore locations. At the same time, the alongshore variability in-
creased in the lower part of the beachface below isoline 2.5 m and is
statistically significant (F-test p b 0.05), which is an indication that
the large-scale alongshore pattern is beginning to redevelop during
later stages of S4 (e.g., March 28) and becomes extremely large when
calm conditions are re-established (e.g., April 4).

The cross-shore beach profile evolution provides insight into mecha-
nisms of beachface erosion and sediment transport. Two distinct erosive
events are observed (Fig. 11). Thefirst is associatedwith the highestmag-
nitude storm, S2 (Fig. 11a) and the second with very low waves and
spring tides (April 5–7, Fig. 11b). The overall effect of S2 is uniform
erosion across the beachface with the beach profile receding of about
5–10 m horizontally (Fig. 11a). In contrast, erosion can occur also when
large waves are not present (Fig. 11b). Between April 5 and 7, Hs was
Fig. 10. Alongshore variability in beach response. Top panel: Offshore Hs. Bottom panel:
Each black line represents the mean alongshore position for different contour lines
(each contour line is labelled on the left). Vertical bars indicate the alongshore variability
denoted by1 standarddeviation of themean contour line position.Missing values indicate
lack of data. The blue line indicates the high tide mean waterline position as measured
from a pressure sensor on the inner sandbar. Offshore direction is upwards.

f extreme storms, Geomorphology (2013), http://dx.doi.org/10.1016/
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Fig. 11. Alongshore mean of cross-shore profiles before (dashed line) and after (continuous
line) events characterized by (a) a storm and (b) a combination of spring tides and waves
approaching with a large angle of approach.
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sw band. Squares refer to the changes occurring during S2, stars to the beginning of S4
and circles to all other available measurements.
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~1 mbutwater levels were high due to spring tides and θp ~30–40°. This
resulted in the transport of sediments from the upper to the lower part of
the beachface with a nodal point around a vertical elevation just above
1.5 m (Fig. 11b).

4.2. Regression analysis

Offshore and inner surf zone hydrodynamic data are used to explain
morphological changes throughout the experiment. Offshore variables
considered in this study were Hs, Tp, θ, and, because of the large varia-
tions in water levels between spring and neap tides, we also included
tidal range (TR) as a potential predictor of morphological change. Inner
surf zone measurements considered were pressure and velocity at vlf,
ig, and sw frequencies. Daily averages of these hydrodynamic variables
over the day prior to each beach survey provided the best results,
as opposed to using maximum values or squared and integrated
values. Morphological change was quantified by integrating bed ele-
vation differences between subsequent surveyswithin elevation ranges
of−2 to 0 m and 0 to 6 m, and then dividing by the length of the beach.
The selected ranges gave the best compromise betweenmaximising the
available data and providing insight on the physical processes.

The first step of the analysis involved regressing changes in beach el-
evation on offshore and inner surf zone variables separately. The corre-
lations were not statistically significant in any of these cases so that, in
order to assess the combined role of forcing variables, multiple linear
regression analysis was needed. Beach changes between −2 and 0 m
could not be significantly explained by any combination of offshore or
inner surf zone variables. Above MSL, a multiple linear regression
using offshore data provided statistically significant predictions for
beach change (r = 0.66, p b 0.05, Fig. 12a). Beach changes above MSL
were also explained using inner surf zone variables, including the ig pro-
portion of the pressure and velocity fields (r = 0.59, p b 0.05, Fig. 12b).
The vlf component (not shown) gave similar results to the ig component,
however there was a lack of correlation (r = 0.44 but p N 0.05) between
data at sw frequencies and beach changes (Fig. 12c). Regressions calculat-
ed between beach change and the Iribarren number (Battjes, 1974) or the
distance between the shoreline and the inner sandbar (as calculated in
Almar et al., 2010), both resulted in insignificant correlations.

