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ABSTRACT

The double tombolo of Giens, located in the town of Hyéres, South East of Fransea unique
and rare geomorphological formation in the world, which links Giens Island to the continent. It
was mainly formed due to the wave diffraction and refraction by the islands. It consists of two
parts: the western branch (Almanarre beach) diredy facing the Gulf of Giens and the eastern
branch lying on the western coast of Hyéres bay. These parts are distinctly separated by the salt
pond of Pesquiers. The eastern part of Giens tombolo extends over more than ten kilometers
from the mouth of Gapea river in the north to La Badine beach in the south. The beaches along
the eastern tombolo, especially Ceinturon and Bona beaches are subject to beach erosion and
beach narrowing due to both natural causes and human interference, but anthropogenic
interventions are still dominant. In order to mitigate or prevent coastal erosion, various coastal
structures have been used along the eastern Giens tombolo. They can only solve local erosion in
some cases, but may also trigger some undesirable effects as welld&sadvantages. Even the
shore-normal structures that interfere with longshore sediment transport, not only result in the
deficit of sediment and erosion in the downstream drift, but also blot out surrounding landscape
of the beaches.

The main objectivesof this study was to better understand the physical processes underlying
the morphodynamics, and also anticipate future evolution of the eastern Giens tombolo in
response to different actions and interventions taking place along the coast. Theredhe
submerged breakwater (SBW)was proposed to not only protect the Ceinturon and Bona
beaches and stabilize the shoreline in the long term, but also maintain beach amenity or
AAOOEAOEAO8 $()60 -)+% ¢p AT A ,)40!#+ 1 G&AOEAA
above-mentioned objectives. Additionally, the historical and futuremedium-term shoreline
evolution along the eastern Giens tombolo is also evaluated and predicted by using the
combination of remote sensing, geographic information system (GIS) technigsie€oupled with
the Digital Shoreline Analysis System (DSAS) along with linear regression method. These
numerical models were satisfactorily tested available historical data, as they could reproduce
the observed hydrodynamics and coastal evolution. Espediyal a novel approach suggested to
simulate the presence of Posidonia seagrass and various types of seabed is presented in this
work. The numerical results interpret the role as well as impact of wind change, seasonal
variation, extreme events, Posidonia sayrass, sea level rise, and beach nourishment on the
morphological evolution of the eastern Giens tombolo. Moreover, the results obtained strongly
demonstrate that the SBVE play a very important in protecting Ceinturon and Bona beaches to a
certain degree,viz. effectively reducing the nearshore wave heights, current speed and sediment
transport as well as counteracting the retreat of the shoreline under the wave conditions apart
from the semicentennial and centennial storms.



RESUME

Le double tombolo de Giens, situé dans la ville de Hyéres, dans le-sstide la France, est une
formation géomorphologique unigue et rare dans le monde, qui relie I'lle de Giens au continent.
Il a été principalement formé en raison de la diffraction d'ond et de la réfraction par les Tles. |l
se compose de deux parties : la branche ouest (plage de I'Almanarre) directement en face du
golfe de Giens et la branche orientale située sur la cote ouest de la baie d'Hyéres. Ces parties sont
séparées par I'étang d& des Pesquiers. La partie orientale du tombolo de Giens s'étend sur plus
de dix kilométres de I'embouchure de la riviere Gapeau au nord jusqu'a la plage de La Badine au
sud. Les plages le long du tombolo oriental, en particulier les plages de Ceinturdnde Bona,
sont sujettes a I'érosion et au rétrécissement en raison de causes naturelles et d'interférences
humaines, mais les interventions anthropiques dominent.

Afin d'atténuer ou d'empécher I'érosion cotiere, diverses structures cétiéres ont été utiiées
le long du tombolo oriental de Giens. Elles ne peuvent résoudre |'érosion locale que dans
certains cas, mais peuvent aussi engendrer des effets indésirables. Les structures cétieres qui
interferent avec le transport des sédiments le long des cotes, meseulement entrainent un
déficit de sédiments et I'érosion dans la dérive en aval, mais aussi effacent le paysage
environnant des plages.

Les principaux objectifs de cette thése étaient de mieux comprendre les processus physiques
sousjacents a la morphedynamique et d'anticiper I'évolution future du tombolo oriental de
Giens en réponse aux différentes actions et interventions le long de la c6te. La mesure
structurelle la plus appropriée a été proposée non seulement pour protéger les plages de
Ceinturon et Bona et pour stabiliser le rivage a long terme, mais aussi pour maintenir
I'accessibilité ou l'esthétique des plages. Les modéles numériques MIKE 21 et LITPACK de DHI
sont utilisés pour atteindre ces objectifs. L'évolution historique et future a long tere du rivage
est également évaluée et prédite en utilisant la combinaison de techniques de télédétection, de
systéme d'information géographigue (SIG) et de régression linéaire. Ces modéles numériques
ont été testés de maniére satisfaisante sur des donnéeistoriques disponibles, car ils pouvaient
reproduire I'nydrodynamique observée et I'évolution cétiére.

En particulier, une nouvelle approche suggérée pour simuler la présence de posidonies et
divers types de fonds marins est présentée dans ce travail. Legsultats numériques
interprétent le réle ainsi que l'impact du changement de vent, la variation saisonniére, les
événements extrémes, les herbiers de posidonies, I'élévation du niveau de la mer et le ré
ensablement de la plage sur I'évolution morphologige du tombolo oriental de Giens. De plus, les
résultats obtenus démontrent que les digues sousarines jouent un role trés important dans la
protection des plages de Ceinturon et Bona, elles permettent de réduire efficacement la hauteur
des vagues, la vitese du courant et le transport des sédiments ainsi que contrecarrer le retrait
du rivage dans toutes les conditions des vagues, a I'exception des tempétes seemitenaires et
centennales pour lesquelles une certaine érosion persiste. Combinées a desengablements
périodiques mais limités en espace et en temps, elles semblent constituer le meilleur compromis
de protection a moyen et long terme.
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CHAPTER 1GENERAUNTRODUCTION

1.1. Background

The coastal zone is commonlylefined as the interface between land and sea. It is
highly dynamic environment with many physical processes, such as tidal inundation, sea
level rise and coastal geomorphologyDewidar, 2011). The horizontal position of the
land-water interface, as namelyshoreline, isone of the most important linear features
IT OEA AAOOEGO OOOAZAAAA xEEAE E Qwinakdstal,l T A I
2001). Its shape and position change continuously and extend oveme due to both
natural factors and human activities. The shoreline change normally induces coastal
erosion or accretion, depending on the dominant processes acting on tkhoreline. The
effects of waves, tides, winds, currents, storms, sdavel change,river discharge,the
geomorphological processes such as erosion and accretion are primary natural factors
that influence the coast, whereas anthropogenic intervention through construction of
artificial structures, mining of beach sand, offshore dredging obuilding of dams on
rivers causes beach erosion. The erosion and accretion processes, especially erosion,
greatly affect human life, cultivation and aquaculture, natural resources, and waterway

transport activities along the coastal zone.

Coastal areas a very important for human beings since antiquity because of the ease
of waterrAAOAA OOAT OPT OOAOET 18 41 AAU AAT OO umb |
areasin whichi OAE 1T £ OEEO bDi pOI AOETT OAOEAAO EI
(Vellinga et al., 1989. In addition, anthropogenic activities have also developed along
coasts for multiple purposes includingfishing, aquaculture, coastal agriculture, forestry,
hydro-technical engineering and coastal construmn, mining, shipbuilding, oll
extraction, transfer and transportation, electric power generation, coastal navigation,
seaport operation, naval operations, tourism and recreation. In Provence, southern
France, the economic stakes of the coastal fringe atensiderable and mainly related to
the tourism industry. Indeed, seaside tourism in this area accounts for an annual
turnover of 4.6 billion euros, corresponding toa fifth of the total turnover of the French
tourism industry. Therefore, the beachesin Provence particularly in Hyeres bay,
represent an extremely important economic stak€Brunel et al., 2007.

Along with the rapid increase of populationyarious developmental projects are made
along the coastal areas, placing great pressure on it, leading to various coastal hazards
like coastal erosion, seawater intrusion, shoreline change, e(Sheik et al., 2011 Now,
coastal erosion is a global and topical problem: at leagttb 1T £ OEA x1 O1 A8 0O
experiencing coastal erosionBird, 2005), whereas all of 23 investigated sandy beaches
in Provence underwent erosion between 1896 to 1998(Brunel et al., 2007j. The
shoreline along the eastern Giens tombolo located on the western coast of Hyeres bay,
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has suffered both accretion and erosion processes due to natural causes such as waves,
winds and storms, or even due to human interferenc€Figure 1). Several authors have
studies the sedimentology as well as the shoreline evolution of the eastern Giens
tombolo. Based on the study on the coastal and submarine sedimentolodgianc (1958)
uncovered that the sediment transport was done mostly under the east wind, from east
to west coast and from north to south along the eastern tombolaleudy De Grissac
(1975) presented the research about dynamic sedimentology of Giens and Hyéres bay.
Through the in-situ granulometric experiments as well as the analysis of wind and wave
fields, he established the map of current. In the bay of Hyeres, the waves and swells
induce the longshore current first directed from east to west and from north to south.
This drift and notable fluvial Gapeau formed the eastern tombolo of Giens. In addition,
from the visual comparison of aerial photographs from 1955 to 1972, he highlighted that
the eastern branch was threatened in some places and more particularly between the
mouth of Gapeau and La Cap{(Figure 1). This erosive phenomenon was resulted in the
implementation of transverse structures (port, jetty, groynes) stopping the longshore
drifts from east to west and from north to south. GEOMER (1996)conducted a
diachronic study of theshoreline by photo-interpretation at the right of Les Cabanes du
Gapeau for the pdod of 1954-1993 and also noted an almost continuous decline of the
shoreline from the mouth of Gapeau river to approximately 800m south with the
average erosion rate of1.5 m/year, especially a remarkable decline of40 m between
1969 and 1975. Capanni (2011) investigated the shoreline evolution of the eastern
Giens tombolo with the aid of aerial photographs and some field surveys, using digital
processing of imageries. During the period from 1972 to 2003, the southern part of
Gapeau river mouth, Ceinturon beach and Pesquiers beach expaced the retreat with

an average erosion rate of0.68 m/year, -0.35 m/year, and-0.1 m/year, respectively;
whereas the remainders along the eastern tombolo were accreted with an average
advance rate of +0.26 m/yearln the near future, the coastal ero®n in these areas can
be intensified more seriously by sea level rise due to the global warming and the
regression of Posidonia seagrass meadow.

In order to mitigate or prevent coastal erosion along the coast of the eastern Giens
tombolo, various coastalstructures have been implemented to protect sandy beaches
and stabilize the shoreline.ln 1960, two groynes were first installed at Pesquiers and
Hyéresbeaches. From 1978 to 1982, four groynes with the total length of 4x50 m were
constructed to protect the northern Ceinturon beach. Moreover, armor stone revetments
were installed in the central Ceinturon beach, the souttrn parts of Hyeres port and
Gapeauriver mouth (1995), whilst seawalls were established along La Capte beach
(2008) and Pesquiers beach. Recentlfwo submerged geotube breakwaters were
implemented at La Capte beach in March 2008Some of thesecoastal protection
methods described can solg local erosion in some cases, but may also trigger some
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undesirable effects as well as disadvantagdliucininkaite et al., 2011). Especially, the
shore-normal structures, viz. groynes ad jetties, not only cause the deficit of sediment
and erosionin the downstream of these structures(Capanni, 201}, but also interfere
with visual beach amenity and aesthetics which are essential for maintaining the tourist
value of many beache¢Ranasinghe et al., 2006 OCEANIDE (2010¢onducted the study
£l O OEA pOiT OAAOGETT 1T &£ OEA AAAAEAO &EOTI
eastern branch of Giens tombolo. They utilized the package of TELEM®Gimulate the
current, wave, and sediment transport with the different scenariodor all the study area
and then proposed the protection structures such as thesubmerged geotube
breakwater, groynes, and revetments for each detail beach. The preliminary dimensions
and position of these structureswere also determined specifically. Nevertheless, the

effect of these structures in the proximity of the study area as well as in futungas not
still analyzed and considered in tlkir work.
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Figure 1. General location of Giens double tombolo.
Therefore, the comprehensive understanding of the hydrodynamic and sediment
transport pattern in the area under the impact of different scenarios including the

effects of Posidonia and sea level rise is essentially necessary for protection and
maintenanceof sandy beaches along the eastern Giens tombolo.



1.2. Research objectives

The main aim of this thesis is (1) to investigate the changes in coastal hydrodynamic
and sediment transport conditions induced by seasonal variation, extreme events,
Posidonia se@rass, the existing coastal structuresbeach nourishmentand sea level rise
(2) to design the most suitable coastal engineering alternatives for the eastern Giens
tombolo, and particularly for the central Ceinturon andBonabeaches, to protect these
beades from losing sand during stormy periods inthe winter, and (3) to estimate the
effects of these alternatives on shorelin@volution. The provision of coastal protection
during the summer along with tourism amenity enhancementis other important
objectives, whichhave to beobtainAA8 $( )60 -)+% ¢p AT A ,) 40!
are employedin order to achieve these abovanentioned objectives. Additionally, the
historical and future medium-term shoreline evolution along the eastern Giens tombolo
is also evaluated and predicted by using the combination of remote sensing, GIS
techniques coupled with DSAS along with linear regression method.

1.3. Thesis structure

The thesisis composed ofseven main chapters. The first chapter give the general
introdu ction on the coastal problems. The second chaptsynthetizesan overview of the
study area,viz. hydraulic and meteorologicalconditions, bathymetry, marine biocenosis
and concludeskey factors affecting the morphological evolution.The third chapter
describes briefly the theories of hydrodynamics and sediment transport applied in the
numerical simulation and introduces the research methodologyTl he historical shoreline
changes and predicted future shorelines as well as beach profievolution along the
eastern Giens tombolo araliscussedin the fourth chapter. Thefifth presents the model
setups and results for the simulations carried out for the natural conditions without the
implementation of structures. This chapter is divided intotwo main parts, viz.
Calibration runs and Main runs. In the calibrations, the regional model was run for the
time period of one month from 32t October to 30" November 2000, and the local model
was run for the period of one month from 12 March to 12h April 2009. Then, the model
results are compared with field measurements at that time to obtain the besfit
hydrodynamic parameter set. In the main runs, the study area is simulated with the
different scenarios to arrive at an understanding of the hydrodgamic and sediment
transport conditions present on the eastern Giens tombolo of thélyeres bay. Before
conducting both the calibration and main runs, a sensitivity analysis is carried out to
determine the most suitable meshes for the regional and local mets. Thesixth chapter
presents the design of the most suitableoastal structures for Ceinturon, Bona, and
Pesquiers beachesand their effects on hydrodynamics, sediment transport and
shoreline change along the eastern Giens tomboldtinally, the severth chapter
concludes the report with brief interpretation of the results and includes open questions
for future research.The literature list is presented in the end of the report.



