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Along the coast, anticipating the different morphological responses induced by storm events is crucial for man-
agers to evaluate coastal risks and to develop the bestmeasures tomitigate them. In this paper, amethodology is
developed to determine the best storm intensity parameter to derive storm thresholds for different morpholog-
ical responses. Themethodology is applied to the northern part of the Gulf of Lions coastlinewhere storm events
can induce important morphological changes. These include shoreline retreat, beach and dune erosion, signifi-
cantmigration of nearshore bars, overwashes and even breaches of coastal barriers, as well as damage to coastal
defences and coastal infrastructure. In order to evaluate historical storm characteristics and impact, an extensive
review was undertaken to obtain quantitative datasets (beach profiles, wave records), aerial photographs and
more qualitative information on morphological evolution and coastal damage. Re-analysis of hydrodynamic
and morphology data was undertaken, and hindcast wave modelling results were used to characterised storm
intensities. Themethodology developed to evaluate storm thresholds consists of obtainingmorphological evolu-
tion indicators (evidence of breaching, overwash processes, volume variations and migration of morphological
patterns) that can be directly linked to a storm event and its characteristics. Results demonstrate that in such
a quasi-non-tidal wave-dominated environment, with intermediate double-barred beach shoreface morpholo-
gy, major coastal changes occur following the maximum significant wave height reached during the storm, or
else according to maximumwave run-up elevation regarding upper beach impact, a wave height dependant pa-
rameter. Inversely storm surge (and water level) alone, as well as total storm energy, do not explain any storm
impact scale. Storm-specific datasets indicate that important morphological evolution is observed during mod-
erate storm events (significant wave heights over 2.7 m). Above this threshold, the morphological behaviour
changes radically. The main characteristics are a rapid offshore migration of the nearshore bars and large depo-
sition of sand on the upper beach. However, themajormorphological changes are associatedwith evenmore en-
ergetic events. When the significant wave height reaches 5 m, important impacts are observed: breaching and
overtopping of natural coastal barriers, and severe dune erosion and impacts to coastal infrastructure on urba-
nised beaches. Qualitative observations show an important increase in damage when the storm waves reach
5 m. The methods employed can be applied easily to any coastal segment and provide coastal managers with
tools to evaluate different coastal evolution and coastal damage induced by storm events.
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1. Introduction

Because of their low elevation, coastal plains are particularly affected
by storm events. A storm event is a high energy event that can be de-
fined by different parameters including wave height, wind velocity,
and storm surge. Because storms induce awide range of hazards includ-
ing beach and dune erosion, dune overtopping and associated inunda-
tion, and occasional breaching of the coastal system (Forbes et al.,
2004), they can also be considered in terms of damage and costs. The
morphological response to a storm event and its amplitude are usually
defined as proportional to the intensity of high-energy waves (Wright
and Short, 1984), but can also be related to other parameters including
storm duration, tidal level and/or pre-existing morphology (Wright
et al., 1985; Loureiro et al., 2009).

Various studies have analysed the impact of coastal storms and de-
fined parameters allowing the estimation of storm thresholds. These in-
clude wave energy (Sénéchal et al., 2009), wave height, maximum
water level reached by waves (Sallenger, 2000), and surge level. In
order to estimate vulnerability to coastal storms,methodologieswere de-
veloped for microtidal areas dominated by waves, taking into account
storm inundation indicators and morphology indicators (Mendoza and
Jimenez, 2006, 2009).
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Such approaches are very useful in the evaluation of coastal risks
and in the definition of coastal management plans. However, to antic-
ipate precisely the impact of a storm event, the pre-storm morpholo-
gy of the coastal zone is needed, and the determination of storm
thresholds is required (Jiménez et al., 2009; Bosom and Jimenez,
2010). This information is very often not available, limiting the use
of these methodologies in the evaluation of the intensity of morpho-
logical responses. If information on the magnitude of storm events is
available, coastal managers should know in advance the expected
type of damage and therefore would be able to select the best mea-
sures for damage mitigation.

In this context, this study aims to develop a methodology based on
observed and measured morphological responses to determine storm
thresholds for various degrees of coastal impact. The main objectives
are: 1) to analyse storm characteristics during recent decades; 2) to
evaluate the most important variables describing storms in order to
obtain the hydrodynamic thresholds for different morphological
changes; and 3) to use these thresholds to define a storm impact
scale.

The methodology is applied to the littoral zone of the northern
part of the Gulf of Lions, a low microtidal coastal plain that has been
particularly affected by storm events in the past.

Along this coastline, where the mean wave climate is moderate,
humans have often developed infrastructure and urbanised the coast-
al zone, disregarding the potential impact of extreme events. This re-
sults in an increase in coastal vulnerability to extreme storms. Along
the Gulf of Lions microtidal coastline, major storm events (1982,
1997 and 2003) have illustrated this phenomenon and caused dam-
age to harbour facilities, coastal tourism infrastructure, and urban
infrastructure.
Fig. 1. Location of t
2. Field site

The study area (Fig. 1) is located in the northern part of the Gulf of
Lions. It is a low coastal plain facing the Mediterranean Sea. The stud-
ied coastline, between the towns of Agde and Carnon, is characterised
by various levels of urbanisation that were developed in the 1960s,
and low natural barriers: the Lido of Sète to Marseillan fronting the
lagoon of Thau (where the maximum elevation of the old coastal
road was around 3.5 m above MSL and the present-day artificial
dune elevation is around 3 m), and the Lido of Pierres Blanches front-
ing the Palavasian lagoons (with a very low natural dune system at
~1.5 m above MSL). This coastline is affected by waves with a rela-
tively long fetch (wave periods reaching 12 s) and is particularly vul-
nerable to storm events. Here, many storm impacts have been
observed over recent decades: overwash and breaching of natural
sand barriers, beach and dune erosion, as well as damage to coastal
infrastructure and facilities.