5. Discussion

The large spatial extent (on average, 900 m in the alongshore and
150 m in the cross-shore) and long duration of the measurements
Please cite this article as: Coco, G., et al., Beach response to a sequence o
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allowed for a detailed quantification of morphological evolution
over a sequence of extreme storms at Truc Vert beach. S2, which
had the greatest Hs, caused large beachface erosion (~25 m3/m) while
S3 (maximum value of Hs was 5 m) caused only limited erosion
(b2 m3/m). The different response could be the result of a combina-
tion of factors, which are not easy to identify and separate. From a
hydrodynamic perspective, the main factors included the limited in-
crease in infragravity energy levels, near normally-incident waves,
and concomitant occurrence of neap tides with a storm that peaked
around low tide. Changes in thewidth of the surfzone and in offshore
dissipation must have also played a role since Hs measured at the
PUV sensor was as large as 1 m during S2 but it was about 0.5 m,
i.e. not different from non-storm days, during the other storms (Fig. 6a).
From amorphodynamic perspective, S2might have caused somuch ero-
sion (and offshore sediment transport) that the response to this subse-
quent, smaller storm was minimal. The only erosive signature on the
beachface was related to the development of a rip channel extending to
the inner sandbar at alongshore position +50 m, while the rest of the
beachface was characterized by moderate accretion or erosion. The
outer bar was not active during S3 (no breaking was observed in corre-
spondence of the sandbar crest). S4, which was characterized by smaller
Hs than in S3, resulted in greater erosion (~6 m3/m) than S3. During S4
erosion was concentrated on the upper part of the beach and was con-
comitantwith the occurrence of spring tides. Tides per se are not a source
of erosion but the occurrence of spring tideswith extremeHs (S2) or large
θp (April 7 during S4) leads to the largest measured erosive events.
Masselink et al. (2009) reportedmeasurements of bed elevation changes
across the swash zone during S4. The measurements were performed
on a swash by swash basis and indicated that the presence of strong
longshore currents was a primary cause of beachface erosion.

Measured erosion/accretion values are limited to the beachface and
do not extend sufficiently far offshore to allow for a reliable assessment
of sediment budget or to evaluate the relative role of cross-shore versus
alongshore processes. Nevertheless, they do provide a reliable estimate
of net changes occurring on the beachface as a result of the storms. Esti-
mates of net sediment loss/gains between the pre- and post-experiment
large-scale bathymetric surveys (Fig. 2) indicate that most of the
sediment is redistributed across the nearshore region with a net loss
of −0.24 m3/m and −1.12 m3/m for elevations between +6 and 0 m,
and 0 and−8 m, respectively. This is only partly compensated bymoder-
ate accretion offshore of 1.11 m3/mbetween−8 and−12 m. The overall
erosion is minor, with −0.25 m3/m for elevations between +6 and
−12 m.

An intriguing finding is the presence of periodic 3D features both at
the beginning and endof the campaign (Figs. 2, 3). Despite the sequence
of extreme storms, the length-scale of the alongshore pattern of the ini-
tial and final beach configuration is surprisingly similar suggesting that
this is the natural state. Changes from3D to 2D and then3Dagain can be
explained by the differences between the individual storms. S2 caused a
decrease in alongshore variability and considerable erosion (e.g., Fig. 7),
f extreme storms, Geomorphology (2013), http://dx.doi.org/10.1016/
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consistent with existing observations of changes in sandbar configura-
tion from 3D to alongshore uniform (van Enckevort et al., 2004). Con-
versely, beachface surveys performed during and after S4 (March 28
and April 7) revealed beachface accretion (N2 m3/m) and the concurrent
development of 3Dmorphology. S4was characterized not only by small-
er Hs and Tp, but also by a lower amount of ig and vlf energy, ignoring the
period between April 2 and April 4 (Fig. 6). In terms of beach contours,
the minimum value of alongshore standard deviation of elevation
(a proxy for 2D morphology) occurred around March 14 after S2
(Fig. 10) and, despite the occurrence of S3, it increased to large values in-
dicative of 3Dmorphologywithin 7–10 days. These results provide a ten-
tative timescale for the return to 3Dmorphology. Unfortunately, the lack
of subaqueous surveys prevents a definitive statement on the role of the
offshore sandbar in providing a template to cause 3Dmorphology also in
the inner sandbar and the shoreline (as shown in Castelle et al., 2010),
and in accounting for exchanges of sediment between the outer and
inner sandbar (Almar et al., 2010) which could ultimately affect the
beachface. Overall, it appears that the development of 3D morphology
is associated with calm/accretionary conditions, while 2D morphology
results from stormy/erosive conditions (these conditions can not be
uniquely defined as they are site-specific and depend on previous hy-
drodynamic conditions and current beach configuration).

The large-scale pre- and post-experiment surveys demonstrate that
the length-scale of the beach surveyed is large enough to provide a good
representation of the processes occurring over the long straight coast of
Truc Vert beach. The morphodynamics of the large-scale alongshore
pattern, a sequence of highs and lows typical of rip channel systems, is
captured well by the surveys and, in agreement with the original work
of Wright and Short (1984), shows the development/disappearance of
alongshore periodicity as a result of the sequence in stormy/calm condi-
tions (Fig. 3).

