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Abstract :

A dense natork of instruments has been deployed within harbours aloniéukiterranean
coast, in the Toulon MetropoBrea, between the léesislandsand the Sanary Bap the framework
of the observation network HTIMET. Each station is equipped with two piezometric sensors, the first
immersed and the second emergehich allows the calculation of the water levBbth piezometric
sensors are also equipped with a temperature séMater level and temperature data aralyred and
discussed, alsoonsideringmeteorological data provided by Métderance stationsThe tide gauges
provide information aboutide harmmic componentsextremewater leveland seichingMoreover,
significant differences are observed betwskelteedzones in enclosed bays and offshore zosiesh
ashetweerthe back of the Bay ofdulon and at th@ortCroslsland Differencesn water level up to
0.10m arendeedobservedinderwindy conditiors, of same ordeasthe tidal range (ordesf 0.20m)or
the annual level variability due to the volumetric expansion (order of 0.YWaigr levelvariations,up
to aboutlm, are found to be mainly due to atmospheric effedth a nore or less isostatic behavior
according to theveathereventsln addition, seiching with an amplitude of few demdters is observed
within the Little Bay of Toulon, for eastvind conditions.The rearsurface water temperature is
measured at the submerged piezometer locédiepth of immersion range 0.10r.80m according to
the station and tthe water level)The analysis of the temperature associatétth theweatherconditions
allows todetaila strong variability of the upwelling intensityderMistral wind conditiongn summey
leading to more or leggonouncedemperature dropasccording to thehore configuratioriThe Bay of
Toulon ismore prone to the generationwgwellingsthan the neighlring bays.During winter, water
exchangedetween the Little By of Toulon and offshore ar@so clearly observed during windy
conditions. TheHTM-NET longterm observation network thus providesefulinsights to increase our
knowledge of thénydrodynamics and mass fluxesidthereforeenhance our modeling capacitgnd
risk assessmeitthe scale of a bay

Key-words: Observation nework, water level temperature tide, extreme water levekeicling,
upwelling water mass mixing
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1. Introduction

The Mediterranean and in particular its coastal zamegxposed to naturand manmade
hazards Coastalvulnerability is exacerbated by climate chanlgading to the development of risk
analysiglans(see e.g. Nicholls and Hoozemans, 1996; Satta et al, Z01/$tudy of coastal dynamics
is often complex, and must integrate both circulation at the baala and local forcingClassical
numericalapproaches use nested models, which allow a detailed description of the dynamics at the bay
scalewith a highresolution modelwhile offshore forcing at the open boundary is provided by a large
scale model. Thisvasdonefor instancefor the Gulf of Taranto in Italy (Gaeta et al, 20E&derico et
al, 20179, or the Bay of Toulon (Dufresnet al, 2014)Such numerical approaches are validatethe
coastal zone of intereby the use of data including velocfiglds, surface current, water temperature
profiles, sea leveloften collectedit the seas@hscale Water level at the shore, in the same way as the
dynamics at the Western Mediterranean scale, are characterized however byaanpiarivariability,
due to bothweatherconditionsat the Mediterranean basin scaled the North Atlantic dynamics
(Tsimplis and Shaw, 2008Yoastal water levels have been measured for many decades by tide gauges,
supplemented at the scaleloéocean basins by satellite nseaements (see evigo et al, 2011). While
satellite measurements allow a detailed studghefwaterevel variability at seasonal or multiannual
scalesmeasurements in the coastal fringe remain a challenge despite recent improvement in the spatial
resolutionthat allows smaidkcale observation of ocean dynamics (Morrow et al, 203& leveht the
coasthave then to be validated with a few tide gaugeated in major ports, most often several hundred
kilometers apart in th&/estern MediterraneaBonaduce et al, 2016

In the Western Mediterranean, the tidal range is generally low, and mtw whter level

variations at the scale of several daysthen related to the atmospheric pressure variations associated
to weatherevents. The baromét factor,which is theratio betweenhewater level andheatmospheric
pressurevariations is generally oflcm/hPa. Significant differences may however exist. They can be
due to long wave propagation over continental shelves, as pointed out by H&%6h They are also
observed in sem@énclosed basins (Garrett, 198Bsimplis et al,1994. In the Mediterranean for
instance, the water level variation may not follow the atmospheric pressure variations without the
conjunction of currents within straights or passages. Such level variations may lead to flooding and
erosion, with possible dameg in anthropized areas. Many studies have been cauiet better
understand the sdavel variation at the scale of the Mediterranean basin, including tide gauges and
altimetric data and numerical modellings{mplis et al, 1995; Fenogliblarc, 2002,Vigo et al, 2005;
Oddo et al, 2014; Bonaduce et al, 2DF®r a better insight of coastal riskschas flooding or erosion,
nested models including global and regional circulation, representing atmospheric and oceanic dynamics
are proposed. Tlyemay be ged to produce sdavel rise hazard scenarios as done by Torresan et al
(2019)for the North Adriatic Seaoast, characterized by a large tide rangemodeto frequent storm
surge flooding.