The area has a semidiurnal microtidal regime (see Table 1), with a
mean tidal range of about 0.2 m and a spring tide range of 0.46 m
(SHOM, 2010). The coast is dominated by seawardwinds (SèteWeather
Station, from 2005 to 2009), either the Tramontane (NW) or Mistral
(northerlies) that represent 55% of the wind record, and for 20% of
this conditions, the mean wind velocity exceeds 31 km/h (47 km/h in
wind gusts). Marine winds (S to E winds) represent ~25% of the wind
record, and for 20% of this record, the mean wind velocity is over
22 km/h (39 km/h for the max speed). The Tramontane and Mistral re-
gime are observed during the entire year. However, the occurrence of
high velocity offshore winds is more frequent during winter. Marine
winds (SE quarter) are observed in autumn and winter associated
with periods of marine storms (annual maximum speedsN100 km/h).
he study area.



Table 1
Characteristics of main hydrodynamic factors at Sète.

Averaged (m) Max (m)

Tidal range 0.2 0.46
Waves (Hs) 0.7 6.98
Hs for 1 yr return period 4.3
Surge level (harbour) 0 0.85
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During the late spring and summer, a regime of land/sea breezes is ob-
served. Wave energy is moderate with a mean significant wave height
of 0.7 m and a mean peak period (Tp) of ~5 s. Storm waves have signif-
icant wave heights over 3 m (with mean Tp around 8 s) and can reach
7 m (in 30 m water depth). The Hs annual return period is 4.3 m. The
wave climate is dominated by SE swell. Waves associated with storms
do not exceed 3.5% of occurrences and arrive mainly from ESE (77% of
occurrences), almost normal to the coastline, while storms from the S
are less frequent (16% of occurrences). Most important storm events
are generated by meteorological conditions associated with a deep
barometric depression near the Bay of Biscay (Ullmann and Moron,
2007). Major storm events are often associated with coastal marine
winds, which generate important storm surges that can reach 0.85 m.
However, in some cases, swell generated in the middle of the western
Mediterranean basin can reach the coast where the wind is weak or
even blowing offshore (Tramontane). In such cases, the storm surge is
very small despite the storm conditions (HsN3 m).

3. Available datasets and methodology

In order to analyse storm characteristics and storm impact, an ex-
tensive search was undertaken to gather all available information. At
the same time, a new storm-specific monitoring campaign was
performed.

3.1. Storm characteristics

Wave and tide measurements were initiated recently in the Gulf of
Lions region; the longest time series cover about 20 years. These data-
sets include wave characteristics from a wave buoy located offshore
of Sète in 30 mwater depth (43°22.261′N; 3°46.777′E present-day lo-
cation, Direction Regionale de l'Equipement of Languedoc-Roussillon,
DRE-LR). Since early 1989, only wave height and period are available,
however a directional datawell wave gauge was deployed in 2006.
Water levels in the harbour of Sète (WL) are available since 1986
Fig. 2. Comparison between wave measurements at Sète and output from SWAN forced wi
measured and simulated times series during the December 1997 event.
(DRE-LR data source), and simulated hourly astronomical tides are
available online (www.shom.fr) at the same location.

In order to cover a longer time period with wave characteristics,
hindcast modelling was performed. The main objectives were to ob-
tain longer time series on wave conditions and to improve measured
times series by simulating wave direction. To reach these objectives,
an evaluation of various wind field data sources was completed.
ECMWF (European Centre for Medium Weather Forecast, ERA-40
project), Seawinds and NCEP-2 reanalysis (National Centers for Envi-
ronmental Prediction, Kanamitsu et al., 2002) winds were used to
simulate waves in the western Mediterranean Sea and at the field
site using Swan, a spectral wave model (Booij et al., 1999). Despite
significant differences between all wind sources, the wave field pro-
duced with NCEP2 winds seems to give the best results and to repro-
duce quite well the most energetic events. Wave heights were slightly
underestimated by the model, and an adjustment was calculated.
Fig. 2a presents the comparison between the measured/predicted sig-
nificant wave heights (after adjustment), and Fig. 2b illustrates the
measured/predicted wave heights during a major storm event in De-
cember 1997. Even if the correlation between the predicted and mea-
sured wave time series is low (R²=0.60), the Swan model outputs
using NCEP2 reanalysis winds appear to give reasonable results for
wave heights and directions during the storm, and were then used
to complete the measurement time series for the period 1979–2009.