CHAPTER2. STUDY AREAAND THE DRIVING FACTORS

2.1. Site description

The doude tombolo of Giens is located in the town of Hyeres, South East of France
(Figure 2) at the coordinates: 8t v 6 ¢ P 8B 6QIc 6§ WAOO dMPpBGEOOA K
43’trt 6uvuvb66. 1T OOE |1 AOEOOAA8 )O T EAO 11 OEA &OA
Giens and Hyeres bay. It consists of two parts: the western branch (Almanarre beach)
and the eastern branch. These parts are distinctly separated by the lisgpond of
Pesquiers. Theeastern part of Giens tombolo with the width of about 250 m extends
over more than ten kilometer from the mouth of Gapeau in the north to la Badine beach
in the south. On the other hand, the Almanarre beach with the width of appxonately
30 m spans nearly 4 km, along the Salt Road, and consists of sand and small gravel.

The double tombolo of Giens is a unique and rare geomorphological formation in the
world, which links Giens Island to the continent. It results from the combinatin of
several factors, but was mainly formed due to the wave diffraction and refraction by the
islands. Waves approach the flanks of Giens Island at different angles of incidence and
are then slowed by the shallow water surrounding it(Blanc, 1958. These waves bend
around the island to the opposite side as they approach. The wave pattern created by
this water movement causes a convergence of longshore drift on the oppasiof the
island. The sediments from Gapeau and PansardMaravenne rivers that are moving by
lateral transport on the lee side of the island will accumulate there. Moreover, the
presence of Posidonia seagrass also facilitates the deposition of sedimeNbwadays,
this tombolo has been the subject of some previoustudies, presents lot of challenges for
policy makers because it is extremely fragile to the action of storm waves from
Mediterranean Sea,and has suffered from the coastal erosignespecially Ceituron,
Bona and Pesquiers beaches in the eastern Giens tomholo

The wind data of Hyéres and Levant station are used in this work because their wind
data are measured in the continuous and longer duration as well as are the closest
stations to the site Figure 2). The tidal data recorded at Toulon tide gauge andat Port
Ferreol were used to estimate the tidalrange, surge elevations and sea level risd E A
I mET OA xAOA AAOA EO | AAOOORWo Mg AATOR At WARA
AAT ©DY OEIOOE 1T £ 01 OMG®A Qind 11 Aigh&E0 B 15 AOEARAIO
OET OA xAOA AAOA-OKIOOA G ABWOOAORAA OBT AAOOEAA 1
- AO1 ADzAfl dnpArdq ! 1 1 AT A O Othe rAofeAmpBrtar fluviat sedinmest
supplies in Hyeres bay come from Gapeau river 6 km north and Pansavthravenne
river 11 km north-east. The discharge data of Gapeau river is recorded by Sainte Eulalie
station which is located about 6 km from the river nouth in Hyeres bay All input data is

acquired, preprocessed and presented more detailn Annexes.
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Figure 2. The study area and marine meteorological stations .
2.2. Typical characteristics of the study area

2.2.1. Bathymetry
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SPAAEZEAATI T U AO ' ADAAOh OEAOCOEADPAI & gE QAIAA AL
Ai 1 AAOGAR Al OET OCE EO xAO AOi AAA Al i PAOET C
AOAA APPAAOO AO OEA AAPOE I1mH ¢E@IiiI ocOHK AGE C
contrast, the accretive area occurs in Ayguade beach profile from the shoreline to the

depth of 2 m. The overall profile has the upward concave shape with many low bars and
troughs at the depth of 4.5 m and far from the coast abob@50 m.

In La Marquise beach, the profile over time changes not too much with a little erosion
between -1 m and-2.5 m in the distance between 50 m and 150 m from the shoreline.
The general slope remains approximately 1.7% in range of 200 m wide from the
shoreline. Subsequently, some low bars and troughs appear continuously at the depth of

3.5 m. The Posidonia seagrass is situated about 180 m from the shore, at a depti# ah.
6
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Figure 3. The bathymetry in nearshore of the easter n Giens tomboloin 2010.

The erosive phenomenon stds occurring in the central Ceinturon beach(Figure 3).
The erosional hot spot happens in a distance of about 100 m from the shoreline to the
depth of 3 m. Nevertheless, by performing the regular nourishment on Marquise beach
and between the grgnes, this part seems to be in balance after 2010. In the offshore
direction, the bathymetry changes suddenly with many troughs and bars from the depth
of 3 m, but the overall profile has the upward concave shape.

The Aéroport beach is inregular erosion, more or less compensated by artificial
nourishments conducted annually. Additionally, the contribution of rocks to build the
road has had a detrimental effect on the accelerating erosion of bea¢@CEANIDE,
2010). The slope of thesubmarine beachis about 2.7% to the upper linit of Posidonia
seagrass. Also in this beach profile, the 2m deep trough has been easily observed in the
distance of about 120 m from the shoreline.



From Bona beach to Hyéres beach, along the first 35 meters, the slope remasteep
and reached 4.5%. In Pesquiers beach, the Posidonia seagrass appears in the very
shallow area of thesubmarine beach(about -2.5 m deep). There is an active depositional
band is about 60 m wide. The slope of beach remains 4.7% from the shore to the upper
limit of Posidonia seagrass. According to the bathymetric data obtained from EOL
measurement campaigns in period of 2002010, the submarine beachslope is 4.5% in
the south and 2.5% in the north of Hyéres beach. This beach seems to be stable.
However, this stability can come from frequent nourishments made upstream on Bona
beach and transported by the NorthSouth longshore drift(E.O.L, 201).

Regarding Pesquiers beach, a slight deposition is olssed in 100 m of nearshore
because the northern breakwater of La Capte marina hindered the sediment transport
carried by the longshore drift and trapped sediment. The report o©OCEANIDE (2010)
indicates that the bathymetric profiles change little on that area andhaintain the stable
trend in the sea bottom. The foreshore area, about in the distance of 50 m from the
shoreline, is quite steep. In the offshore direction, the sbéad is rugged with deep
troughs and high bars.

In accordance with the report of E.O.L (2010) La Capte beach profile shows the
organization of the first Posidonia mattes located at a depth e#.5 m around 250 m
from the shore. The average slope of beh reduces to 1.7% if comparing with Pesquiers
beach. Before 2008, this area was subject to the alarmirggosion. However, with the
implementation of gectube SBW, this phenomenon was stopped almost completely and
this beach has been accreted gradualljacroix et al., 2015.

In Bergerie beach, there is an active sedimentological band exceeding 500 m wide in
the offshore directon. The first slope until 250 m from the shoreline (about 1% up to
the limit of 300 m) increases to reach the seagrass bed (almost 3%) at 7 m deEmally,
at La Badine beach, the width of the active sedimentological band is up to 500 m with an
upper limit of Posidonia seagrass situated te7 m deep. The slope is always lower than
1% in a distance of 500 m from the shoréE.O.L, 201).

2.2.2. Water level and tides

In the study area, the waterlevel and tide data are incomplete and discontinuous.
Therefore, the author uses various sources such as the measurement data (mainly
acquired from Toulon and Port Ferreol station) and the simulation datagxtracted from
the coastal hydrodynamic model of REVIMER_FMARS3BDMENOR21200) to obtain the
water level. Then these data were solved ggesentedin Appendix B.

The tide patterns belong to an irregular semidiurnal tide along the coast of Var. The
study area is a microtidal environment; the sea level fltuations due to the
astronomical tide isusually of around 20 cm and seldom exceeding 30 c(8OGREAH,
1988a). However, the variations of sea level related to those pressures and wind are
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greater than those of the astronomical tide. In case of storm surges, they often reach
from +30 cm to+40 cmabove NGF corresponding fromt55.3 cm to 65.3 cm above @!.
On the coast, storm surges are even more important because the raising of M8Ldue

to waves is approximately+0.5 mabove NGFThe MSL is eimated in the same report to
+1.5 m above NGF in Hyeres bay during strongest stormy events.

From the recorded data at Toulon station inhe period from 26t June1981 to 27t
October 2015, the daily sea leveloscillates between-28 and +74 cm above NGFOn the
other hand, the daily sea level at PoifEerreol ranges from-25 cm to ¥104 m above NGF
in the period from 29t March 2012 to 32t October 2015. In addition, the sea level data
at Toulon and Port Ferreol is also compared in the period of 2012015 as shown in
Figure 4. The result of this comparison reveals that sea level in Port Ferreol is normally
higher than that in Toulon with an average differential value of 6 cm. This difference
may be comes from the astronomical tide. Moreover, Port Ferreol is in an exposed area
to wave acton, whilst Toulon station is located in the quite enclosure bay. Therefore, sea
level fluctuation in Port Ferreol is strongly affected by both the astronomical tide, the
sudden changes of atmospheric pressure anglind as well as waveset-up.

—+—Sea level in Port Ferreol = -#-Sea level in Toulon
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Figure 4. Comparison of daily sea levels between Toulon and Port Ferreol from 29t March
2012 to 27t October 2015.

The monthly change of sea levels is analyzed by means of statistical calculations on
the recorded data in Toulon and Port Ferreol station. The results of this analysere
presented inTable 1, Table 2, Figure 5, andFigure 6. Figure 5 and Figure 6 illustrate that
the highest sea levels are reached in January, February, March, October, Ndwer and
December. In these months, the common decrease in atmospheric pressure causes
positive tidal fluctuations. Thus, this results in the sea level rise. Furthermore, this is also
the time whenthe storms appearwith the greatest frequency in the yearln contrast, the
sea levels tend to decline slightly in the period from April to August. In this time, the sea
state is calmer than others. Indeed, it results in a decrease in the value of sea lelrel.

addition, the lowest sea levels are observed in Febary at both Toulon and Port Ferreol.
9



Table 1. Statistical results of monthly sea level changes in Port Ferreol station .

Sea Month
level 1 2 3 4 5 6 7 8 9 10 11 12
Sm8 346 466 578 559 7.65 7.98 7.06 492 487 298 219 208
Sm8 1.76 1.98 186 1.83 283 239 338 369 253 403 146 1.10
P% Sm8 087 0.80 090 074 046 045 060 078 057 207 095 0.25
Sm8 039 018 041 011 005 000 002 001 005 048 063 0.10
>0.7 0.001 0.003 0.001 O 0 0 0 0 0 0.048 0.007 0.001
Sm8 201 212 180 196 216 208 221 238 228 251 231 215
Average ST8 346 347 346 345 341 341 345 346 345 350 350 345
sea ST8 443 442 447 442 435 429 43.0 433 438 442 447 444
level 58 552 559 538 551 546 507 511 508 526 550 561 56.3
>0.7 721 735 737 720 O 0 0 0 0 784 751 712
Sm8 297 297 297 297 297 297 297 297 297 297 297 29.7
Maximum ST8 397 397 397 397 397 397 307 397 397 397 397 307
sea  ST8 497 497 497 497 497 497 497 497 497 497 497 497
level 58 697 697 697 697 687 507 527 517 637 697 69.7 69.7
>0.7 747 857 777 727 O 0 0 0 0 1037 887 727
Sm8 -53 -253 -143 -43 -253 23 -23 57 57 67 47 -43
Minimum ST8 307 307 307 307 307 307 307 307 307 307 307 307
sea  ST8 407 407 407 407 407 407 407 40.7 40.7 407 407 407
level g8 507 507 507 507 507 507 507 50.7 507 50.7 50.7 50.7
>0.7 707 707 707 707 O 0 0 0 0 707 707 707
Table 2. Statistical results of monthly sea level changes in Toulon station .
Sea Month
level 1 2 3 4 5 6 7 8 9 10 11 12
S0.3 695 702 823 780 863 741 712 573 591 500 510 7.25
s0.4 115 082 081 098 075 070 052 073 111 230 214 1.10
P% S0.5 033 024 038 020 009 004 001 001 015 076 1.14 050
S0.7 007 005 002 0.02 0004 0001 O 0 001 015 035 0.20
>07 0 0 0 0 0 0 0 0 0 0 0001 O
s0.3 136 123 114 159 171 166 173 192 193 213 194 155
Average S04 337 346 35 346 34 34 333 339 338 349 351 344
sea S0.5 43.8 443 437 432 431 42 414 413 436 436 442 444
level 507 542 539 522 527 52 521 O 0 533 559 545 558
>0.7 719 723 0 0 0 0 0 0 0 709 713 O
S0.3 297 297 297 297 297 297 297 297 297 297 297 297
Maximum S04 397 397 397 397 397 397 397 397 397 39.7 397 397
sea  S05 497 497 497 497 497 497 477 467 497 497 497 497
level 507 697 697 627 567 557 547 0O 0 597 69.7 69.7 687
>0.7 737 747 0 0 0 0 0 0 0 717 737 O
s0.3 -253 -253 -233 -17.3 -143 -113 -103 -123 -53 -83 -13.3 -153
Minimum S04 807 307 307 307 307 307 307 307 307 307 307 307
sea  S0.5 407 407 407 407 40.7 407 407 407 407 407 40.7 407
level  g07 507 507 507 507 507 507 O 0 507 507 507 507
>0.7 707 707 0 0 0 0 0 0 0 707 707 O
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Figure 5. Monthly sea level distribution at Port Ferreol station from 2012 to 2015 .
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Figure 6. Monthly sea level distribution at T oulon station from 1961 to 2015 .

2.2.3. Typhoons and storm surges

Typhoons play an important role in the morphological evolution of Giens tombolo.
These irfrequent events but high intensity can result in flooding phenomena and
according to the sediment redistribution of beaches by erosion and accretion of the
shoreline under the sedimentary movements. Moreover, storms cause the rise of sea

level or so-called storm surge, the main risk of flooding and coastal erosion.