The North Western Mediterranean circulation along the cogstvisrned by the Northern Current,
with aflow rate of about 1 Sverdrup (3 s?) (Millot and TaupietLetage, 200p Originating between
North Corsica and the gulf of Genaafollows the continental slopap the Hyéres islands, where its
dynamics becomesmore complexdue to both a complex bathymetry and the beginning of the
continental shelf of the Gulf of Lions at the west of Toulon (Guihou, 2@GL8hou et al, 2013Taupier
Letage et al., 2013; Berta et al, 2018). The tidal current is wea& giecmean tidal range is low,
approximately 0.20n (Albérola et al. 19995. Its variability is due to both thdynamics at the scale of
the Western Mediterraram basin and the weatheonditions on the northern coasthe low Rossby
number of the order of 5 to 15 km and variable accordinth&stratification (Grilli and Pinardi, 1998)
requires a refinement of the large scale modelsthadbservation of finescale dynamics for its
validation. Morrow et al (2018) recdly studied smalkcale circulationin the Northwestern
Mediterranean Sefaom longterm observations dhesea level anthe sea surface temperature (SST)
from satellite data, and coastal surface currents from VHF radar, associated with salinigjoaitd
measurments in the water column froniders deployed offshord?romising results were obtained
concerning the capture of firseale dynamics, even if further developmevesepropo®din the coastal
band to separate geostrophic and ageostraphient componentdndeed, wind conditions play an



important role in the variability aofhe upper part of the Northern Currerst observed by Berta et al
(2018) during strong westerly wind everiiairing summertimégstratified conditions), upwelling csll
develop in some specific places of the gulf of Lions, which induce episodically a strong cooling of water
near the coasfsalready repoddfourty years ago by Millot (1979)Thesewater mass dynamics play
an important role in the water mass excharajesg the coast, especially within the bays, as reported
by Dufresne et al (201, 2018) for the Bay of Toulon, an urbanized and industrial castiepollution
hazardsWater temperature is also a key paramietenonitor, since its evolution (increaséjh climate
change is expected to impact thmrine life. Largescale positive temperature anomalies already
occurred in the northwestern Mediterranean Sea in 1999, 2003 andP&@6id et al, 2014 and
references cited)rhese anomalies were associated with mass mortality events of macrobenthic species
in coastal areas {@0 m in depth)ln addition, recent studies highlight the significant contribution of
the SST to heavy precipitation events and heat waves in Eusoperdioned by Pastor et al (2018), in
their detailed analysis of daily SST data series derived from satdflidesever, such a data only gives
information on the surface layer, and are noisy and hardly exploitable in the nearkleakployment
of CTD probes allow measurements ofevtical temperaturand salinityprofiles. They are generally
used during field campaignand adapted to either ocean or coastal measurements. Measurements in
deep water conditionsave beemlsoprovided bydriftingautononomus i nstr uments si nce
in the framework of the MedArgo program (Poulain et al, 20GHjler transectbave also been used
more recently in the Western Mediterranean, as reported for instanBertayet al 2018. In the
nearshoretemperatte sensors are often available on wave buoys or currentn@berscterization of
local temperature and stratification is very important for a better understanding and modelling of the
interannual variability in the nearshore. A high resolution tempertime seriess provided by the T
MEDNet data baséBensoussan et al, 201y coastal waters in the rangelOm spanningmore than
10 yearsmainly along the shores of the northern half of the Mediterrafgen seasonal andulti-
annual variability observedom the large scale circulatidn thescale of thdvaydemonstratethe ned
to collect long terntime series
Toulon is locatean the north coastof the Western Mediterranediig. 1). The Toulon area