In order to evaluate storm intensity, several physical indicators
were used (see Table 2): Hs, the significant wave height (m); WL,
the measured water level at Sète (m); bηN, the wave setup (m);
Rhigh, the extreme value of run-up on the beachface (m), where

Rhigh ¼ WL þ R2 ð1Þ

(2% exceedence value of run-up elevation in m, from Sallenger, 2000;
Sallenger et al., 2002; Stockdon et al., 2007); S, the storm surge, or dif-
ference (m) betweenWL measured value and the predicted tide in the
harbour of Sète (deviation influenced by the atmospheric/barometric
surge and the wind setup); and finally E, the total energy (J/m²) during
the event. For all water level indicators, the altimetry reference is 0 NGF
(Nivellement Général de la France). Parameters Hs,WL, S, bηNand Rhigh

are extracted or computed at the storm peak.
R2 is derived from the Stockdon et al. (2006) empirical formula:

R2 ¼ 1:1 0:35βf H0L0ð Þ1=2 þ
H0L0 0:563β2

f þ 0:004
� �h i1=2

2

0
B@

1
CA ð2Þ
th NCEP2 winds: a) measured/simulated significant wave height and b) comparison of

http://www.shom.fr
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Table 2
Chosen indicators of the intensity of marine storm events.

Storm hydrodynamics indicators

Hs (m) Wave significant height Measured at 30 m water depth
WL (m) Water level at Sète (including tide+surge) Measured in Sète Harbour (NGF Datum)
Rhigh (m) Maximum level : sum of WL+R2, giving the effective elevation of extreme run-up on the beach Calculated (Stockdon et al., 2007)
E (J/m2) Total wave energy during the storm Calculated when HsN2 m
S (m) Storm surge: difference between predicted and measured tide (WL – tide forecast) Calculated

72 M. Gervais et al. / Geomorphology 143-144 (2012) 69–80
where 〈η〉 ¼ 0:35βf H0L0ð Þ1=2 ð3Þ

is the wave setup component, βf is the beach steepness, defined in the
area of significant swash activity (Stockdon et al., 2006), H0 the deep
water wave height, and L0 the deep water wave length.

In order to evaluate the maximum level reached by water during
storm events, Rhigh is defined as R2+WL (m) (Eq. (1)). Thus, Rhigh en-
compasses the (atmospheric-) storm surge (S), the tide, the wave
setup and run-up.

E, the wave energy density according to linear wave theory, dur-
ing the duration of the storm (t0 to te) is calculated when Hs reaches
2 m as:

E ¼ ∫te
t0

1
8
ρgH2

modt ð4Þ

(unit is J/m²); where Hmo is the spectral significant wave height
(computed from the 0th moment of the variance spectrum).

Obviously, all of these hydrodynamic indicators are not fully indepen-
dent both dynamically and in terms of their calculation (see Table 2). En-
ergy, even if it includes in some storm duration, contains the wave
heights (Eq. (4)); water level, WL, contains the storm surge; while Rhigh
contains both water level and wave components (Eq. (1)). Given the lo-
cation of the tide gauge in the harbour of Sète, the storm surge, S, and
themeasuredwater level,WL, in the harbour do not includewave set-up.

However, in the following analysis, these parameters will be test-
ed separately in order to define which indicator best reflects the mor-
phological response and can thus be used to define storm thresholds
for this microtidal environment.
Fig. 3. Observed impacts during the event of December 1997. Each point (triangle) represe
destruction of the coastal road at Sète (left).
3.2. Morphological evolutions and impact

To evaluate morphological responses, datasets on historical
storms were used, and storm-specific monitoring of beaches was per-
formed during the winters of 2008–2009 and 2009–2010.

A database on historical storms was established by compiling infor-
mation obtained from the maritime services, coastal cities authorities,
local newspapers, research projects and publications. This database in-
cludes qualitative and quantitative information on physical characteris-
tics of stormevents (wave, wind, air pressure, etc.) but also on observed
impact (morphology, damage, costs, etc.). All observed impact were lo-
cated in a GIS. Analysis was also performed on post-storm aerial photo-
graphs taken just after major events of 1982, 1997 and 2003 (DRE-LR)
and on field photographs for most of the other important events.
From these, the morphological evolution and other impact were identi-
fied: destruction of the coastal road on the Lido of Sète, breaching or
overwashing on the Lido of Pierres Blanches, destruction of sea de-
fences, etc. An example of geo-referenced impact is given in Fig. 3, indi-
cating the major impact observed during the event of December 1997
(with a 50-year return period; Hs=7 m; Tp=11.1 s; WL=0.99 m;
S=0.86 m). Since the 1980's, historical shoreline and topo-
bathymetry surveys were acquired by the SMNLR (Service Maritime
et de la Navigation Languedoc-Roussillon) in the entire region. Howev-
er, the surveys were not focused on storm response and it is very often
impossible to estimate what part of the observed evolution is associated
with storm events. Thus, to evaluate the morphological responses dur-
ing storms, new datasets were obtained within the MICORE field cam-
paign during the winters of 2008–2009 and 2009–2010. Storm-specific
datasets were acquired on the Lido of Sète to Marseillan providing an
important source of pre- and post-storm morphologies as well as mea-
surements of the hydrodynamics. At this field site, two areas were
nts the location of various impacts: breaching of the Lido of Pierres Blanches (right) or