These results demonstrate that a sequence of extreme storms does
not necessarily result in cumulative erosion and suggests that a caution-
ary approach to ‘storm clustering’ is needed. Our results support the
suggestion (Birkemeier et al., 1999) that design storm conditions may
need to be recomputed based on the frequency of storm sequences, as
opposed to individualwave or storm conditions. However, definingpre-
cisely how sequences of storms should be combined is not clear as, for
example, in our observations, one storm in the ‘cluster’ actually resulted
in very limited net erosion. The concept of ‘storm clustering’ is usually
based on offshore wave heights while the present study, usingmultiple
linear regression, shows that in order to explain stormeffects, oneneeds
to also account for tidal levels, ig energy in the incomingwave field and
wave direction and period. Also, any model trying to assess the role of
‘storm clustering’ should be able to account for the development or
disestablishment of three-dimensionality in the surf zone as wave ener-
gy is not only used to generate ‘net morphological change’ but also to
rearrange sediment in distinct shapes. Overall, in agreement with other
studies (e.g. Russell, 1993), our analysis suggests that low-frequency en-
ergy, particularly that associated with ig waves during S2, is certainly a
major factor in shaping the morphology during storms. Conversely, the
role of vlf energy remains to be established.

It is likely that a more global approach that accounts for the possible
detailed characteristics of each storm (Hs, Tp, θp, TR and ig energy) and
that also considers sandbar and dunedynamics is needed to fully under-
stand and predict beach response. Despite having a detailed set of data
with morphological and hydrodynamic characteristics, it remains diffi-
cult to provide a conclusive statement on the theoretical effect(s) of
storm clustering. One might expect a depleted beach to be more prone
to erosion but recent work (Yates et al., 2009) indicates the opposite:
since beaches always tend to an equilibrium shape and since a storm
tends to push the beach far fromequilibrium, sequences of storms should
be less and less effective in driving the beach away from equilibrium. Our
results have elements that are consistent with the simple model of Yates
et al. (2009) although we also suggest that other characteristics of the
‘storm chronology’ such as tidal stage and surfzone characteristics are at
Please cite this article as: Coco, G., et al., Beach response to a sequence o
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least as important as wave height and are needed in such a model in
order for it to be more universally applicable. Eroded sediment, possibly
transported in the offshore direction but not lost to deeper water could
fundamentally alter the response to the following storms and give rise
to a feedback involving the ‘chronology’ of waves, sediment transport
and morphological change. Sediment mobilized from the beach and de-
posited in the surf zone has the potential to change the shape of the
cross-shore profile, enhance wave dissipation (i.e. waves might begin to
break further offshore) which in turn would feedback into sediment
transport. Assessments of the morphodynamic effect of a ‘cluster’ or a
‘chronology’ of storms, and the ability to predict the dynamics related
to beach recovery depend not only on the hydrodynamic characteristics
of the storm but also need to account for beach type, the presence and
location of subaqueous sandbars, spring-neap concurrence and beach
vulnerability.

6. Conclusions

Analysis of observations from a detailed field campaign involving
daily beach surveys over a wide area shows large variability in cross-
shore and alongshore beach response to a sequence of storms. Larger
scale bathymetric surveys indicate the presence of pronounced 3D sand-
bar patterns at the beginning and the end of the campaign. The sequence/
cluster of storms did not result in enhanced erosion as observed at other
locations, because of the different characteristics of each storm and, pos-
sibly, because the largest stormoccurred at the beginningof the sequence.
The response to each storm is difficult to anticipate especially because of
the interplay between water levels, angle of wave approach, amount of
infragravity energy and pre-existing beachface conditions. Multiple re-
gression analysis indicates that the coupled effect of offshore hydrody-
namic variables and ig energy in the inner surf zone can explain at least
part of the changes occurring over the beachface.

The findings are of critical importance in improving the understand-
ing and prediction of beach response to storms. The interplay between
offshore wave characteristics, their transformation across the surf zone
and pre-existing bathymetry remains difficult to disentangle but our re-
sults clearly show that it is this complex interplay, rather than the direct
control ofwave energy, that controls the response to storms. These obser-
vations also provide a valuable datasetwithwhich to test advances in nu-
merical modelling and how increased process knowledge can lead to
improved predictions in nearshore morphodynamics.
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