2.2.3.1.Rough seas and storms

In the Hyeres bay, most of storms approached the coast from the east sector.
According to Courtaud (2000), in the period from 14h May 1992 to 18" September
1997, there were 79rough sea and storms observed in the study area. They come from
North East (6 events), East (27 events), South East (1 event), South West (29 events),
and North West (16 events). Taking into account extreme events, 15 storms cause sea
level rise higher than 0.4 m above NGF. Among thethyee storms come from North
East, 7 events from East, 1 storm from South West and 4 events from North Wdstthe

period from October 1997 to November 1999, no storms appeared iif UA3Z OA O

>
>\

Nevertheless, according toCEREMA (2014) Giens tombolo sufferedl3 storms from
December 1999 to March 2015 Table 3) in which 5 storms occurred in 2007
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Table 3. Characteristics of storm wave at Porquerolles Island in the period of 1999 -2015.

No. Time Hu Hmax This Thmax ~ Hmo  Te(S)
(m) (m) (s) (s) (m)

1 28 December 1999 at 03:30 5.5 8.9 9.0 10.1 6.3 9.0
2 21 January 2005 at 11:00 5.6 9.0 84 8.7 - -
3 01 February 2005 at 11:30 6.4 10.2 9.9 9.2 6.8 9.2
4 13 February 2005 at 05:00 5.6 8.1 8.1 8.9 - -
5 24 January 2007 at 00:30 6.8 12.3 9.8 8.8 6.7 9.4
6 13 February 2007 at 00:00 5.9 104 9.0 8.4 - -
7 19 March 2007 at 17:00 5.8 9.2 9.2 10.9 - -
8 28 May2007 at 13:00 5.8 8.8 8.3 8.9 - -
9 10 December 2007 at 04:00 5.5 9.4 7.9 8.8 - -
10 21 March 2008 at 13:00 5.6 9.8 7.6 7.4 - -
11 30 October 2008 at 16:30 5.8 8.6 8.5 7.7 - -
12 26 December 2008 at 10:00 5.6 8.3 9.8 9.7 6.0 9.5
13 05 January 2014 a08:30 4.4 7.7 8.2 9.0 4.6 8.1

In addition to storm, rough sea usually affect the evolution of Giens tombolo. The
data of severerough sea were recorded at Toulon Lighthouseduring the period from
1992 to 1999 (ERAMM, 2001). The characteristics of wave imough sea are described
in Table4. These data are an interesting information base on the duration oféhevents
and their intensity. It is easily realized that about &ough seas hasHizs 1| 11 h OEA
period of agitation (between 3 and 4m) does not exceed 24 hours.

Table 4. The strongest wave measured during rough seas at Toulon in the period of 1992-

1999.
No. Date His (M) Hu/10 (M) Huax(m) T13(S) T110(S) Toic(S)
1 05/12/92 4.03 5.36 6.88 8.4 8.4 10.2
2 28/12/92 4.4 5.36 6.8 8.7 8.8 9.4
3 10/01/95 3.88 4.9 6.62 8.2 8.2 8.8
4 11/01/95 4.02 4.99 6.27 8.7 8.5 9.4
5 11/01/95 4.94 6.27 8.8 9.7 9.7 10.2
6 13/05/95 5.55 7.42 9.79 10.2 10.5 11.1
7 20/11/96 4.09 4.8 6.03 9.4 9.5 10.2
8 09/12/96 4.07 5.18 6.25 8.3 8.5 9.4
9 04/12/98 4.17 5.51 8.07 8.6 8.8 9.4
10 27/01/99 4.01 4.88 6.37 8.6 8.6 9.4
11 28/01/99 4.35 5.48 6.71 8.8 8.7 9.4

12



2.2.3.2. Storm surges

The storm surge is mainly caused by a drop in barometric pressure associated with
the passages of depressions. This sea level rise is independent of the astronomical tide
that is very low in this region of Mediterranean (0.3 m amplitude). According tERAMM
(2001), the elevation of the sea level is proportional to the decrease in the atmospheric
pressure (1cm for 1hPa) hence a depression of 990 hPa results in the sea level rise of
about 25cm.

Since 1848, many submergence and overtopping events along the sand spit of Giens
tombolo were observed under not only the action ofrough seas but also because of
storm surges, especially in the western part of tombolo. The most memorable eveist
that the storm surge of 0.7 mwas observedin 1958 (ERAMM, 200). The highest storm
surges areusually observed in autumn, in January and spring (ApAMay). Recently, the
measurements of sea level recorded in Toulon since 1982 are shownTiable 5.

Table 5. Total storm surges observed at the port of Toulon from 1982 to 2015.

Year Number of Day/ the Maximum Heights above
observation maximum is height4 (cm) mean sea level
days in year observed (CM) (cm) (NGF)

1982 290 12/1 53 7

1984 51 15/11 78 32

1991 65 10/10 79 33

1992 52 17/10 81 35

1993 302 12/10 87 41

1994 319 4/11 78 32

1995 332 25/12 86 40

1996 341 10/1 92 46

1997 360 5/11 91 45

1998 292 4/10 74 28

1999 359 24/10 81 35

2000 366 1/3 94 48

2001 365 1/1 84 38

2002 363 1/1 87 41

2003 365 1/2 84 38

2004 366 2/3 81 35

2005 365 3/8 72 26

4 The coasts are reported to the hydrographic zero which is located 0,253 m below the zero of IGN 69
system.
5NGF zero is located at 0,458 m above tlgdrographic zero.
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Table 6. Total storm surges observed at the port of Toulon from 1982 to 2015 (continued) .

Year Number of Day/ the Maximum Height” above
observation maximum is heightt (cm) mean sea level
days in year observed (CM) (cm) (NGF)

2006 226 1/3 80 34

2007 352 11 90 44

2008 317 11 92 46

2009 365 1/1 93 47

2010 363 1/2 100 54

2011 309 1/2 92 46

2012 340 1/1 97 51

2013 350 1/3 87 41

2014 336 1/1 99 53

2015 354 2/36 77 31

Based on the observations made in Toulon, an annual storm surge elevation of sea
level can be estimated about30 cm from the NGF zero regardless of the astronomical
tide. The combination of the two phenomena generated an annuséalevel of +50 am
(ERAMM, 200}. From the characteristics of abovanentioned extreme eventsas well as
the sea level data at Toulon stationsomestatistical scenarios of sea levels are proposed
in Table7.

Table 7. Estimated sea levels in the study area
Return period (year) <1 1 10 30 50 100
Sea level abov&€M(m) 05 065 095 1.0 1.15 15
Sea level with global warming abov&M(m) 085 1.0 1.3 1.35 15 1.85

2.2.4. River flow and sea currents
2.24.1. River flow

(UA3S0OAO AAU EO AEALAZAOAT O mEOI i OEA 'O £ 1
£l OOEAI OAAEHBRROAOU OABDI ODOAAI O £ 1 xET C
AT A OAT/AOQMOATT A8 , AOO EIi T OOAT O T OEAOO AOA
PoinOA AA |1 &-IcepeBehaddaithbugid they contribute to the local sedimentation
of small bays.Their typical Mediterranean flows are characterized by continuous inflows
from October to May, followed by long periods of drying up in summer, all interspsed
with short and violent floods.

PR Z A N £ A N A 2 owoA

4AEA AEOOOEAOOEIT T £ OEOABDO 1T RDOG FuVSEA | K10 EI

6 The coasts are reported to the hydrographic zero which is located 0,253 m below the zero of IGN 69
system.
”NGF zero is located at 0,458 m above the hydrographic zero.
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Figure 7. River systemin the study area.

a. Gapeau

47 OA1T xAOAOOEAA T &£ ' ADAAPRT DEPAO AKDADOAEA

AOAAO -OE T AGOEAAT A1 1T x EO ORéOMartidip theledst. E 1
Gapeau branch and its small direct tribtaries such as Latay contribute a suwatershed

of 203 km?, for a linear length of 42 km and an average gradient of 0.7% from the source
of Latay to the mouth. On the other hand, the watershed of Réal Martin and its main
tributary of Réal Collobrier are nore developed to 351 kni, for a linear length of 24 km
and an average gradient of 0.8% from the source to the confluence with Gapeau branch.
The confluence of Gapeau and Réal Martin is recognized below Mont Redon, within 7 km
of the mouth (Courtaud, 2000.

The discharge data of Gapeau river is recorded by Sainte Eulalie station which is
managed by DREAL. It is located about 6 km from the river mouth Hyeres bay. It was
commissioned on 0%t January 1961. Theaveragedaily discharge data of this station can
be downloaded on the website of Banque Hydro (www.hydro.eaufrance.fffhe analysis
of long-term hydrological data recorded at Sainte Eulalie station shows that between
1961 and 2014 the anual discharge of Gapeau river is approximately 4 #s and the
discharge of dry season is about 0.5 #fs. Furthermore, the discharges of the biannual,
decadal,tri -decadal,semi-centennial and centennial floods are forecasted approximately
80 m3/s, 180 m3d/s, 220 md/s, 300 m3/s and 600 m?d/s, respectively (Capanni, 2011
Courtaud, 2000Q. In addition, the monthly variation of flow is strong. The high values of
discharge mainly occur in winter and spring and the lower values are observed in
summer and autumn, as shown ifrigure 8.
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Figure 8. Average monthly discharges over the period from 1961 to 2014. (Source: Banque
Hydro)

b. MaravennePansard

There are two main areas of flow, Pansard anlllaravenne, virtually parallel (north-
south) to the confluence; from there, the river inclines from northnorth-west/south -
south-east to the mouth. The Pansard and Maravenne supply a watershed of 78%in
addition, Pansard and Maravenne have a length o##km and 12.7 km with an average
gradient of 2% and 3%, respectively. From the confluence to the mouth, the river of
PansardMaravenne is fully calibrated and trained by the inland ports along the left
bank.

The annual volumetric flow rate ofPansard- Maravenneriver is estimated less than 1
m3/s. Furthermore, the decennial rate and centennial rate of this river is forecasted
approximately 110 md/s and 242 mé/s, respectively (Courtaud, 2000.

c. Roubaud

Roubaud determines a small watershed of 27 kdwith 8.3 km in length. It is parallel
with the downstream portion of Gapeau which is separated by the range of Maurettes at
the low altitudes between 1 and 40 m within the watershed.

The annual fow rate of Roubaud is insignificant and has never been measured. In her
thesis, Courtaud (2000) estimated the decadal flow rate of 28 ®Is and the centennial
flow rate of 56 md/s.

d. Other streams

Other rivers flow into the bay of Hyéres between Port de Miramar an@€apeBenat
where small streams draining an area of approximately 20kfand at Hyeres islands
(watershed less than 15kn3).
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2.2.4.2. Sea currents
a. Nearshore currents

AERAAOOCEDOBAT ©ABADAOOAA AO OEA 3#!1 041 OO/
OAAxAOA, A A# DEBADAITE DKW ( U AEEDA 00 ADAE TOID OE(
¢cn®wl AAAEOET T h OEA AOODAT 'OE AAGD AC &M@ A1 GIA Ba

i hT AOAODPT IxAET COAAXAOA T &£ OEA 11 AT AOOA OET
A O O B Epriod from 30t October to 28" November 2000(Figure 12)8
AEAOA AOA Oxi T AET AT i Di1T Al GOEI @&A OAl A AEDE¢
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Figure 9. Nearshore current data of SCAPT4 at La Capte beach in 2009
Regarding the nearshore currers in Giens gulf, the relationship betweencurrent
speed and direction is plotted inFigure 10a. It is clearly seen that thehigh current speed
occurred from 6 to 7th November with maximum current speed of 0.276 m/slt was a
result of rough seastate at that time. Moreover, the northwest and southeast currents
dominate in the measurement period(Figure 10b), but the currents from northwest
direction are the strongest. It coincide with the direction of the longshore current drift
along the western Giens tombolo, which was investigated eudy De Grissac (1975)
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Figure 10. Nearshore current at Almanarre beach in 2000.

b. Offshore currents
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" U A A OOti&in-su gra@udmetric experiments as well as the analysis of wind
and wave fields,Jeudy De Grissac (1975)epicted the map of current around Giens
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Figure 11. The currentsin Hyeres bay (Jeudy De Grissac (1975)Courtaud (2000) , modified) .
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2.2.5. Waves
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Figure 12. Location of wave buoys in situ.
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2.25.1. Nearshore wave

From the wave datarecorded at Almanarre beachby the wave recorder of OPHIURE
[l in period from 30t October to 28" November 2000, the rose of nearshore wave is
plotted, as shown inFigure 13.

Significant wave

height (m)

I Above 1.25
1.00-1.25

0 050-1.00

B 0.10-0.50

Below 0.10

Figure 13. Rose of nearshore wave in November 2000 (OPHIURE IIl)
In Gulf of Giens, the dominant wave is the direction &10°0-240° (South-South-West
to South-West). The significant wave height (H;3) varies between 20 and 80 cm. The

maximum measured value duringough seais Hyz = 1.4 m corresponding to the period
of 9.5 s.
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Figure 14. Direction and height of the waves re corded in November 2000.
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Figure 15. Height and period of waves recorded in November 2000.
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During November 2000 the period of the significant wave (Ty3) measured atsite
varies between 4 and 8 seconds with only 2 episodes, corresponding tough sea (6-7
and 17-19 November) (Figure 14 and Figure 15). At that time, the highest offshore wave
height in Porquerolles Island during this event reached ® m with the period of 9.0s.As
a result, the significant wave height nea’Almanarre was considerably increased in 6
hours from 0.7 m to 1.4 m (12h to 18h) and had stabilized between 1.2 m and 1.4 m for
10 hours. This strengthening of the wave had been accompanied by an increase in the
period (Tw3). The period varied between 4and 6 seconds in calm and reached the
maximum value of 9.6 s at 12hKigure 16).
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Figure 16. Height and period of waves recorded in the rough sea in November 2000.

With regard to the nearshore wave in La Capte beach, the wave data from the
submerged devices was recorded over one month and a half. However, some devices
experienced a failure of th& batteries, not recording over a very short time(Richard,
2010). Despite this technical problem, some results can be deduced from this
measurement campaign.
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Figure 17. Height and period of waves recorded at SCAPT1 in La Capte in 2009
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Figure 17 shows the height and period of significanivave at SCAPTL1 statiornn the
period from 12th to 17th March 2009. The height of significant waves during this period
is on average 0.1 m. Nevertheless, there are two peaks oriléhd 17 March in which is
larger than 0.2 m. The highest wave height of alit 0.23 m corresponding to the wave
period of 5.3 s observedat 11h on 16" March. The average of wave period at this station
iIs about 6 s.Moreover, the results of wave data in SCAPT1 reveal the main wave
directions from the east to northeast.