image of Fig.�3


Fig. 4. Bathymetry and topography of the Lido of Sète in the initial state of November 2008, beginning of an intensive campaign of storm specific surveys. Two post-storm survey
areas have been chosen according to nearshore bar patterns: mostly uniform alongshore (2D) in the south; with rhythmic crescentic shapes (3D) in the north.
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chosen (Fig. 4) for their specific morphology: one area with well-
established alongshore uniform nearshore bar systems, and another
area with a well-developed crescentic internal bar system. These areas
were monitored using RTK GPS coupled with an echo-sounder. Beach
and nearshore cross-shore profiles were acquired at 50 m alongshore
spacing (4profiles for the alongshore uniformbar region, and 11 profiles
for the three-dimensional region). Fifteen surveyswere undertakendur-
ing the two winter seasons.

All of the gathered information was used to develop morphology
evolution indicators (evidence of breaching, overwash processes, vol-
ume variations, vertical variations, see Table 3), which can be directly
linked to a singular storm event and its characteristics.

The coastal barriers of the Lido of Sète and the Lido of Pierres
Blanches are particularly vulnerable to storm events given their low
elevation. On the Lido of Sète, the major impact observed during re-
cent decades has been the overtopping and partial destruction of
the coastal road, where intervention for protection and reconstruc-
tion was needed almost every winter. In order to classify the impact
that were recorded, a qualitative scale was developed: the RI Scale
(Road impact Scale, see Fig. 5). The scheme is based on the storm im-
pact scale of Sallenger (2000) and defines four levels of impact,
Table 3
Morphological Indicators and criteria of impact used for threshold definition.

Indicator Data analysis Criteria

Occurrence of
breaching/overtopping
on the Lido of Pierres
Blanches

Vertical aerial
photographs, oblique
photographs after storms

Breaching/overtopping
observed

Overtopping/destruction of
the road on the Lido of
Sète

Vertical aerial
photographs, oblique
photographs after storms

RI Scale: qualitative
scale for the level of
impact on the road

Volume variation of the
aerial beach

Pre-post-storm surveys
during winter 2008–2009
and 2009–2010

DVbeach (m3)

Volume variation of the
shoreface

Pre-post-storm surveys
during winter 2008–2009
and 2009–2010

DVsf (m3)

Cross-shore mobility of the
nearshore bars at the
Lido of Sète

Pre-post-storm surveys
during winter 2008–2009
and 2009–2010

IBmigr (m) positive for
onshore migration

Evidence for morphological
impacts

All qualitative and
quantitative observation
in historical database

Observations
ranging from the water level reaching the road without major impact,
to the partial destruction of the road.

On the Lido of Pierres Blanches, the process of breaching/overwash
was studied by Durand and Heurtefeux (2006), Laborie and Heurtefeux
(2008), and Sabatier et al. (2008a). Geological evidence also confirmed
the role of major storms in the construction of the barrier (Sabatier
et al., 2008b). Given the dataset available, it was not possible to define
the importance of this phenomenon. The only available indication is
Fig. 5. Road Impact Scale for the Lido of Sète.

image of Fig.�4
image of Fig.�5
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the occurrence and location of the overwash/breaching that was geo-
referenced. Three transects were chosen on the Lido to calculate the hy-
drodynamic indicators during each of the historical events and to com-
pare with the available field observations.

To assess storm impact on the beach and shoreface morphology in
Sète during the last twowinters (2008–2009 and 2009–2010), three in-
dicators were defined: volume variation of the sub-aerial beach DVbeach

(emerged part of the profile), volume variation of the shoreface DVsf,
and cross-shore migration of the inner bar IBmigr. Volume variations
are often used to estimate erosion during storms (Allen, 1981; Quartel
et al., 2008), and bar migration during storm events also is described
frequently in the literature (Van Enckevort and Ruessink, 2003). Here,
only pre- and post-storm specific surveys were used, and the surveys
corresponding to a period with several events or long recovery periods
were not exploited. Digital terrain models (DTM) were created for each
survey by interpolation of the bed level measurements using ©Golden
Software Surfer (using triangulationwith linear interpolation). Volumes
were calculated for both the alongshore and three-dimensional regions
by comparing the interpolated DTMs. Given the crescentic pattern of
the inner bar in the northern region specific attention was paid to the
large scale alongshore migration of sand bodies that can strongly affect
the volume calculation. If a large-scale horn of the bar enters the sur-
veyed area as a result of alongshore processes, the resulting volume var-
iationswill be very important butwill bemore correlatedwith thewave
Fig. 6. Storm hydrodynamic indicators calculated for 34 events during which impacts were o
fore the storm surge (S) and extreme value of run-up (Rhigh) were not calculated.
direction than with the effective intensity of the storm (defined by
wave height or other parameters). This was the case for the event that
occurred on the 21st of December 2009, which was therefore not
taken into account in this study. The first storm of the second winter
(2009–2010) was not included in the beach volume comparison since
the pre-storm morphology was obtained several months before the
event and had a low vertical accuracy.