is exposed tthe threat of the sea level increase with climate charagécularlytowards the peninsula
of Giens(Mavromatidi et al, 2018 It is also an urbanized zone, with varied sagonomic activities.
Recent studies havecused on the dynamics of theayB of Toulon for socieeconomic purposes
(Dufresne et al, 2014 and 2018). During these latest studies, some questions aroses pbesible
effects ofthewater level differences at the scale of the bays on induced flows. Indeedg-forndéed
massflux between the Little By of Toulon and offshore eve clearly observed and modelled,
significant airrents at the entrance of the Littl@yBare sometimes also observed under calm wind
conditions (Dufresne, 2014). $kea level data hdseen collected for a longntie by the tide gauge of
Toulon, located at the back of the Littleayd (see Fig. 1), no other information on the water level
variability was available in the area of interestice tide gauges are only few and restricted to the
Mediterranean main harbofsee e.g. Bonaduce et al, 2018jnce strong upwelling events are also
observed inthe area of Toularinformation on seawsface temperature also appeassa key parameter
to better understantthe water circulation and mass exchanges at the bay dtalas then decided to
develop a dense network of instruments for the long term measuremesieoievel and neasurface
tenmperature within and around theBof Toulon

The aim of the present paper is to give an overview of the potentiality obdog-term dataset
to provide insights on the variability of the water level and of the-swdiace temperature, from one
bay to another, on time scales ranging from the weather episode to the season, and up to the interannual
variability. Thearea of aidy is presented in section 2, thetwork in sectior8. Water level and near
surface temperature changes are presented and analyzed in desntidhsespectively. Discussion and
conclusion are given in secti@n

2. Description of the studyarea

East of the Sanary bay the continental shelf is very narrowX(igo that the Northern Current,
guided by the continental slope (upper part at ~200m), flows close to the coast. Westward, the Northern
Current follows the continental slope off the GuifLdons, while a superficial branch often continues
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inside the gulf and follows the coastline. Mesoscale dynamics is mainly forced by the Northern Current
instability, more intense in wintertime (e.g. Millot, 1987). Its width can vary due to the meanders i
generates, and that propagate downstream (se8 FiglaupierLetage et al., 2013, and Figin Van
Haren et al., 2011). In addition, due to the abrupt bathymetry near the Hyéres islands, meanders may
form downstream the islands (Berta et al, 2018)ictv may affect the nearshore circulation. The
coastlinein the vicinity of Toulon, France, presents many typesasffigurations including opear
semtienclosed bays of intermediate or shallow wagteninsulas, and islands. Téteangly anthropized
area of Toulon Metropolaeeighbors thepreservedareaof the National Park of Poeffros Socic
economic activities and interests are variand sometimes conflictingvith fisheries and a strongly
developed tousm on one hand, and militarfoulon béng France's largest naval pody civilian
maritime econond activities on the other hand.
Thereare two main prevailing windshe Mistral, a coldand drynorthwesterly wind which

blows 40% of the time, and the East Wind, which is warmer and more humid. Calm weather with low
wind speed(< 5m-s!) occurs 20% of the time. Originatingffshore, the East iwd is usually
accompanied by clouds, rain and swielhlows less frequently during summer and corresponds to low
atmospheric pressure conditions. The fall and winter seasons are often characterized byiarsatcess
strong Mistral and Eastind events. As described IBufresne et al. (2014jhe circulation within the
Bay of Toulon is mainly windliriven, with several episodes of either upwellimgdownwelling
according to the wind direction. 8uawater mass dynamics $ialso been described at other locations
on the French Riviera such as Cagsitbérola and Millot 2003 or Marseille(Pairaud et al. 2031
Toulon is surrounded by rugged hills that influemesatherconditions, particularly rainfall and wind
speedsand directions.Several weather stationsperated byMétéo-France,the Fench national
meteorological and climatological servieee therefore installed in the arearerest The wind data
of the stations of Cépet, Toulon, Porquerolles and Legaetlocations in Fig. Bre used in this study.