At SCAPT2 station, there are also the two peaks of significant wave height
corresponding to a period of bad weather when the wind is stronger than normalas
shown in Figure 18. The significant wave height in the period from 12 to 14t March
2009 varies from 0.05 to 0.2 m. The highest wave height in this period is abo2 m
corresponding to the wave period of 5.6 s. The mean value of wave period reaches
approximately 6 s.
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Figure 18. Height and period of waves recorded at SCAPT2 in La Capte in 200.
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Figure 19. Height and period of waves recorded at SCAPT3 in La Capte in 200.
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Concerning SCAPTStation, the wave directions are the same as those in SCAPT1 and
SCAPT2. Nonetheless, the significant wave heights are respectively averaged about 0.2 m
and 0.4 m during the two periods of bad weathe¢Figure 19). The highest wave height in
this measurement period reaches 0.38 m corresponding to the wave period of 5.2 s at
11h on 26h March. There is an asymmetry of waves resulting from the waves which
approach the coast. The average wave period at this station is about 6.2 s.
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Figure 20. Height and period of waves recorded at SCAPT4 in La Capte in 200.

The measurement of wave at SCAPT4 station was carried out in the longestipd
from 13t March to 22nd April. The average significant wave height is about 0.12 m but
many variations are observed with the highest wave height of up to 0.67 m. Hence,
during this period, the number of waves that exceeds the height threshold of O was
reached nearly 8 times as depicted inFigure 20. The wave period at this station varies
from 5 to 20 s and averaged about 6.6 s.
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Figure 21. Height and period of waves recorded at SCAPTS5 in La Capte in 2009.
Figure 21 shows the height and period of waves recoreld at SCAPT5. The wave height

reached the highest value of 0.64 m corresponding to the wave period of 8.1 s. The

average of wave period in this station is about 6.2 s.
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2.25.2. Offshore wave

The tombolo of Giens is very sensitivéo the wave action. The western part of Giens
tombolo usually suffer the attack of offshore waves which have the wave height of over 3
m with a frequency of about three or four times a year, especially in times of equinox
(HYDRQGM, 1993). This part is very exposed to southwest waves. On the other hand, the
eastern part of Giens tombolo is strongly affected by the southeast and east waves.

The main parameters of offshore wavesonsidered when evaluating their impact on
the coastal area are that the fetch, the direction of propagation, the wave height, and the
period. Theformation of the offshore waves isrelated to the wind field and intensity of
the distance over which the wind blows fetch) as well as their durations of influence.
According to Courtaud (2000), due to the narrow width of Mediterranean Sea, the
fetches associated with dominant interestingdirections in Giens tombolo are not very
important ( Table 8).

Table 8. The distance and origin of fetches in the study area.

Direction Origin Distance (km)
East Gulf of Genoa 330
North-East Gulf of Genoa 330
South-East Sardaigne 310
SouthWest Northeast coast of Spain 350
Baleares 400
Gulf of Lion 230
North-West Rhone valley 100
Toulon bay 18

From the wave data of Buoy 08301 and 08302ear Porquerolles Island, some
statistical analyses are carried out to discover the characteristics of offshore waves.
Douglas sea scale is used to classify the wave heighte results are shown inTable 9.
Furthermore, the wave rose in the period from 1992 to 2015 are also built, as
illustrated in Figure 22.
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Figure 22. Wave rose in Porquerolles Island from 1992 to 2015.
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Table 9. The statistical characteristics of offshore wave sin Porguerolles from 1992 to 2015 .

Douglas  Direction N NE E SEE SE S SsW. W NW N Total

scale  (degree) Scm SYXT SwNnSppP Spe Scm SCULU Scw Sot1 Sog ()

Hs (m) 0 0 0 0 0 0 0 0 0 0
Snt8p
P% 0 0 0 0 0 0 0 0 0 0 0
Hs (m) 041 045 045 047 046 045 045 047 039 043
Sm38v
P% 0.001 0.03 0.04 026 352 402 976 242 0.04 0.00 20.08
Hs (m) 0.64 08 100 110 109 107 106 114 115 0.82
Sp8¢
P% 0.001 0.01 0.10 085 845 536 1239 1096 0.08 0.00 38.20
Hs (m) 0 1.72 184 214 218 209 215 224 235 157
S¢8vu
P% 0 0.004 0.03 089 589 208 540 16.83 0.54 0.002 31.67
st Hs (m) 0 0 0 336 333 335 345 348 343 0
T8
P% 0 0 0 0.17 122 029 119 6.23 0.30 0 9.40
Hs (m) 0 0 0 417 452 472 466 462 455 0
Sv8rm
P% 0 0 0 0.001 0.021 0.009 0.098 0.430 0.02 0 0.57
Hs (m) 0 0 0 0 5.14 514 524 528 5.19 0
Sv8ago
P% 0 0 0 0 0.001 0.001 0.01 o0.03 0 0 0.04
Hs (m) 0 0 0 0 569 563 584 587 0 0
Sp8m
P% 0 0 0 0 0.001 0.001 0.004 0.02 0 0 0.02
Hs (m) 0 0 0 0 6.02 0 0 6.29 0 0
Sp81
P% 0 0 0 0 0.001 0 0 0.004 0 0 0.005
Hs (m) 0 0 0 0 0 0 0 6.76 0 0
Sx8rm
P% 0 0 0 0 0 0 0 0.002 0 0 0.002
Total (%) 0.002 0.04 0.17 2.17 19.10 11.76 28.84 36.92 0.99 0.01 100

Table 9 indicates that over 58% of waves have a significant height smaller than 1.25
m and that 10% of waves with Hexceed 2.5 m. The highestignificant wave height is
observed up t0 6.76 m correspnding to the wave period of 10.2 s and the wave
direction of 283.4 degree.Moreover, this table also reveals that the waves come from
three main directions. These three main directions also confirm and demonstrate in the
wave rose (Figure 22). The most frequent direction is the west waveswith about
36.92% of total regime They aremedium enagy with heights of 0.5 to 2.5 m occupying
up to 75% of cases. Nevertheless, these waves not affect the study area so much and
are quite difficult to penetrate into( UA3 OA O AAU AO xAll AO
AEAT CAA OEA A&IOAIQHE AIC A B ObkiEre approaching Gulf of
Giens(Figure 2). The second frequent direction is southwest with frequency of 28.84%.

Although OEAOA xAOAO CAT AOATT U EAOA 11 x AT AOC
DPAOET A0 T AE£ 1 AOQprOEAM AR OBLOAI TOEB UET AET T U
OEA xAOOAOT OiIiTAiTT11T8 4EAU AOA CAIT-ADAOGAA



17T GIOEGOAEOO xEIT AGndjTradcdténali# ADAT 1 BB 4EAMPOEAAOOD
xAOBDAU 11T A EI PT OOAT O OiI 1 A O OGBRAA ARAOIOAGOE D
'EAT O 8 iAAEAU AOA 1 &0 AAOAINDAIN OAljTp@AT AOOAOD
EAOA EAECEOO 1 bl 11 A AQ®OAIOhg xiEOET PAOET A0 1T £
cub T &£ AAOAOG8 4EAU AOA A& O AA-OAWAHEDA GH OBI C
AAOGO AT A AOA AAAT I PATEAA AU3 ODHOCAO 1T &£ 11 0A
Table 10. The general statistical characteristics of seasonal offshore waves in Porquerolles
over the period 1992 -2015.

Dire(cO;ion Fret(q(;gnc.y (||:r|15) | M(\f)\;D | (1;[), |
Summer Winter Summer Winter Summer Winter Summer Winter

(SQIOO) 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
(S';EO) 0.05 0.08 0.51 0.57 51.99 55.15 9.09 4.83
(gllioo) 0.93 2.52 0.70 1.55 98.16  103.96 6.14 6.39
(8186%0) 8.33 21.26 0.66 1.39  134.22 127.32 5.62 6.44
(82300) 9.68 10.75 0.54 1.10 183.13 183.42 6.16 6.11
(SSE\:\(I)O) 35.91 26.93 0.56 129 231.63 225.49 5.51 6.82
(82\/5\9/00) 44.92 36.36 141 193 263.91 267.10 5.96 7.29
(ng\{\(l)O) 0.17 2.08 1.04 2.37  298.24 298.07 7.24 8.02
(83200) 0.01 0.01 0.95 0.92 350.55 348.48 7.00 4.75

The offshore wavesnear Porquerolles Island alschave a seasonal characteristiclThe
difference of wave parameters between the summer and winter is described fable 10.
It is noted that the west and southwest waves dominate in both summer aninter with
the total frequency of 80.83% and 63.29%, respectively. However, these wavesinly
affect the morphologcal evolution in the western Giens tombolo. For the eastern part,
the southeast waves also have the high frequency of 8.33% and 21.26% in the summer
and winter. In other words, the southeast waves play &ey role in the morphological
evolution in the easern Giens tombolo. Although the east waves have the high
significant height of 1.55 m, they only occur with the low frequency of 2.52% in the
winter. In the year, the offshore wave climate unevenly divided between a winter
gathering the strongest stormswith the highest waves larger than 6.5 mfrom December
to February, and summer, fromJuneto August, during which the heights are 99% below
3 m (Figure 23). March and April recorded a decline in all the wave parameters, due to
the conditions of calmer weather Waves in May experienced a further increase in
significant wave height. This feature is to relate with the equinoctial storms of spring.
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Figure 23. Monthly wave height distribution over 24 years .

The scatter plot ofsignificant wave height for the direction in the period from 1992 to
2015 at Buoy 08301 and 08302 is presented ifrigure 24. This scatter plot shows that
the higher significant wave heights cover a wider band, but the waves are mostly
restricted the southeast and west direction. The highest waves also conmrerh these two
directions. This comment is valid for the statistical characteristics iTable 9.
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Figure 24. Directional wave height distribution over 24 years .

Also based on the wave data recorded at Buoy 08301 in the period from 1992 to

2015, CEREMA (2014)used the GPD and EXP laws to determine the return period of

significant wave heights in the extreme events. The results axhibited in Table 11.
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Table 11. Return periods of significant wave heights (CEREMA, 201X

Return  The lower bound of the Estimation of H1/3 The upper bound of the

period confidence interval of (m) confidence interval of
(year) 70% of H1/3 (m) 70% of H1/3 (m)
GPD EXP GPD EXP GPD EXP
1 5.12 5.01 5.27 5.17 5.42 5.33
10 6.12 6.48 6.33 6.78 6.54 7.09
30 6.36 7.17 6.64 7.55 6.93 7.93
50 6.44 7.49 6.76 7.91 7.08 8.32

In addition, ERAMM (2001)relied on the offshore wave measured in Porquerolles
Island from 1992 to 1999 as well as the offshore wave recorded from the ships to
estimate the return periods of maximum significant wave height, as shown ifiable 12.

Table 12. Return periods of maximum significant wave height H 1/amax .

Return Annual Annual Decadal Decadal
period (ships) (measures) (ship) (measures)
Hiz (m) 35 33 5.0 44

From the characteristics of extreme events as well as the wave dataTable 11 and
Table 12, some statistical scenarios of the extreme wave heightssed in the present
study are proposed inTable 13.

Table 13. Estimated extreme wave heights in the study area.

Return period (year) <1 1 10 30 50 100
H1/3 lower value 44 517 633 6.64 6.76 6.89
(m) uppervalue 5.0 527 678 755 791 8.39

2.2.5.3. Wave propagation

The wave determines the general equilibrium profile of the beach, thus it plays an
important role in the coastal morphogenesis. Its height affects the depth from which
there is no significant changein bottom elevation and no significant net sediment
transport between the nearshore and offshore socalled the depth of closure.Wave
energy determines the intensity of the potential energy capable of changing the beach
morphology. In theory, the offshorewave is not accompanied by any sediment transport.
However, as it propagates towards the coast, the wave undergoes théaoge of
direction, due to the geological structure and bathymetric arrangement, as well as the
possible presence of Posidonia seagrassvhich play an important role in setting in
motion and sediment transport. These combination wave/physical parameters will
define the convergence or divergence areas, in which ocean energy will be accentuated
or diminished.
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When the waves approach the shoreline, they undergo some different types of
deformation such as refraction, diffraction, and reflectionRefraction is the bending of
waves because of varying water depth underneath. The part of a wave in shallow water
movesslower than the part of a wave in deeper water. So when the depth under a wave
crest varies along the crest, the wave bendé. consequence of this that the wave crests
tend to become aligned with the depth contours. If it is assumed that the energy
transmitted between two orthogonal retains a constant value between the offshore and
the coast then it is possible to calculate a refraction coefficientk(). Blanc (1971)
introduced the wave-refraction diagrams and then was updated byCourtaud (2000)
(Figure 25). For the three wave directions that penetrate in Hyéres bayNortheast, East
and Southeast), a period of directions is retainedCourtaud (2000) proposed five classes
of refraction coefficientsto demonstrate the exposure to waves of different sectoras
follows:

- The least exposed sectors to attacks swells, with a very low coefficieKt <0.25;
- Sectors with a low coefficient, with 0.25 K, <0.5;

- Moderately exposed sectors, with 0.5 ¥, <0.75;

- Very exposed areas, where the coefficient of refraction is strong 0.73g<1,;

- The most exposed sectors, wherk; > 1.