It was also decided not to use bar crest position indicators in the
northern area because it very often showed complex transverse bar
and rip morphology or a “drilled” crescentic shape (bar crest
destroyed in the bay by rip currents), where cross-shore bar migra-
tion is not easy to quantify. The surveyed area did not always cover
the entire crescentic pattern (i.e. several wave lengths), and using a
mean bar crest position was not fully representative every time.

4. Results

4.1. Storm hydrodynamics indicators for historical analysis

The hydrodynamics were simulated for the period 1979–2009 using
Swan forced with NCEP-2 wind fields. A first arbitrary storm threshold
of Hs=3m was defined to compute the hydrodynamic indicators
(Fig. 6). A comparison was done between the resulting events (213
events) and the storm impact database to ensure that this first threshold
bserved. During several events, the measured water level (WL) was not available, there-

image of Fig.�6


Fig. 8. Maximum static water level (WL+bηN) calculated for 34 storm events. Elevation
for each storm is displayed with horizontal line symbol over a single cross-shore profile
from 2006 in the Lido of Pierres Blanches. Water levels are separated according overwash
occurrence.
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was good. With the exception of 3 storms in 2002 (with Hs ranging from
2.5 to 2.8 m), no additional events with observations of impact were
found. These events were added to the database and a total of 34 events
with observations andwell-documented impacts over the 30-year period
were analysed. Since water level observations were not available for
the entire period, it was not possible to compute water level indicators
(i.e.: WL, S, and Rhigh) for 7 of the 34 storm events, except for the storm
of 1982 where WL observations were assimilated into the dataset.

4.2. Major impacts on coastal infrastructure and natural barriers

The hydrodynamic indicators defined to evaluate storm intensity
were compared with major morphological changes. On the Lido of
Sète, the indicator of impact to the coastal road RI was defined
based on the typology of impact that were observed during historical
storm events. The analysis (Fig. 7) clearly demonstrates the relation-
ship between the significant wave height (Hs) or maximum elevation
reached by the run-up (Rhigh) with the degree of impact to the coastal
road. Other indicators like surge level (S), water level (WL) or total
energy (E) during the event do not show any clear trends. While it
is obvious that the highest energy events or surge levels are associat-
ed with the most important impact, there is no trend permitting the
derivation of an increasing impact when the total energy or storm
surge level increase. Regarding the appearance of impact to the
road, even if well-defined thresholds are difficult to obtain, trends
can be observed. Impact to the road begin to appear for Hs N3.5 m
or Rhigh reaching 2.5 m (i.e. the slope of the road). Impact become im-
portant when Hs reaches 4–5 m and extreme when Hs reaches 7 m.
Damage to the road becomes very important when the maximum
water level Rhigh passes 3 m, approximately the elevation of the top
of the road.

On natural barriers, the most important impacts are associated with
overwash and/or breaching of the dune system. On the Lido of Pierres
Blanches (see location in Fig. 1), the mean elevation of the barrier is
very low (1.5 m, see Fig. 8) and overwash events are quite frequent.
Since 1982, 29 events were analysed. Twelve overtopping events were
documented, while during the remaining 17 storm events, no impact
Fig. 7. Relationships between the RI scale (degree of impact to the coastal road
was observed (or at least recorded). Run-up formulaewere not applica-
ble to this site because of the very low and narrowmorphology, so only
setup+water levels WL were analysed (equivalent to still water level
at the shoreline). Fig. 8 illustrates the static water levels (WL+bηN)
during the 29 events. Beach and nearshore altimetry were not available
for all these events, so the analysis was performed using a cross-shore
profile from a survey completed in 2006. This adds an error to themeth-
odology because setup and run-up are calculated with the same mor-
phological characteristics (beach slope). However, given the small
changes observed in this area in terms of beach morphology, this factor
is assumed here to have a small influence on the maximum level
calculation.

The first observation is that no complete inundation of the barrier
occurred during these events. There is a well-defined threshold in the
maximum water level (bηN+WL) and overwash observation. If the
maximum static water level is less than 80 cm above MSL, no over-
wash is expected to occur. When using only the offshore significant
wave height, the relationship is less clear. Overwash can occur
when Hs is greater than 4 m and associated with a high tidal level
in Sète) and various storm intensity indicators (for descriptions, see text).

image of Fig.�7
image of Fig.�8


Fig. 9. Occurrence of breaching/overwash as a function of hydrodynamic indicators: (a) significant wave height, Hs, versus maximum static water level (WL+bηN) and; (b) significant
wave height, Hs, versus Energy.

76 M. Gervais et al. / Geomorphology 143-144 (2012) 69–80
or a high surge. However, overwash is observed when Hs is greater
than 5 m, even with very low tide and surge levels.

As illustrated in Fig. 9, the occurrence of overwash/breaching is
clearly dependant on the maximum water level and on the offshore
significant wave height. The total energy during the event does not
show any relationship with the morphological impact. Overwash
can occur even during low energy storm events.