Toulon's port is equipgewith a tidegauge RONIM since lsrch 1998 using a Radar gauge
since 2008, located at the back of the Little Bay of Toulon (see Fith&)observatory is managed by
thehydrographic service of theaNy (Shom).
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3. The HTM-NET network

Ten instruments compose thiEM-NET network in the Toulon Metropole area (HTNET
networkhttps://htmnet.nu.osupytheas r Instruments arénstalled within harbors fronthe Island of
PortCrosto the SanaryBay (see Fig. 1)The sites and their date of installation are given in Tabwb.
piezometric sensorspanufactured by the society Kelleneasureéboth pressure and temperature. One
sensor is immersed all the time (series 36XiW), the aiheis aerialseries ARC1)Fig.2). Theaerial
sensor housdbe GSM transmission system and the data storage unit, to prevent data loss in the event
of the GSM malfunction. As of now, the memory capacity allows 65 days atnainl@e sampling
period. Todate 8 of the 10 stations are equipped with a GSM transmitter, which makes data available
within few hour s o Bendorlae fixadeoh both endsdinsidesf b cylindricak .
tube made of PV(fixed inside of a protection tube of diante®el5m made of aluminum (see Fig. 2).
The PVC cylinder is removable to allow maintenance operatibms.aluminium cylinderis fixed
vertically next to pers or pontons Cylindrical tubes are 2m long, their depth of immersion slightly
varies from one gitto another according to the harlpier height. The depth of immersion of the sensor
is in the range 0.10m1.80m according to the water level and the pier height.

Neglecting the pressure variation in the air column,vager levelh relative to thelower
pressire sensor locatiois given byh = Dp/r g, Dp being the difference between theessureneasured
by bothsensorsr the water density and g=9181s? the acceleration due to gravity. For the processing,
water density is fixed at025g.m=, which corresponds to a salinitg=35PSU and a temperature
T=19°C Thevariatiors of density from S=3PSUto S=38PSU or of temperature from 1£to 25T,
result in less tha@% (aboutlmm) of uncertainty on thevater leve] which corresponds to the precision
of the pressure measuremeiitach piezometer is equipped with a temperature gaegeested for the
computation of the pressure), having a precision of 0.5°C

Datawascollected every 10 miap to the beginning of the year 20B3ofouling impact on the
measurements is found to remain weak eveloog periods, instruments are however cleaned at least
once ayear.The proximity between the La Seyne/lfremer station and the Shom tide gauge initially made
it possible to readjust the HHNET sttion data with respect to the French hydrographic reference NGF
by comparing them with those of the Shom tide gauge, the latter being provided with respect to the zero
NGF. For a precissealevel reference, HTMNET station level datarereferenced withliespect to the
French hydrographic referenc&Nthanks tahe French ldvy hydrographic service SholvVater level
data are also available on tBhomREFMAR web site (tide reference, www.refmar.shom.fr).
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As an exampletime series for thehourly averagedvater level(with respect to theNGF
referencgand thehourly averagetemperature are presented in Fdor the station La Seyne/lfremer
The observed water level and temperature variativrise network statiorgre discussed in detail in
the next sections.

Site Date of installation
La Seyndfremer 17" October2013 (prototype)
PortCros (GSMafter the21/09/2016) 15t July 2014
Lazaret(GSM after thes/092017) 13" March 2015
Tamaris 18" March2015
Madragueof Giens GSM) 6" May 2015
Port Saint Loui$GSM) 18" DecembeR015
Saint EIme (GSM) 12" February2016
Brusc (GSM) 20" April 2016
La Capte (GSM) 6" April 2017




PorquerolleGSM) 14™ September 2018

Tab.1: Statiors anddatesof installation.
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4. Water level variations

Histograns of the water leveldata collectd at stations La Seyne/lfremer and Rorbs are
presented in Figd. Themaximum of occurrence corresponds more or less to the maizn leve]
0.42m with respect to the NGF reference at the location of the tide gauge of thinSherharbor of
Toulon (see Fig.1)The difference betwadhe lower and uppewater leves is about 1m The origins
of such variations are discussed in the following subsections.
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4.1 Tides

Semidiurnal and diurnal oscillations of the time series correspond to theSigestral angksis
of the temporal series af Seyne/lfremestationonthe whole data set exhibits tidedrmonics in both
the semidiurnal and the diurnal frequency rangas shown in Figb.
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Fig. 5. Spectral analyses ofater levelseries atLa Seyndfremer (IF)