In contrast to the refraction, the seabedplays no role in the case of the diffraction.
When waves encounter surfacgiercing obstacle, such as a breakwater or an island,
their crests will bend bypassing this obstacleThe amplitude of wave then attenuates on
entering the shelter area behind theobstacle.The diffraction phenomena are numerous
in Hyéres bay because of the presence of islands and rocky outcrops. Redirecting waves
at the headlands of approactare shown in the wave diagrams, especially for southeast
and northeast waves in the northen part of the bay Figure 25).
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Figure 25. Plans of northeast, east and southeast waves (T =7s) and refraction coefficients ( Blanc (1971), as modified by Courtaud (2000) ).
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The wave is also subje@d to the phenomenon of reflection. This occurs when the
wave encounters a vertical steep obsicle (cliff, sea wall, front of breakwater...)A part of
the wave energy turns back to sea, the normal orthogonal, interferes with the waves
arriving and eventually absorbs.

a. The northeast waves

In northeast, waves cause alternative areas of convergemand divergence, with very
few sectors with very high coefficient of refraction. The only sector with a very high
coefficient is located immediately downstream from the port of HyeresK, = 1.75), while
intensive areas correspond to the port of Miramar K- = 0.77), north and south of La
Capte port K = 0.81) and south of the tombolo K from 0.88 to 0.94). The low
coefficient occurs in numerous sectors: values range between 0.25 and 0.48 between the
beach of VieuxSalins and Hyéres bay and up to 0.27 between the southern la Capte and
la Bergerie. The presence ofapeBenat explains chaneling northeast waves towards
the areaof La CaptelLa Badine whereorthogonal of wave concentrate according to the
bathymetry. The preferential axis is located between Bergerie and la Badine whei&
varies from 0.88 to 0.94. The presence dfapeEsterel is also involved in modifying
waves by focusingwaves on either side of the cape.

b. The east waves

With east waves, theshoreline of Hyéres bay is divided into several parts. Between
the airport and la Badine, the east wave is almost frontal, which expfe the strong
refraction coefficients. The most sensitive areas are located at the beaches of the
Potiniere (K = 1.36) and Pesquiers K between 1 and 1.21), where the orthogonal
constrict and focus. Diffraction atCapeBenat explains the divergence of waes between
the airport and Port-Pothuau and low refraction coefficients (0.38 to 0.4), and to the east
of Port-Pothuau (K- = 0.48). A slight convergence in Port Pothuau and west of Miramar is
strengthening the coefficients up to 0.84.

c.The southeast waass

Unlike the east and northeast waves that focus on the eashoreline of the bay, the
southeast waves focus on the northern part of the bay. The southeast wave is more
affected by the presence of the islands; the only passage to enter the bay is located
between the islands of PorCros and Porquerolles.

The area between Pd of Miramar and the north of the airport is directly attacked by
the southeast wave; the coefficients of refraction vary from 0.56 to 0.97 and beyond 1 in
some places, especially at the port of Miramark( = 1.03) at the end of ViewSalins
d'Hyeres (K- = 1.29) and in the groynes of Ceinturon K, = 1.13). However, the
divergence of orthogonal induced low coefficients from the northern airport to Bonal;
between 0.37 and 0.43) and above all between Hyeres beach and la Badine where the
wave is completely eoriented (K: = 0.16).
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2.2.6. Wind

Wind plays the key factor in coastal evolution in the study area. It directly affects the
sand transport in the emerged beacland indirectly generates wavesGiens tombolo is
located at the boundary of two different regimes, those of the Gulf of Lion in the west
and the Gulf of Genoa in the east. The rocky outcrop GapeBenat, SixFours-Les
Plages/SaintMandrier, and the islands of Hyeres position as the physical constraints of
the study site which play a key role in wind direction and therefore in the wave
propagation. The prevailing winds are related to disruptions in the Gulf of Genoa
(Capanni, 201). The wind data were mainly acquired from Hyeres and Levadrstations.
In order to understand the wind regime as well as its characteristics in the study area,
Beaufort scale is used to carry out some statistical analysesuch as frequency,
distribution, regression, etc

2.2.6.1. B.A.N. Hyéres station

Although the wind data of B.A.N. Hyéres Le Palyvestre statiqfrigure 2) appeared
closest to the actual winds on the tombolgts location minimizes the prevailing winds in
favor of local winds. Indeed, Maurettes range in the north and together Mont des
Oiseaux/Paradise in the south isolate this station from west directions(2600°-280°).
Moreover, it is also more or less sheltered from eastern wind$80°-100°), due to the
outcrop of Cape Benat, and the south winds(180°) by the presence of Giens and
Porquerolles Idand, while the southwest directiors (220°-260°) are not blocked by any
obstacle These directions play an important rolen wave agitation in Gulf of Gienghut
do not or a little affects wave agitation in Hyéres bayThe wind rosein B.A.N.Hyéres
station clearly reflects the influence of surrounding topographic conditions on the wind
direction (Figure 26).

Figure 26. Rose of winds in B.A.N. Hyéres station for the period 19992015.
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Eight directions of north, northeast, east, southeast, south, southwest, west and
northwest were selected for the analysis of winds. These eight directions have quite
different statistical characteristics, both in terms of overall average and extreme values
(Table 14) as well as frequency Table 15).

Table 14. The general statistical characteristics of winds at B.A.N. Hyéres station for the
period 1999 -2015.

Direction N NE E SE S SW W NW N
(°N) (S200) (S700) (S110°) (S160°) (S200°) (S2500) (S290°) (S340°) (S360°)
Frequency

%) 7.98 9.42 10.58 8.07 3.31 13.56 12.10 26.00 8.98
0

Number of
) 10517 12414 13938 10639 4357 17869 15942 34254 11831
observations

Mean speed
(m/s)

2.09 3.92 6.22 411 3.55 5.48 6.24 3.87 2.48

Maximum

29.59 20.31 20.31 17.99 12.19 20.31 21.47 17.99 13.35
speed (m/s)

Mean

o 1460 48.27 9526 135.01 187.60 229.06 275.81 321.08 354.89
direction (°)

The morphological winds of northeast, east and southeast can cause the incident
waves to the coast oHyeres bay representing 28.07% of total regime. The east winds
with the maximum speed up to 20.31 m/s, a frequency of 10.58%, and an average speed
of 6.22 m/s are responsible for the majority of morphological events. The northeast
winds have the lower frequency of 9.42% than the east windsbut they have the same
maximum speed. This means that the northeast winds may be more violent than the
southeastwinds, which only reached the maximum speeaf 17.99 m/s. Thewinds little
affecting the morphology of shoreline in Hyéres bay represents 71.93% of cases.
However, one part of them the west and southwest windshave strong influence on the
wave agitation and the coastal morphology inGiens gulf These winds maintain the
frequency of 25.66% of total observed time. They also have the high speed with the
maximum value of 21.47 m/s in the west direction. The southwest lsathe higher
frequency of 13.56 %, but the lower average speed of 5.48 m/s than those in the west
speed. Theremainders of winds, which only play the secondary role in theshoreline
evolution of Giens tomboloare the north and northwest winds (16.96% and26%). They
are the most violent winds, especially the north winds with the maximum speed of 29.59
m/s. Finally, the south winds cover only 3.31% of total regime and relatively low speed
of 12.19 m/s.
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Table 15. Frequency (in %) of wind at B.A.N. Hyeres station for the period 1999-2015
classified by Beaufort scale.

N NE E SE S SW W NW N Totwl

(S200) (S70°) (S110°) (S1609) (S2000) (S250°) (S290) (S3409) (S360°) (%)
<028 0 0 0 0 0 0 0 0 0
(m/s)
Sp8c
(e 257 204 048 046 042 073 104 350 275 1399
So8rT
e | 434 272 113 175 101 170 166 922 419 27.71
(SmL/)s;B C 093 226 264 411 140 468 242 821 140 28.05
(Sm§3;3 X 012 125 321 150 036 382 267 213 047 1553
SEHQ/SS 002 085 232 024 010 199 303 201 016 1071
S(n'?/gs 000 026 067 00l 001 058 114 080 001 350
S(n'?/s“)’ 8 0 004 013 000 000 004 014 013 000 048
S(rrﬁ/sr)[ 8 o 000 00l 000 000 000 001  0.00 0 0.02
Scrs 0 0 0 0 0 0.001 0 0 0.00
(m/s)
Scuws 0 0 0 0 0 0 0 0 0
(m/s)
SOCE nno1 0 0 0 0 0 0 0 0 0.001
(m/s)
Total

(%) 7.98 9.42 10.58 8.07 3.31 13.56 12.10 26.00 8.98 100

The statistical distribution of winds in the Table 15 also provides some interesting
information. The wind directions were limited into 13 classes compiled from Beaufort
scale. The frequencies of the eight directions are calculated accordingttese classes.
The weaker winds (<5.28 m/s) blow regularly, regardless of the direction and represent
almost 69.75% of cases. The strongest winds with the speed larger than 10.56 m/s
correspond to three dominant directions such as the west (1.29%), the nthwest
(0.93%), and the east (0.81%).The stormy events with the wind speed higher than
10.56 m/s that could cause the changes athoreline in the eastern tombolo in Hyéres
bay occur with the low frequency of 1.12%, whilst these events only represent about
1.91% in the western tombolo inGiens gulf

Regarding seasonal wind variation, there are two completely different wind regimes
corresponding to swell seasons, viz. summer (from June to August) and winter (from
December to February). The results of statistical analysiagre shown in Table 16. It is
clearly seenthat the wind speed in the summeris mostly less than that in the winter,
apart from west and southwest directions.In the summer, the morphological winds of
southwest and southeast, which affect the beach evolution dbiens tombolo, are
dominant with the frequency of 20.89% and 12%, respectively. However, in the winter,
the prevailing winds are northwest with frequency of 36.75% and northeast with
frequency of 9.32%.
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Table 16. The general statistical characteristics of seasonal winds at B.A.N. Hyéres station
for the period 1999 -2015.

irecti Frequency Mean speed Mean direction
Direction (%) (m/s) (0)

) Summer Winter Summer Winter Summer Winter
(S;\IOO) 9.62 8.37 1.79 2.45 12.33 10.53
(SN7§0) 8.1 9.32 2.04 4.61 41.88 48.97
(SlEOO) 7.98 7.68 4.66 6.86 97.93 91.81
(556%0) 12 4.16 4.07 4.11 133.44 135.98
(82300) 4.51 2.67 3.39 3.96 186.41 183.4
(3%0) 20.89 6.06 5.72 4.56 227.19 231.42
(nggoo) 12.4 14.02 6.23 6.12 273.16 275.69
(Sl;lx\éo) 18.7 36.75 3.81 3.99 317.88 321.01
(SSIEOO) 5.81 10.96 2.07 2.87 352.73 352.1

2.2.6.2. Le Levant station

In contrast to Hyéeres station, Le Levant station is located at the very high point of the
Le Levantisland without the effect oftopographic ground such as the mountain, the high
building, etc (Figure 2). The wind rose established in Le Levant station for the period
from 2000 to 2015 (Figure 27) highlights the main regimes of winds affecting the study
area. It is easily recognized that the west (260280°0), Southwest (230°-260°) and
Northeast (60°-80°) are three prevailing wind directions appearing at this station.
Nevertheless, theNortheast direction has many the highest winds.

N-

Wind speed (m/s)

Bl ~bove 13.61

| 10.56 - 13.61
7.78 -10.56

(=i

Bl 523- 7.78

Bl 306- 528

Bl 139- 306

Bl o02s3- 139
Below 0.28

Figure 27. Wind rose in Le Levant station for the period 2000 -2015.

Some statistical analyses of windsvith eight directions were carried out, similarly
those in Hyeres station. The results are shown ihable 17 and Table 18.

35



Table 17. The general statistical characteristics of winds at Le Levant station for the period

2000-2015.
Direction N NE E SE S S W NW N
(°N) (S200) (S700) (S110°) (S1600) (S200°) (S2500) (S290°) (S3400) (S3609)
Frequency
(%) 1.09 20.57 18.87 5.16 2.72 10.36 34.04 6.27 0.92
Number of
. 1227 23058 21156 5784 3052 11613 38160 7029 1034
observations
Mean speed
2.80 5.59 5.60 2.67 2.60 4.18 6.23 5.01 2.42
(m/s)
Maximum

36.43 22.67 23.48 15.79 9.31 16.6 21.86 21.05 8.5
speed (m/s)

Mean
i i 15.79 59.97 87.58 137.47 185.75 236.90 27240 311.62 354.75
direction (°)

The winds of northeast, east and southeast are the mafactors, which might result in
the change of theshoreline in Hyéres bay represent approximately 44.6% of total
regime with greater than or equal to maximum speed 15.79 m/s. Unlike the winds in
Hyéres station, the northeast winds are responsible for the majority of morphological
events with a frequency of 20.57%the maximum speed of 22.67 m/s and an average
speed of 5.59 m/s. The east winds only appear with a lower frequency of 18.87% and
the higher value of maximum speed 23.48 m/s. Nonetheless, they have the same average
speed of 5.6 m/s as the northeast windsOn the other hand, the morphologicaivinds,
which play a vital role in the coastal evolution of the western tombolo in Gulf of Giens,
are the west and southwest winds representing 44.4% of observation time. Although,
blowing with the high frequency of 34.@% and the maximum speed of 21.86 m/s, the
west winds have a little impact on the change afhoreline as well as on wave agitation in
Gulf of Giens. The primary reason is that the rocky outcrop of SbBours-Les
Plages/SaintMandrier aligns on the @me axis as Giens tombolo and isolates the
western branch of Giens tombolo from waves generated by the west winds and partly
the southwest winds. The rest of winds do not mostly affect the study area representing
total of 11% in which the highest value of maximunspeed of 36.43 m/s is repeatedly
observed in the north winds and the lowest speed of 9.31 m/s occurs in the south winds.

Based on the Beaufort scale, the wind directions are divided into 13 classess
described in Table 18. Similarly the winds in Hyeres station, the winds in Le Levant
station whose speeds is lower than 5.28 m/s occur with the frequency of up to 60.6 %,
while the strongest winds (from 10.56 m/s) correspond to the west,east andnortheast
directions with the frequency of 4.67%, 2.18 %, and 2.04%, respectivelidditionally,
the winds of east, northeastand southeastwith speed larger than 10.56 m/s which can
reshape the coast of the eastern tombolo in Hyeres bay merehgpresent about 4.23%

of total observations.Concerning the western part of Giens tombolon Gulf of Giens, the
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morphological winds of west and southwest which have the speed over BB m/s
appear with the lightly higher frequency of 4.81 %.

Table 18. Frequency (in %) of wind at Le Levant station for the period 2000 -2015 classified
by Beaufort scale.