4.3. Qualitative observations

Given the restricted morphological dataset available, qualitative
observations (photographs, video, local newspapers, etc.) were used
to evaluate the morphological impact of recent storm events on the
Lido of Sète (since 1982). In the historical review, 16 events with
both recorded impact and storm characteristics were available.
These events permitted the classification of the observed impact
(Table 4): for moderate events (3bHs b4 m), the observations mainly
show beach erosion and closure of the road (mostly because of sand
deposition and strong winds); for energetic events (4bHs b5 m),
flooding begins and the road and restaurants are affected; for extreme
events (HsN5 m), overwash, dune erosion, marine flooding and im-
pact to roads and infrastructure were observed. Thus, these qualita-
tive observations (Table 4) confirm the existence of a threshold in
the significant wave height that would be between 4 and 5 m.

4.4. Storm impact on beach and nearshore morphologies

During the winters of 2008–2009 and 2009–2010, 15 surveys
were undertaken at the Lido of Sète beach (Fig. 10). They were fo-
cused on pre- and post-storm bathymetry and topography. Eight sig-
nificant events (i.e. with Hs reaching 3 m) were characterised and
Table 4
Observations of morphological impacts and damages at the Lido of Sète from 1978 to
2008.

Hs (m) 3–4 m
(4 events)

4–5 m
(4 events)

N5 m
(8 events)

Overwash ✔

Erosion ✔ ✔ ✔

Submersion ✔ ✔

Road destruction ✔ ✔

Dune erosion ✔

Boats ✔ ✔

Restaurants ✔ ✔

Bridge, railway and road closure ✔ ✔ ✔
permitted the assessment of the morphological variability at this
site. Several storm events were not taken into account in the calcula-
tions of beach volumes because it was not possible to obtain the pre-
storm topography immediately before the event (April 24th; October
21st and November 29th, 2009). Two additional events, December
21st 2009 and January 14th 2010 also were not used for the near-
shore volume calculations because the surveyed area did not cover
the entire rhythmic pattern of the bars before and after the storm,
which would have produced a strong bias in the computation. More-
over, 3 longer periods with low energy events were also used in order
to define thresholds for morphological responses. In such cases, the
most energetic conditions in-between two surveys were used to com-
pute storm hydrodynamic indicators.

Fig. 11 illustrates the morphological responses with the increase of
various storm hydrodynamic indicators. Determination coefficients
associated with linear regressions are presented in Table 5.

The volume of the sub-aerial beach can be modified by two pro-
cesses: erosion of the lower beach by swash processes and breaking
waves; or accumulation on the backshore during more important
storm events. The evolution of DVbeach (variation in volume) is well-
reflected by the hydrodynamic indicators that are directly related
with the wave characteristics: Hs, Rhigh and E. When these indicators
are low, implying low energy events, the beach is eroded overall,
while when they become larger, an increase of the DVbeach , accumu-
lation on the beach, is observed. Accumulation on the upper beach
begins when Hs reaches around 2.7 m or when the maximum level
reached (Rhigh) is greater than 1.7 m for the southern area and
1.3 m for the northern area. These elevations coincide with the
mean elevation of the top of the berm in each area. WL and S indica-
tors do not seem to have any influence on the variation of volume on
the sub-aerial beach. Larger variations are observed when theWL and
S levels are large, but no trends and no specific thresholds can be de-
fined. Despite similar forcing factors, the northern and southern areas
of the Lido of Sète have different responses. For both areas, the vol-
ume increases when the run-up overtops the berm, but volume vari-
ations are much larger in the southern area. As can be seen in Fig. 5,
the major difference between both areas is the location and shape
of the nearshore bars that clearly play an important role in storm
wave attenuation.

The variation of the volume of the shoreface (DVsf) is also driven by
wave parameters (Fig. 11). For wave heights under 2.7 m, the shoreface
accretes, while higher waves tend to generate erosion. This was ob-
served in both areas despite very different nearshore morphologies.
The volume variation is also overally dependent on the maximum
wave run-up and the event's total energy. Erosion increases with both
parameters, even if a clear threshold could not be defined. The variation
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Fig. 10. Wave, water level and storm surge time series in Sète during the winters of 2008–2009 and 2009–2010 (vertical dashed lines represent surveys).
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of shoreface volume does not show any dependence on the water level
or surge level, then these parameters could not be used to evaluate the
morphological behaviour.

The inner bar crest migration was analysed only for the southern
area, in order to avoid mis-interpretations due to the importance of
the 3-dimensional form of the northern bar system. As largely described
in the literature from all over the world, the inner bar migrates onshore
during fair weather or low energy conditions and suddenly shifts off-
shore when a storm occurs. This is well-illustrated at the site of Sète.
Onshore migration is observed when the wave parameters Hs, Rhigh

and E are low, andoffshoremigration appears and increaseswith higher
values. Here again, the shift in the morphological behaviour occurs
when Hs is around 2.7 m. Migration direction and intensity do no
show any dependency on the water or surge levels.

5. Discussion

1) In this study, a methodology to assess storm thresholds for
morphological responses has been presented. The methods employed
(pre- and post-storm bathymetry or direct observations of morpho-
logical responses combined with numerical modelling and measure-
ments of the storm hydrodynamics) are very basic and can be
applied to any coastal area with morphology and wave datasets. The
most important variables have been tested in order to determine
the most appropriate indicator to evaluate morphological responses.
In tidally-dominated areas, water levels or surge levels are very
often used to derive storm intensity indicators and alert system
scales, and our analysis shows evidence of the need to adapt the def-
inition of storm threshold indicators to local or regional coastal
settings.