N NE E SE S SW W NW N Total

(S200)  (S70°) (S110°) (S160°) (S200°) (S250°) (S2900) (S340°) (S360°) (%)
<0.28 0 0 0 0 0 0 0 0 0 0
(m/s)
Sp8oc
/s) 015 063  0.68 0.69 0.41 0.62 1.12 0.81 017 528
f’m‘;sf T 048 371 394 2.81 1.41 2.71 5.47 1.77 0.48 22.78
Suv 8¢
/s) 041 7.90 641 1.34 0.78 4.42 9.71 1.31 0.25 3254
SXx8x
vs) 004 452 394 0.27 0.11 1.88 7.77 1.01 0.02 1956
Spm8i
() | 0003 1791 172 0040 0008 059 5.30 0.64  0.001 10.08
Spaosdc 111 139  0.010 0 013 365 052 0 679
(m/s)
Spes8. 0.62 0.63  0.004 0 0.01 0.93 0.18 0 2.38
(m/s)
Scemsi 0.26 0.13 0 0 0 009  0.025 0 0.51
(m/s)
Scr8r 0.05 0.03 0 0 0 0.003  0.001 0 0.08
(m/s)
Scuws 0 0 0 0 0 0 0 0 0
(m/s)
Socs 0 0 0 0 0 0 0 0 0
(m/s)
l 0¢87 4001 0 0 0 0 0 0 0 0 0
(m/s)
Total

1.09 2057 1887 5.16 272 1036 3404 627 092 100

(%0)

Table 19. The general statistical characteristics of seasonal winds at Le Levant station for
the period 2000 -2015.

Direction Frequency (%) Mean speed (m/s) Mean direction (°)
© Summer Winter Summer Winter Summer  Winter
(SzNoo) 1.48 2.01 2.92 3.26 11.2 11.9
(Sch)O) 14.83 18.1 4.34 5.69 58.51 56.23
(51500) 16.84 18.78 3.95 6.94 87.31 85.74
(SlSGEOO) 6.28 4.76 2.37 3.27 135.28 136.19
(52300) 3.19 4.19 2.42 3.36 183.47 183.21
(SSE\:\(;O) 12.29 9.42 4.02 3.86 235.21 233.39
(SZVE\)/OO) 39.36 30.93 57 6.99 269.46 274.13
(S’;IX\(/)O) 4.67 10.37 4.22 5.95 310.92 310.19
(83%00) 1.06 1.44 3.11 3.36 351.41 352.07
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The statistical analysis of seasonal wind data from Le Levant station was carried out
to determine the predominant wind directions that affect the coastal morphology in the
study area. The results of this analysis are summarized ifable 19. It is noticeable that
the average wind speed in the winter is much higher than that in the summer. The
strong winds normally occur in the west sector in the summerwhereas the highest
wind speeds are observed in east and west sectors in the winter. In both the winter and
summer, the west and east winds are dominant with a frequency of at least 31% and
17%, respectively.
2.2.7. Sediment

AEA OAAEI AT O ORKEI AO EAIT I(WAEORIOU AE ££ZAOAT O
Au OEA DPOAOGATAA 1T &£ T OCAT EUAOGETT O bDOI OEAET C
O00PPI U EO OOAEAAO O1 xEAA OAOEAOQEITT O &EOI I
A1 RansardMaravenneriver. They are the typical representatives of Mediterranean
flows, which have the continuaus inflows from October to Mayfollowed by long periods
of drying up in summer. Nevertheless, the short and violent floods occasionally occur in
these rivers. On ke other side, Gulf of Giens suffers from the lack of sediment
contributions in situ in long time. The small rivers in Gulf of Giens are located between
the outcrop of Carqueiranne and Almanarre. Their watershed only represesil5 square
kilometers with approximately 10 km of linear shoreline. The flows are negligible and
have never been measured. Henceforth, it is very difficult to estimate the sediment yield
of these rivers in Gulf of Giens.
2.2.7.1. Fluvial sediment contribution s
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EAT Ah oAMIOAMORA T A OEOAOO EAGAT A AAIOANDIOEANRAT O i
OAOCA dr@8p4EEOC | AAOA @EIAGO OEFRAAU O1T OAT OAAEID Al
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2.2.7.2.Longshore distribution of s ediment
AEAOA T AOAOOAOQEIT T-OA AE il AHEDA O W EIAOC GAUIABDI AD AT 1

i pwbhYlgQAT A Ap HAADEL ' OEOOMA Aj ElryQlEd ECEO OEA
1T1TCOET OA OAAEI AT O OOAT OPT OO ET (UA3ZO0AO AAL
ET AEOEAOQAI EUBKEET ATTGRA GLUA@IOOAT on OEAOA FEAA
AOT OET 1T OEBEOAAAAOROPBAOOI)AOEE AOE IQEBOFE@KRO | B I
OET xO0 A -KCIOMAWITAD® OAAETI AT OO ET OEA AEOAAOQEII
I £ EAAEI EOEAO bpABDARKENEN EAA OAIO @BA OEA 11

AOAAExAOAD AO OEA 1 OOE | & 2jFiGuieRsAh ( UAZ OAC
)6 EO 111U AOii OEA i OOE i &£ OEA ' ADAAO At
£l OOEAT AT 1 OOEAGOEIT Ei OEA COAE] OEUA i A&
" ADAAO OF OEA DI OO i &£ (UAZOAOR Ol A AUSHivATO
m8cv iiqQRF xEOE A AAAOAAOA EI OEA DAOAAI OA

21 OAAOCA xEAOKA AB®GEHRIRD Ol OEIAC OEA OOAT ODIGBO i
. AOAOOEAI AOOh DAAAT AO POAOGAT O OEA Al x1 AOE A&
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Figure 28. Longitudinal distribution of sediment in the swash zone in Hyéresbay (Courtaud
(2000), Capanni (2011) modified.

2.2.7.3. Spatial distribution of sediment

Most of the bay is occupied by coarse sand$4:> 2 mm), resulting from the
biological production of the Posidoniaseagrass, particularly important in Hyeres bay
(Jeudy De Grissac, 1975 The proportion of sediments, which mix the calcified
organisms and sand, is rarely less than 10% and varies mostly between 10 and 30%. The
mobile fine sands (0.5 to 0.063 mm) are concentrated between the port of Hyéres and La
Badine beach. Their extent fishore corresponds to the upper limit of the Posidonia
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meadow. The pelitic fraction (silts) occupies a very large area and is due to river flows.
From the mouth of the Gapeau to the Cape of Estéréligure 29), the bottoms between-

8 and -15 m are occupied by at least 50% of pelites, with maximums at the port of
Hyéres (92%). The "coastal detritic" is composed of heterometric sands, whose
granulometry varies from coarse and medium sands to pelites (<10%). In the erosion
channels within the posidonia meadow, the material is also very heterometric including
pebbles, gravels and coarse sands from the Gapeau river as well as fragments of groynes
and rip-raps (Capanni, 201).
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Figure 29. Distribution of sediment in the seabed of Hyéres bay (Source: SHOM)
2.2.8. Posidonia and seabed characteristics
2.2.8.1. Introduction

Posidonia is one of the most important endemic seagrass species in the
Mediterranean Sea. It can colonize either in soft substrates such as sand in wave
sheltered areas or rocky bottoms being exposed to relatively high wave energy and wind
driven currents (Koch et al, 2006). Posidonia can form meadows dyeds, which are
usually distributed in shallow areas from the surface to 4815 m depth depending
closely upon water transparency It can be seen almost throughout the Mediterranean
sea except for the MiddleEast and along the Languedoc coast (France) between the
Camargue and PoHa-Nouvelle (Boudouresque et al., 201p (Figure 30). The total
surface area of Posidonia has been estimated to be in the order of 1,224,707 ha, covering
about 1.5% of the total Mediterranean Sea surfac@”asqualini et al., 1998. Along the
French coast, Posidonia was found to be approximately 94,030 ha and mainly
concentrated along the Var coast and around Corsica islaffdielesca et al., 201p
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Figure 30. Distribution of Posidonia Oceanica (red line) along the coast of the
Mediterranean Sea (Vacchi et al., 2016).

Posidonia oceanica is a flowered plant like all other seagrass species. The density of
this plant usually varies between 500 and 1,000 plants per square metéKoch et al.,
2006). It is composed by rhizome, root, leaves, flower and fruiE{gure 31). The rhizome
can grow in vertical and horizontal directions. Such a characteristic of the root allows
the plant to anchor itself to the sandy bottom and to simultaneously contrast the gradua
silting due to the continuous sediment storage between the long leaves. In presence of a
sandy bottom, the netting of the perpendicular rhizomes creates a strong zone, called
mattes (Cavallaro et al., 201D. Posidonia oceanica requires good quality of seawater,
with high salinity, low turbidity and a sedimentary budget compatible with the growth
of the matte. It dies off immediately £/ OEA OAIl ET E (QBen Bl&ya, A%KY. T x
Therefore, it is usually restricted to the open sea and rare or abseim the vicinity of
river mouths. Infantes et al. (2009)indicated that Posidonia oceanica is not present in
areas with the threshold nearbottom orbital velocities higher than 3842 cm/s. This
velocity can be considered as a determinant of the upper depth limit of Posidonia
oceanica. Furthermore, it does not occur shallower than the breaking depths because
waves tear off shoots and some of which will then constite cuttings. They can also
erode the matte, either directly, or by leaching the sediment, which weakens the
meadows (Boudouresque et al., 201P Finally, high turbidity causes the reduction of
transparency of the water and penetration of light, and can consequently induce a
withdrawal of the lower limit of Posidonia oceanica meadowgBoudouresque et al.,
2009).
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Figure 31. Structure of Posidonia oceanica (Manca, 2010).

The presence of Posidonia meadows has a strong impact on the local hydrodynamics
as well as on the sediment transport, especially in the shallow water area where the
length of plants is comparable with the wéger depth (Cavallaro et al., 201p. Up to now,
the effects of seagrass have been investigated mainly by-situ measurements
(Boudouresque et al. (1983)Astier (1984), Jeudy de Grissac (1984)eudy de Grissac et
al. (1985), Jeudy de Grissac et al. (1989acia et al. (1999)Gacia et al. (2001)Bouma
et al. (2005b), Temmerman et al. (2005) Simeone (2008) Infantes et al. (2009) Dijkstra
(2009), Infantes et al. (2012) GomezPujol et al. (2013) and flume experiments using
natural (Grizzle et al. (1996) Bouma et al. (2005a)Hendriks et al. (2008), Lefebvre et al.
(2010)) or artificial vegetation (Nepf (1999), Nepf et al. (2000) Lépez et al. (2001)
Ghisalberti et al. (2002) Folkard (2005), Fonseca et al. (2006)Nepf et al. (2008) Bouma
et al. (2009), Koftis et al. (2013)). According toMedina et al. (2001) the 3D structure of
rhizomes creaes a certain reinforcement for the sandy sediment of the submarine
beach; and along with their roots and leaves, they can hinder with the sedimentary
movements of the seabed, resulting in the consolidation of the sandy substratum. In
addition, Posidonia medows reduce current velocities within the canopy through the
frictional effects of vegetation (Vu et al., 2017%. Therefore, the reducedshear stress
conditions could prompt in sediment deposition and reduce resuspension of newly
deposited matter (Kombiadou et al., 2013. The foliage of the seagrass meadows
increases the roughness height of the seabed boundary layer, facilitating the wave
energy dissipation (Gacia et al.,, 1999 The wave height attenuabn over the seagrass
meadow ranges from 10%35%, depending on both the seagrass characteristics and the
wave parameters, as well as the fraction of the water column occupied by the vegetation
(Koftis et al., 201). The largest wave attenuation occurs when seagrasses occupy a large
portion (>50 percent) of the water column(Fonseca etl., 1992.
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Although Posidonia plays a very important role in the stabilization and protection of
the coast, it has been undergoing considerable regression. An estimated loss of
Posidonia was approximately 33.6%, corresponding to 368,837 ha in thesa50 years
(Telesca et al., 201k Boudouresque et al. (2012)indicated that anthropogenic
disturbances are the dominant factor in the decline of Posidonia meadows. The main
anthropogenic threats can be direct physical (e.g. anchoring, fishing) and chemical
damages (e.g. water pollution) or indirect changes of the hydrodynamic regimes by the
construction of new coastal defenseqBoudouresque et al., 200R The building of
facilities such as breakwaters, seawalls, ports, and beach nahment represents a
major threat to Posidonia meadows. Same as direct impacts, such constructions not only
change swells and currents locally, but also cause the coastal erosion downstream due to
the deficit of sediment (Astier, 1984). Either excess or deficit of sediment may have
destroyed Posidonia meadows. If the rate of sedimentation is greater tharx cm per
year, the veetative tips will die; conversely, if this rate is zero or negative, the matte
rises and the rhizomes become exposed and they are then extremely easily broken off by
hydrodynamics, anchors, trawling, etc(Boudouresque et al., 198R For instance, the
construction of PointeeRouge harbour (Marseille, southern France) directly destroyed
11 ha of Posidonia meadow; during the construction, the plume of turbidity from the
building site caused the loss of 68 har more (Boudouresque et al., 2012 In the other
example, the construction of artificial beaches in Le Mourillon (Toulon, France) directly
caused the burial of 22 ha oPosidoniameadows, followed by the indirect destruction of
10 hectares due to the increased turbidity of the water and the silting up of 27 additional
hectares. Even in the operational phase of a harbor, a source of turbidity is remained
and the port basins are oftn polluted by anti-fouling paint and discharge of wastewater
from boats. This pollution then spreads to the area surrounding the ports, triggering the
reduction of seagrass productivity in the surviving Posidonia meadowgRuiz et al.,
2003). Moreover, the regression of Mediterranean seagrass meadows may be attributed
to global climate change Marba et al. (2010)estimated that shoot mortality rates were
increased by 2.2% per year for each additional degree of annualaximum temperature
and by 0.1% per year for each accumulated degree of water temperature, for water
remained above 26.8C during the growing season. During the period from 1945 to
2000, the estimated contribution of humandriven warming to the SLRin the western
Mediterranean Sea is between 2.75 and 5.50 c(Calafat et al., 20088 " U OOET C " (
extrapolation, Boudouresque et al. (2009)redicted that this small SLRcould result in a
2.75-5.5m withdrawal of the lower limit of Posidonia meadows in bays with gently
sloping bottoms. The regression or even disappearance of Posidonia meadow in the
future can trigger the seriously negative impacts on the coastal areg¥u et al., 2017¢.
Hence, it is essential to obtain a more complete understanding of the change of coastal
morphodynamics due to the reduction of Posidonia meadow area.
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2.2.8.2. Simulating the presenc e of Posidonia

In the bay of Hyeres, Posidonia meadows appear at very close distances from the
coast (Figure 32). It ranges from the depth of O to the depth of 30 m covering200 ha in
the bay of Hyéres, from the south of the Giens tombolo up to Borm&s-Mimosas
(Sinnassamy et al.,, 1990 Unlike the Guf of Giens, where the Posidonia seagrass
observed by Courtaud (2000) is quite stable, the meadw of Posidonia in Hyeres bay
knew a significant change between 1924 and 2() and has evolved differently inthe
different observed areas, the main cause being that afoastal constructions. For
instance, at the beach of Aygaude, the construction afjetty at the mouth of Roubaud
river caused a sedimentary accretion upstream ofstructure. The advance of the
shoreline and translation seaward of all the coastal sedimentary system resel in the
moving of theupper limits of Posidonia seagrass offshore, retreat average 100 m. In this
area, at least 120,000 rh(or -1500m?/year) seagrass havebeen lost. Moreover, at the
port of Hyéres, the construction of various basins caused the loss of a very important
seagrass area. The total loss area is estimated about 430,00@ (or -5400m?2/year)
(Capanni, 201).
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Figure 32. Distribution of Posidonia seagrassin Hyeéres bay.
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The effects of Posidonia seagrass on wave attenuation, reduction of current velocities
and sediment transportin Hyéres baywere investigated through the adjustment of the
drag coefficient and the Nikurage roughness height. The presence of seagrass was
taken into account within these parameters. However, Posidonia is commonly present at
a depth deeper than the breaker zones iyeres bay, while the remainders are only
covered by sand or rock without seagrss. Therefore, the drag coefficient and the
roughness height need to be estimated separately in two different areas, corresponding
to the cases of Posidoniaeagrassand no Posidoniaseagrass

For the seagrass areas, the vegetation issues the drag expressionNeipf (1999),
which was developed based on laboratory experiments with steady flows throughgid
grass minics. The primary reason for using this expression is that it explicitly accounts
for the effects of seagrass shoot density over a realistic range of densitidéoch et al.,
2006). The drag coefficienis expressed as follows:

5 p Q6 @O0 (2-1)

Q
Where:
ais the projected Posidonia area per unit volumém?) ;
dp is the leaf width (m);
dis the water depth (m);

Gs is a skin friction drag coefficient (equal to constant value of 0.001)Nepf, 2000;

8 8
(0]

is the fractional volume of the water area occupied by seagrasses;

Np is the density of seagrass per unit area (m2);
hp is canopy height of seagrass (m);
0 is thebulk drag coefficient for seagrasss. It is function of (X2 approximated by
Chen et al. (2007)according toNepf (2000) as:
If 10-3<aQ <102, then6 =1.17
If 102 <6X) <101, whiled =-0.255In(¢XQ2)
This equation takes into account the current and not wave.

The values of abovementioned terms relating to the Posidonia characteristiccome
from the data provided by @.S PosidongTable 20).

Table 20. The dimensional characteristics of Posidonia seagrass (Paquier, 2009).

Data Source Value
Np GIS Posidonie 525.9+/-197 (m?2)
hp Posidonium Port Cros 55 cmin average
dp GIS Posidonie 10 mm in average
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In addition to the drag coefficient, the relation between the vegetation roughness
height and the deflected height of Posidonia seagrass has been also studied by the
experimental method.Kouwen (1969) established one equation to calculate the flexible
submerged vegetation roughness height in open channel. This equation is based on the
experiments made in a laboratory flume.

0 QQ - (2-2)
In which G is an empirical coefficient (1.52 <G < 2.69).

The results of estimation of the median grain diameterOso), Nikuradse roughness
height k@ AT A - AT T E MgCfar the dntdd shudyQ@reg are illustrated inFigure
33, Figure 34, andFigure 35, respectively.
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Figure 33. Distribution of median grain size D so in Hyéres bay.
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2.3. Key factors affecting the morphological evolution in Giens tombolo

The morphological evolutionis induced by erosion and accretionwhich are natural
processes that occur at different temporal and spatial scales. They can take place in
response to smallerscale events such as storms, regular wave action, tides and winds,
or in response to largescale events such as glaciation. Wind, waves and currents are
natural forces that easily move the unconsolidated sand and soils in the coastal area,
resulting in rapid changesin the position of the shoreline as well as the bathymetry of
the beach. Moreover, anthropogenic actions in river catchments and watersheds (river
damming and diversion), along the coast (port facilities, groynes, jetties, land
reclamation), and offshore (Iredging, sand extraction) in combination with these
natural forces normally exacerbate coastal erosion in many places.

The Gians tombolo is a fragile areavulnerable to the coastal erosion. There are some
erosive areas along the shoreline, such as the mioern and central Wesern tombolo
(landmarks B0O8 and B10), the central Ceinturon beach, La Capte beg@ianc, 1974
Capanni, 2011 Courtaud, 200Q SOGREAH, 1983c The main causes of the erosive
phenomenon are both atributed to natural factors (waves and storms) and human
activities (a deficit of sediment load caused by mamade structures).

2.3.1. Wind condition

Wind is the essential factor of the littoral morphogenesis, by intervening directly on
the wind transport of the emerged areas and indirectly by being the source of waves and
currents. In addition, the prevailing winds accompany lowpressure situations, which
can promote the storm surge phenomena during the tempestuous events. The sediment
transport related to wind dynamics is estimated at between 5 and 10,000 ityear along
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the western branch and between 10 and 20,000 #year along the eastern branch
(SOGREAH, 1988a The winds will not have the same effecten each side of Giens
tombolo. When the western branch is exposed to the southeast wind directions that
generate an agitation affecting the shoreline evolution in Giens gulf, the eastern branch
is in the shadow of this wind. However, it is the opposite fothe eastern northeastern,
and southeasern winds. They cause the formation of swell that enters Hyeres bay and
participates in the coastal morphology.

2.3.2. Wave condition

Wave plays a considerable role in the morphology of Giens tombolo due to the
absence of significant tide. Firstly, the two branches dhe tombolo forming the bottom
of bay are subjectdirectly to dominant wave directions. Secondly, the low altitudes and
the narrowness of the emerged sand spit make the shoreline facing the endangére
marine dynamic attacks(Courtaud, 2000.

The western tombolo is subjectto westerly wave plans. The erosive areas in this
branch result of the attacks of west waves with high wave steepness, although relatively
short, northwest and southwest waves, all totaling about 45 days per yeéBlanc, 1973).
The west direction has a strong impact on the areas between the landmarks BB36
and B25B28 whereas the Southwest regime mostly affects the landmarks B®BIL5 and
B20-B21 (Figure 1). This direction is also the most devastating in the north of western
tombolo. It promotes the wave rurrup approaching the west coast. It causes the flooding
of the salt road and deposition of sediment in the middlesurrounding chanrel from
landmark B08 to B10(ERAMM, 200). In contrast to the western tombolo, thesastern
branch is attacked by the dominant wave directions of east and southeast. The most
exposed sector of Hyeres bayies between the port of Hyéres and laCapte beach,
directly subject to attacks of the most aggressive waves of east and northeast.
Accompanied with the deficit of sediment due to the presence of long breakwatgrit
causes the erosion at la Capte beach. Moreover, chasge the orientation of the
shoreline explicates that the area between Ceinturon beach and Port Pothuau is
protected from the east and northeast waves, but exposed to the southeast waves. As a
result, the downstream sides of groynes and Ceinturon beach awdntinuously eroded
by the action of southeast waves. A significant sediment loss in this area is estimated at
50,000 e or -500 m3/year (Capanni, 201).

2.3.3. Current condition

In the gulf of Giens and Hyeres bay, there are some kinds of currents operating such
as general currents, tidal currentswave-induced currents, and winddriven currents.
Nevertheless, only vave and winddriven currents havea strong impact on the shoreline
changes ofthe tombolo. Generaly, the wind-driven currents do not exceed 0.2 to 0.3
m/s and are mainly involved in sugension transport and therefore suspended material

49



is very thin or very light. Furthermore, they bring plant debris (Posidonia, Zoosteres)
that are found preferentially in calm areas: for example, the La Badine beach and port
areas (SOGREAH, 1988aln some cases, the debris banquettes on the beach play as a
protective buffer layer, which can absorb one part of wave energy in the swash zone and
limit the soil washing, especially in stormy durations. Withwinds from the east, they
form a current from east to west and from north to south along the tombolo.

Regarding the waveinduced currents, they are composed of longshore current and
rip current determining almost all sediment transport in the study areaThe movement
of longshore currents is responsible for the shoreline transit, carrying sediment between
the coast and the surf zone. In the Gulf of Giens, the transport sediment volume due to
these currents is approximately 5000 r/year in the south and beween 3000 and 4000
m3/year in the north. For the Hyeres bay, the annual transportation varies from 3 to
5000 m3/year at La LondelLesMaures, and 5 to 10,000 fdifyear in the area of Port
Pothuau/La Capte. Between the hippodrome and La Capte, the transit upile is
estimated at about 25,600 r/year (Courtaud, 2000. In the bay of Hyéres, the dominant
longshore current takes sediments of Pansartflaravenne river and carries from east to
west to Port Pdhuau as a first obstacle. From there, the curvature of the shoreline
forced the movement to NNESSW to Port of Hyéres. During this trip, it will take over the
contributions of Gapeau, then those of Roubaud. Beyond Port of Hyeres, the current has
a north-south trajectory. At La Badine beach, the current is completely blocked by the
cape of Esterel. As a result, it stops the flow and therefore the transit cannot really be
evacuated to the south. On the other hand, the rip current is perpendicular to the stegr
carrying sediments to sea. In addition to the wave characteristics, the rip currents
significantly depend on the seabed slope. The increase in the slope along some beach
profiles, such as the restaurant of Le Salinas in the western branch and the canpsif la
Londe in the eastern branch, promotes the departure of sediments by increasing the
speed of rip currents. The existence of indentations in the Posidonia herbarium testify to
the power of rip currents. In the Gulf of Giens, three major erosion chaals are
perpendicular to the shoreline while in Hyeres bay, there is not very wide erosion
channel through the herbarium, probably due to relatively sheltered waters. Sediment
removed from the subaerial area and some sectors of the Posidonia seagrass will
borrow the erosion channels and mainly supply the herbarium raising its offshore
elevation. Sediment transport in the beach profile in the Gulf of Giens is estimated from
50 to 100 m?® per linear meter per year(SOGREAH, 1983a

2.3.4. Biological factors

The Posidonia seagrass plays a fundamental role in the hydrodynamic protection of
shoreline and beaches, by attenuating the power of waves and currents and stabilizing
the sandy seabed. Its effect depeisdmainly on height, density, and width of leaf. Wave
attenuation by seagrass canopies has been measured on the northeast coast of the island
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of Mallorca bylInfantes et al. (2012) The results of thatmeasurement showed that root
mean squared wave heightKlms) is reduced by around 50% for incident waves of 1.1 m
propagating over about 1000 m of a meadow of Posidonia with shoot density of about
600 shoots per square meter. Furthermore, the presence ofRpsidonia in the nearshore
conditions the shape of equilibrium profiles. Higher wave energy dissipated by
Posidonia meadows could result in higheAD AOAT AOAOO I1(BEst&rddedd O %"
al., 2009. In addition, it also participates in trapping of sediments and reduces sediment
resuspension. In other words, Posidonia meadow controls the beach variability and
sediment exchange at annual basi§GomezPujol et al., 201). Just as a land plant,
Posidonia seagrass lose their leaves mostly in late summer and autumn, and
accumulates abng shores, particularly in sheltered areas, forming banquettes whose
thickness may be 2 to 3 meters. These Posidonia banquettes can play a certain role in
the beach evolution under normal wave conditions, in particular on low energy beaches.
Hence, the dstribution of Posidonia in the Gulf of Gins and Hyeres bay could affe¢he
change of the shoreline as well as the beach evolution. More details regarding its role in
hydrodynamics and sediment transport in the study area will be investigated and
discussd in Part 5.6.4 ofthe chapter5.

2.3.5. SLR due to global climate change

The global SLR mainly comes from mass addition from melting isheets and glaciers
and global steric expansion due to climate change. Within the Mediterranean Sea, a
semi-enclosed lasin, changes in the atmospheric forcing and in the ocean circulation
mainly make that SLR. This sea has been experiencing SLR differently from the global
mean (Tsimplis et al., 200§. Gomis et al. (2011)shown that Mediterranean mean sea
level has been rising at a lower rate (1-1.3 mm/year) than global mean sea level
(1.8+0.5 mml/year) during the 20t century. Furthermore, Cazenave et al. (2003)
confirmed that the geocentric rate of global mean SLR over the period 192803
ranged around +2.8+0.4 mml/year, and +2.2 mm/year for the a@a from Marseille to
Menton, as determined from satellite altimetry. In the 2T century, from a minimum and
a maximum scenarioGalassi et al. (2014pstimated that the future sealevel variations
in the Mediterranean Sea by 20492050 relative to 1990-2000 will be 9.8 and 25.6 cm.
Particularly, based on the data of Marseille tide gauge from 188812, the rate of sea
level change computed by linear regression will be 1.26+0.05 mm/year. On the other
hand, the rate of sea level variatin at Marseille by 20402050 can be 1.2 and 4.2
mm/year in the minimum and maximum scenarios, respectivelyln addition, according
to the work of Brunel (2010), the rise of MSL due to global warming is estimated about
35 cm between 2010 and 2060.

By 2100, the global SLR forecasted to be around 44 cm may have serious impacts
coastal regions(Paskoff, 2009 x EAOA AAT 6O vnbkb 1T &£ OEA x1 Ol A8
AOAAO E1T xEEAE [ OAE 1T &£ OEEO DPipOI AGETT OAC
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Anticipated SLR will greatly amplify risks to coastal @anes including increasing offshore
and longshore loss of sediment, directly inundating (or submerging) marshes and other
low-lying lands, increasing the salinity of estuaries and aquifers, raising coastal water
tables and contaminating urban water suppliesexacerbating coastal flooding and storm
damage(Vellinga et al., 1989, and displacing existing coastal animal communities and
plant, especially degrading the meadows of Posidon{g&ouncil et al., 2012. In addition,
OEA 3,2 [ AU Al O AAA Ok kddal phokedion svadikes AFor |
instance, a situation is when a currently emerged structure (usually placed close to the
shoreline for maximum beach widening) becomes submerged due to SIi(Ranasinghe,
2016). In the study area, although the population in this area is not as largs on other
coastal regions in the world, vulnerability to SLR will mainly affect industrial and
tourism activities. Because the economic stakes of the coastal fringe are considerable
and mainly related to the tourism industry and seaside tourism in the aa accounts for
Al AT 1T OA1 OOOTT OAO T &£ 189 AEITEITT AOOI Oh
the French tourism industry. Thus, the beaches represent an extremely important
economic stake and their disappearance due to an acceleration 8ER would be very
prejudicial to the economy of the regionBrunel et al., 2009.