2) In most of the methodologies used in storm impact assessments
(Sallenger, 2000; Mendoza and Jimenez, 2009), hazard intensity is
calculated and morphological parameters are then used (dune or
berm height, beach width …) to evaluate the vulnerability of the
coastal system. These methodologies imply that the actual capacity
of the beach to adapt to storm conditions cannot be taken into ac-
count (Bosom and Jimenez, 2010). With observed responses during
historical and recent storms, the applied methodology uses measured
pre- and post-storm morphologies and thus includes the real adapta-
tion processes of the beach. By using an important database of storms
and storm impact, the derived storm thresholds indicate the ampli-
tude of storm morphological responses whatever the previous mor-
phology is.

3) Both historical observations during important events and
storm-specific datasets obtained at the field site of Sète indicate that
the best parameter reflecting the morphological response is the off-
shore significant wave height (see Table 5).

4) As illustrated in Fig. 7, major impact (road destruction, over-
wash or breaching) are correlated with significant wave height or
the maximum level reached by run-up. These results are in agree-
ment with the Sallenger (2000) storm impact scale, corresponding
to the collision/overwash/inundation in function first of the still
water level to the shoreline, influenced by the wave setup (bηN),
and then the maximumwave run-up elevation (Rhigh) on the beach-
face (swash intensity). As was already observed in microtidal envi-
ronments (Jimenez et al., 1997), total storm wave energy is not
directly related with major impact. This parameter that includes
storm duration (Eq. (4)) tends to demonstrate that the duration of
the event does not play an important role in the morphological re-
sponse. As demonstrated by Sallenger et al. (2002) in a cliff retreat
analysis, the number of hours with R2 exceeding a threshold can be
important. However, it was not possible to assess this information
for historical datasets where only hourly wave conditions were
available.

5) Comparison of storm indicators with short-term evolution of
beach and nearshore volumes or nearshore bar migration confirms
the relationship betweenwave parameters and amplitude of the mor-
phological response (Fig. 11). However, a direct correlation between
storm intensity and the amplitude of the morphological evolution
could not be clearly established. This can result from the field mea-
surements that were undertaken from 1 to several days after the
storm peak. As described by many authors (Kroon, 1994; Masselink
et al., 2006; Quartel et al., 2008), the beach changes are more difficult
to observe when the survey occurs a long time after the event, partic-
ularly if the recovery of the beach is rapid. Early analysis of the lido of
Sète has shown that no significant morphological evolution can be
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Fig. 11. Responses of sub-aerial beach and nearshore morphology during storms quantified with morphological/hydrodynamic indicators. DVbeach is the volume variation of the sub-aerial beach; DVsf is the volume variation of the shoreface;
IBmigr is the cross-shore displacement of the inner bar. Circles represent observations in the northern area of the Lido de Sète and crosses in the southern area.
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Table 5
Coefficient of determination for the linear regression between morphology and hydro-
dynamic indicators. The best dependencies for each morphological indicator are in
bold.

Coefficient of determination R²
morphology\hydrodynamics indicators

Hs Rhigh E WL S

DVbeach 2D 0.89 0.55 0.49 0.19 0.33
DVbeach 3D 0.29 0.31 0.15 0.51 0.53
DVsf 2D 0.64 0.67 0.56 0.05 0.06
DVsf 3D 0.74 0.63 0.58 0.27 0.57
IBmigr 0.67 0.27 0.37 0.13 0.11
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expected for several days after a storm because ordinary wave events
are episodic and the constant wave regime is very weak in the region,
with Hs below 0.8 m and no breaker zone in the nearshore. Yet, it re-
mains clear from our dataset that there is a threshold in significant
wave height (around 2.7 m) that causes a shift in the morphological
behaviour (onshore/offshore migration, beach/nearshore sediment
loss or gain).

6) As illustrated in Fig. 12, there is a good relationship between
significant wave height and maximum level exceeded by run-up
Rhigh. This close relationship was already observed in similar environ-
ments by Mendoza and Jimenez (2009), who defined a flood vulner-
ability index, FVI, that includes both wave and run-up processes. On
the contrary, over the study area, the storm surge level alone is not
well correlated with Hs. This result is not surprising as both parame-
ters (wave run-up elevation and surge level), are theoretically dy-
namically independent. However, as both parameters are linked to
wind stress on the water surface, the apparent absence of a correla-
tion indicates that storm surge level, which is very often used as a
main storm indicator (see Ullmann and Moron, 2007; Ullmann et
al., 2007), should not be used to reflect marine storm intensity. How-
ever, this result can be site-specific because the main processes gen-
erating the surge here are not always correlated with marine
storms. High surge level at Sète can be observed when the Tramon-
tane, seaward wind, is oriented approximately south-eastward and
pushes the water toward the city of Sète. Under these conditions,
the surge level can be important temporarily without any marine ag-
itation due to an overall atmospheric depression acting before and
during the occurrence of effective wind. Moreover, storms can occur
with a very low surge level at the coast. This was the case during
the December 26th 2008 event when an offshore wind was blowing
at the field site and provoked a very low surge level (in the harbour
tide gauge, so not affected by breakers).

7) The application of themethodology to the Lido of Sète toMarseil-
lan clearly indicates that the storm indicators that appear to be directly
related with morphological response are Hs and Rhigh. Assuming that
Fig. 12. Relationships between significant wave heights (Hs), maximum water level
exceeded by runup (WL+R2) and storm surge level (S).
these parameters are closely linked (Fig. 12), the used of Hs as an indi-
cator of storm impact appears to be the most pertinent.

Indeed, from the results obtain in this study, Hs can be used to de-
fine various thresholds for morphological responses and major im-
pact in Sète (see Table 6):

- For Hs under 2.7 m, no important morphological evolution is ob-
served. Beach recovery and onshore bar migration can be ob-
served but are more associated with fair weather conditions;

- When Hs reaches 2.7 m, offshore bar migration is observed, as well
as beach accretion by overtopping of the berm crest by the swash;

- When Hs reaches 4 m, overwashes are observed on natural Lidos,
and impacts on infrastructure were reported;

- Over 5 m, overwash, breaching and major impact are systematic
and observed all over the studied area.

8) Given the morphological data available, it was not possible here
to assess the impact of storm groups on the morphological response,
even though they are known to have a significant role (Ferreira,
2005). If successive energetic events occur, the threshold is expected
to decrease as the vulnerability of the beach is changed (less dissipa-
tion of the wave energy by the nearshore bars, erosion of the lower
beach that facilitates swash impact on the dune toe, …). This phe-
nomenon could explain the variability of morphological changes ob-
served during the winters of 2008–2009 and 2009–2010, when
successive single events were sometimes separated by a few weeks.
This explanation re-enforces the hypothesis of the predominant role
of inherited morphologies on coastal evolution (Wright et al., 1985;
Loureiro et al., 2009).

9) Even if the role of the nearshore morphology volume, ampli-
tude and rhythmic patterns was not analysed in this study, the com-
parison between the northern and southern areas of the Lido of Sète
clearly provides evidence of their influence on the response of the
upper beach. With the same offshore forcing factors, the evolution
of the area with crescentic bars (northern area) shows very small
changes in volume, while the area with longshore parallel bars
(southern area) shows large volume variations (from 5 to 8 times
larger). Such a relationship between beach change and nearshore
morphology is widely described in the literature (see for example
McNinch, 2004; Castelle et al., 2007; Hequette and Aernouts, 2010),
but further analysis of the hydrodynamics/morphology interactions
is required to fully understand the longshore variability of morpho-
logical responses. In very similar hydrodynamic environments of the
Mediterranean Sea, several authors have recently investigated the
morphodynamics of nearshore morphology in natural (Ferrer et al.,
2009; Armaroli and Ciavola, 2011) or urbanised beaches (Ojeda
et al., 2011), with long term and high frequency datasets. Their obser-
vations on microtidal sites suggest that even if the morphodynamics
of the nearshore bars and their patterns are largely storm driven,
the modal alongshore morphology of a particular site (number of
bars; large scale patterns) very often remains stable over years, or
evolves extremely slowly. For a given site, this long-term stability of
the nearshore morphologies would control the panel of beach re-
sponses to storm events, and obviously will affect the magnitude of
morphological responses (as is observed on the northern and south-
ern sites of the Lido of Sète). The Lido of Sète, with a wide variability
of nearshore bar formations, represents a site of particular interest to
improve the understanding of these processes.

10) The obliquity of incident waves was not specifically analysed
in this study because most important storm events affecting the
coastline are very close to shore-normal incidence. Moreover, more
important obliquity of incident waves would probably reach the
coastline with lower energy due to refraction processes, and conse-
quently are expected to have a smaller impact on the coastal evolu-
tion. However, along coastlines where longshore processes are
predominant, one should pay particular attention to wave direction
in the determination of storm indicators and storm thresholds.
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Table 6
Morphological thresholds in the northern part of the Gulf of Lions.

Hs threshold Morphological response

b2.7 m No major evolution
2.7 m Change in the behaviour of coastal morphologies

(offshore bar migration, backshore sand deposition)
4 m Impact on the dune toe, on the flank of infrastructures,

overtopping of the low natural areas
5 m Overwash and breaching on natural lido, overtopping and

destruction of infrastructures
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6. Conclusion

In order to fully assess the vulnerability of a coastal region, it is nec-
essary to identify storm thresholds for morphological responses and
coastal impact. The methodology developed in this study allows the es-
tablishment of a direct relationship between storm intensity indicators
and morphological responses. The methods are applicable to all coastal
areas where morphology and hydrodynamic datasets are available, and
it can be easily adapted to specific beach conditions. The selection of the
best parameter to describe morphological impact reduces the degree of
uncertainty of storm impact predictors usually presented in the litera-
ture. Obtaining simple indicators is of great interest for coastal man-
agers who have to establish storm risk prevention plans.

In the northern part of the Gulf of Lions, morphology evolution as-
sociated with storms can be important and can induce damage to in-
frastructure, coastal facilities, and sea defenses (Table 6). The most
significant evolution can be related with the offshore significant
wave height that is a simple parameter currently provided by wave
gauges. The obtained threshold scale gives regional coastal managers
an estimation of the degree of impact they can expect on the coastline
and should be used in coastal risk management plans.
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