Now, in all negative impacts of SLR, coastal erosion is a global and topical problem.
According to the investigation of Brunel et al. (2009), the beaches of Hyeres bay
underwent erosion with an averageretreat of 12.1 (£ 3.5) m corresponding to an
average loss of 40 % (x 10%) of their surface area between 1896 and 1998. Additionally,
they obtained an average shoreline retreat of 5.8 (+ 3.5) m due to a relative SLR of +11
cm between 1896 and 1998. By 2100n the case of an increase in sdavel of about +44

£

Ot

cm, Brunel et al. (2009)A1 0T AOOEI AOAA AT AOAOAGCA OAOOA

OAOQUET ¢ AAOxAAT Mpc¢g¢ j mcqQ AT A Mt pstgngvquatter i
of the investigated pocketbeaches may be lose at least 75 (+10) % of their current
surface-area by 2100(Brunel et al., 2009.

The trend of global warming along with a SLR is hard to reverse and itpsssible that
the global climate change will not be under control in the near future. Therefore,
studying on the negative impacts of climate change need to be paid more attention. The
aim of this work is to present the quantitative analysis of the effectof SLR on
hydrodynamics and sediment transport along the eastern Giens tombolo, especially in
Ceinturon and Bona beachegsee in Part 5.6.5 of the chapter 5)

2.3.6. Human actions

Human activities are a fundamental parameter of the recent evolution of
morphological Giens tombolo. The two branches have experienced very different choices
of development over the last fifty years. Tourist pressure is the reason of the
establishment of leisure facilities, health, infrastructure and housing ever closer to the

seafront. The narrowness of the dune, aggressiveness of sea weather dynamics, and
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deficit of sediment led authorities to take protective measures facing these
constructions (Courtaud, 2000Q. Depending on the purpose of the achievements, it is
possible to be categorized into ife types of construction along the tombolo: port

facilities, coastal protection works, rehabilitation operations of dunes, beach

nourishment and calibration works of river mouths.

2.3.6.1. Rehabilitation operations of dunes

Since the late sixties of 20 century, the western branch of Giens tombolo has
experienced several phases of protection and rehabilitation of the dunes. Until 1995, the
wood fences were installed byCEPREL from B18 to the southF{gure 36 (a)).The
presence ofwood fencesresults into a rising of the dunes of 2 to 5 cm per year,
particularly in the south. Nevertheless,it is dangerousto want us to fix the dunes
mobility side whose landis already limited by the presenceof salt road and Pesquiers
Wood fences were also installed along the eastern branch, at the beach of Ayguade, the
beach in upstream of Hyeres port, the pinewood Pesquiers, la Capte and Bergerie
(Figure 36 (b)). In those areas where erosion is limited, such equipment is inteled to
maintain the existing sediment balance.

- e b P
et S L SREE X

a. Almanarre b. Bergerie
Figure 36. Wood fences.

The major purposes of these fences are to provide windbreaks function limiting the
loss of sediment by wind transport, protect the salt road and Salins des Pesquiers
against marine attacks, and protect the sand spits and the overcrowding of
corresponding wildlife. The recovery rate of plants within pots is 60 to 90% providing
good fixation of the sediment. Soft techniques, even when wood fences raise the
morphosedimentary evolution problems of beaches. Isolation of the dunes may not be
the right solution for a narrow shoreline (Courtaud, 2000.

2.3.6.2. Beach nourishment
Coastal erosion is a global and topical problem; at leagtmtp | £ OEA x1 OI
are experiencing coastal erosior(Bird, 2005), whereasc t b T £ & OAT AA8 O

shoreline is eroding, i.e. 1,723 km of coastub of a total of 7,124 km and 48% of sandy
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coasts are receding, i.e. 1,153 km, representing tabirds of all of the receding coasts
(Colas, 2007. All of 23 investigated sandy beachesn Provence, southern France
underwent erosion between 1896 to 1998(Brunel et al., 2007. In addition, climate
change and the associated rise in sea level are increasing the vulnerability of coastal
communities and industries to flood and erosion risk globally(Nicholls et al., 2007. Sea
level is estimated to rise approximately 20 cm by the year 2050PCC, 199%, which
could lead to translate to an average of 1 meter of shoreline erosion per year
(Leatherman et al., 200).

Two main methods of erosion control, hard and soft stabilization, have been
developed and applied in an attempt to halt retreatig shorelines and counteract
erosional effects. Traditionally, hard stabilization, which involves the installation of
permanent structures such as revetments, seawalls, offshore breakwaters, groynes and
jetties, was the preferred approach in the world as il as in France. In addition to
reducing flooding hazards, stabilizing the shoreline, and providing protection to upland
properties, these coastal structures also trigger adverse environmental and aesthetical
effects on the beach and even further away oadjacent shores(Hamm et al., 2002.
Especially,the implementation of transverse structures, viz. port, jetty, and groynes, not
only blocks the longshore sediment driftscauses thedeficit of sediment and erosion in
the downstream of these structures(JeudyDe Grissac, 197h but also interferes with
visual beach amenity and aesthetics which are essential for maintaining the tourist value
of many beacheqRanasinghe et al., 2006 As an alternative to hard coastal structures,
beach nourishment is considered worldwide to be an effective soft engineering
approach to protect and restore the sandy beaches facing erosion as it often has less
adverse effects a the surroundings. In France, during the period from 1962 to 1998,
about 115 fills and refills have been performed in 26 sites adding to a total fill volume of
about 12M n® (Hamm et al, 2002. More specifically, thousands fper year has been
used to nourish the sandy beaches along the eastern Giens tombolo, Hyeres, from 2003
to 2010 (Table21).

Beach nourishment comprises the placement of additional good quality sand on a
beach, after sand is distributed across and along the shore by the action of waves and
currents, thereby increasing the overall sediment budget. This morphological
development consists of longshore spreadut of the fill sediments and crossshore
equilibrium, viz. the transformation of the construction profile to the dynamic
equilibrium profile (Bodegom, 2004. Some of the main advantas associated with
beach nourishment include: 1) a wider recreational beach; 2) protection to shoreline
structures; 3) possible beneficial use for dredged material from nearby sources; and 4)
the ability to switch to other beach management methods in theufure (as long as
increased coastal development does not preclude thigNRC, 199%. However, there are
some disadvantages of this method. Beach nourishment may not be ce$ftective for
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short stretches of beachfront, or those with high erosion rate6NRC, 199%. At Ceinturon
beach in the easternGiens tombolo, beach nourishment is carried out annuallgFigure
37), but the shoreline has beemexperienced the retreat with an average erosion rate cf
0.35 m/year (Capanni, 201). Success rates for different rplenished beaches can be
highly variable and high cost overruns are not uncommon(Pilkey et al., 199§.
Moreover, despite the presumption that beach nourishment is ecologically benign, it can
also causes the negative impacts on marine biocenosis@2eterson et al., 200%. Beach
fill usually results in excess of sediment in water, especially in rough sea conditions,
which may have destroyed Posidoni@ne of the most important endemic seagrass
species in the Mediterranean Sea. For example, the construction of artificial beaches in
Le Mouiillon (Toulon, Var, France) directly caused the burial of 22 ha of Posidonia,
followed by the indirect destruction of 10 hectares due to the increased turbidity of the
water and the silting up of 27 additional hectares(Boudouresque et al., 200R The
efficacy and impacts of beach nourishment are likely to depend on the scale and timing
of projects, as well as the source of sediment they ugReterson et al., 200%.

Although nourishment is now widely practiced as the erosion control device of
choice, there is still debate as to whether it is the best solution to the problem of beach
erosion, and it can be considered a lontgrm solution to shoreline erosion as well as
question aout the efficiency of this method for the high eroded beache@=inkl et al.,
2005). In the present work, the numerical model is used to elucidate the effects of beach
nourishment on hydrodynamic and sediment transport fields in Bona and Ceinturon
beaches and predict the morphological behavior of these beagh after nourishment.
Therefore, the effectiveness of beach nourishment method in protecting these two
beaches could be uncoverednd discussed more detail in Part 5.6.6 of Chapte 5

Figure 37. Ceinturon beach before and after nourishment in 2008 (Capanni, 2011).
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Table 21. Nourishment Chronology in the eastern Giens tombolo (OCEANIDE, 201D

Date

Operation

1999-2003

- Pumping of approximately 8000 n§ per year at the level of Jardin
des mers

2003

- Renourishment of Bona beaclibetween 1000 and 3000 m)

May-June 2004

- Renourishment of the Bona beach from sediments dredged at La
Capte (2500 n3)

- Reprofiling of the cord by supplying materials at the Plekud beach
(200 m linear)

- Reprofiling of the Marquise beach cord from th dredged sediments
of the port of Ayguade (3000 )

December 2004

- Pumping of sand at the Jardin des Mers (11,7003jn

June 2005

- Renourishment of the Bona beach from the dredged sediments
(1000 m3)

- Renourishment of the Potiniere beach from dredgedesliments (500
m3)

- Renourishment on the Plein SueCeinturon area and the Northern
Ceinturon from dredged sediments (4500 r#)

- Renourishment of the Marquise beach from dredged sediments
(2500 m3)

2006

- Renourishment of the beach of Bona (1000 #

- Renourishment of the beach of the boulevard of the waterfront from
the sediments taken from theJardin des Mers

- Renourishment of the Marquise beach (1000 &)

2007

- Renourishment of the Marquise beach (1000 /)

June 2008

- Renourishment of the beactof Bona from the sediments taken from
the Jardin des Mers (1200 1)

- Renourishment of the "PleinSud" beach from the sediments taken
from the Jardin des Mers (3000 r$)

November 2008

- Renourishment of the sandy strand facing the "Ple#®ud":
contribution of river sand (385 tonnes) and posidonia (unknown
tonnage) to reconstitute the cordon

April 2009

- Renourishment of the "PleinSud" beach from the sediments taken
from the Jardin des Mers (1500 r$)

- Renourishment with rolled, washed quarry sand on beacBona
(2935 tons)

Autumn 2010

- Renourishment of the beach of the Ceinturon from the sediments
taken in the Jardin des Mers

- Renourishment of Bona and La Potiniére beach from rolledvashed
sand (3500 T)
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2.3.6.3. Coastal protection works

These works areintended to protect houses, roads, infrastructure, etc. from marine
dynamic attacks whose effects are amplified in places such as La Capte beach, Ceinturon
beach, by the topographical conditions related to coastal erosion. The frontal defense
works and transverse structures are two types of coastal protection conducted along the
eastern branch.

a. Frontal defense works

In the case of Hyeres bay, the frontal defense works include a concrete retaining wall
(seawall), reaches a slope of about 45La Capte Figure 38a), and Pesquiers Figure
38b), riprap revetment (eg south of Hyéres port Figure 39a), Ceinturon beach Figure
39b), Cabanes du Gapeaurigure 39c)), the low walls made of wood (the area of La
Badine-La Bergerie) Figure 39d). The main objectives of these works are either form
the seaward limit of a facility (walking pavement, road, etc.) or protect the shoreline and
the backshore from the breaking waves. These two objectives are frequently conjunctive
(SOGREAH, 1988a

a. La Capte b. Pesquiers

Figure 38. Seawalls along the eastern tombolo.

Unlike riprap of the eastern branch, those of the western branch were recently
removed by the technical services. Indeed, the frontal structures often cause a total loss
of emerged beach because the wave is reflected on the structure and produces a cross
shore current, which carries sediment seaward(Courtaud, 200Q. These protection
techniques are often complemented by transverse structures of groyne in order to
maintain the linear beach.
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a.Riprap inthe south of Hyéres port

- L

c.Riprap in Cabanes du Gapeau d.Wood wall in La Badine
Figure 39. Other revetments along the eastern tombolo .

b. Transverse structures

There are some types ofransverse structure such as masonry, rockfill, sheet piles,
wood, concrete, etc. In the case of the Hyeres bay, all groynes are rockfill (Ceinturon,
Ayguade, South Port of Hyéres)Higure 40) and have lengths between 30 and 50 m in
most cases. They were placed perpendicular to the direction of the main longshore drift
in order to trap one part of the longitudinal sediment transport and thus to promote he
deposition of sediments between them. However, their effectiveness is now being
challenged, particularly with regard to the observed significant erosion in downstream
drift. At the beach of Ceinturon, DR 42 road, located immediately behind the beach is
threatened by marine attacks because maintaining four groynes is called into question in
the light of major damage observed in downstream drif(Capanni, 201). Moreover, in
Pansard beach, four groynes with the length of 30 m spaced from 70 to 80 m, their
operation is limited due to the lack of sedimet contributions by longshore transport
and the role of the breakwater to the east that resulted in the disappearance of the
beach.

Another type of transverse structures, jetty, which recalibrates the river mouth, has
the same effects as the implementationf groynes. They oppose the longshore sediment
transport. Consequently, a deposition zone is constituted upstream of the works while
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the downstream sector is deficient. At the mouth of Roubaud, two jetties was
constructed on both of two banks to facilitaé south reorientation (late 1950s); then, a
little perpendicular jetty (50m) has been added after the left bank jetty to solve
problems of backsiltation of the mouth (1970) (Figure 41 (b)). Similarly, a jetty of 100

m long, oriented north-west/south -east, was built on the left bank of Gapeau river in the
1960s is to guide the southwest sediment transport but also to avoid the possible
accumulation on te left bank of the mouth(Capanni, 201} (Figure 41 (a)). In the
1970s, a jetty of 80 m long was also added perpendicular to the groyne of the upstream
La Capte port to prevent the bacisiltation in the entrance channel Figure 41 (d)).

a. Groyne in the south of Hyéres port b. Groynes in Ceinturon beach
Figure 40. The groynes in the eastern tombolo.
2.3.6.4. The port works

Along Giens tombolo, there are several poffacilities such as port of Hyeres, Port of
Miramar, Port of Pothuau, Aygaude port, and La Capte porFigure 41). All these
constructions port covers rearly 1,600 m, or 11% of the shoreline of the eastern branch
of the tombolo (Courtaud, 2000. The successive extensions of these ports and
recalibration of river mouths (Roubaud, La Capte) resudtd in new coastal landscapes
characterized by the advancing sea jetties and breakwaters. The advanced sea goynes
and breakwaters modified the longshore current and thus disturbed the sediment
transport. They force to accumulate the sediments in upstream dtructures while
causing the erosive areas in the downstream due to the shortage of sediment.
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