ComponentK?2, S2, M2, N2for the semidiurnal groupandcomponent¥1, P1, O1, Q%or
the diurnal group are themspectivelyidentified. Both amplitudeand phase are then given by the
Fourier coefficients for each of the corresponding frequencies from sufficiently long temporal series
Calculationsaredonefor time series of 181.26 dayia order to distinguish components K2 and &2
a moving windowfrom 2014 t02018. Tidhal constituent coefficients and the standard deviation are
reported inTab. 2 br the stations dfa Seyndfremer and PorCros. Coefficients for the tide gauge of
Toulon are also gin, using the same time intervals for the calculati®esults from Woppelmann et
al (2014) for the tide gauge of Marseilles are also listed with a 95% confidence. These later results are
based on the years 194956, corresponding to the longest contirsiperiod of time with highly stable
yearly values of tidal amplitude. The rather high standard deviation for the results in the area of Toulon
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is mainly dueto gags inthe time seriesThe amplitudes are similar both sites, with a maximal tidal
range ofabout0.20m, in phase matching conditiof@r the tidalconstituentsConstituentdvi2, S2, N2
and Klwerereported as the nraconstituentby Alberola et al (199501is of however slightly higher
thancomponent N2and Tsimplis et gl1995)have considered constituents O1, M2, S2 antoKiheir
two-dimensional tidal model of the Mediterranean. The tgighal measurement at the scale of the
network does not exhibit any phase lags between the stations. It is due to the prestancéngivaves

in the westermasin for both M2, S2 and N2 mod@sdberola et al, 1995t ozano and Candela, 1995
Tsimplis et al, 1995)

Amplitude (in La Port-Cros Tide gauge | Tide gauge
cm) Seynelfremer PC of Shom, | of Marseilles
| | (PC) (TS)of )
Tide constituent (IF) T Woppelmann
oulon
et al (2014)
K2 (T=11.967 h)| 0.68 (0.20) 0.63 (0.34) | 0.53(0.09) | 0.60 (0.06)
S2 (T=12.00 h) 2.34 (0.36) 2.10 (0.57) 2.30 (0.23) | 2.42(0.09)
M2 (T=12.4206 6.33 (0.80) 5.72 (1.56) 6.06 (0.71) | 6.80 (0.08)
h)
N2 (T=12.658 h)| 1.34(0.35) 1.16 (0.37) 1.30(0.22) | 1.41 (0.09)
K1 (T=23.935h | 2.77(0.47) 2.57 (0.78) 2.86 (0.26) | 3.17 (0.07)
P1(T=24.066 h)| 1.04 (0.29) 1.01 (0.39) 1.19 (0.17) | 1.14 (0.09)
01 (T=25.891 h)| 1.44(0.26) 1.27 (0.36) 1.42 (0.22) | 1.74 (0.08)
Q1 (T=26.87 h) 0.28 (0.12) 0.27 (0.10) 0.25 (0.05) | 0.32(0.07)

Tah 2 Tide harmonis amplitudes measured ba Seyndfremer(IF) and PortCros (PC) stations,
the tide gauge dbhom(TS) Toulon and the tide gauge of Marseilles

4.2 Stericdilatation

As observed in Fig3, thewater levelgradually increases every ydewm March toNovember
and then decreasmore steeplguring wintetime. These changes present some significant variations
from one year to the othdf.they aremainly due to stericithtation, they are considered as semnual
and annual harmonics tides, characterized by harmonic constam@sdSS respectively.A rough
estimate of the steric factor can then be determinedthestationof La Seyndfremer for which data
spanmore than 4 years. The amplitude of the sarmiual and annual harmonics aré15 m and0.058
m, respectively. This corresponds more or less to the aemahlition observed in Fi@ which ishighly
variable at the yearly scaldt is of the same ordaasyielded by the measurements frétarez et al
(2014) at the old and the new stations of Ibiza, Spain (respect€94 m; 0.0226 m) and 0.021
m; 0.0764 m) for (Sa S)).

4.3 Large scale meteorological forciagdwater levelanomalies



As shown in Figs3 and4, maximumwater levelvariations are of order 1m, much higher than
the tidal range of the Mediterranean in this afsamentioned in the introduction, the barometric factor,
the ratio betweerthe water levelandthe atmospheric @ssurevariations is generally oflcmhPal,
which corresponds to isostatic variatiorBetween low and high atmospheric pressure conditions,
respectively of about 985 and 1035 hPa in this ameder levelchanges may bef about0.50m.
However,significant differences magxist. The Fig. 6 illustrategases of isostatiand non isostatic
behaviors of thevater levelin line with atmospheric pressure evolutions are presented ir6Figme
series of both the atmospheric pressure andwheer levé are as recorded athe stationLa
Seynelfremer. Daily averagd data are presented on both schemes. We can olaseis@static response
of the water levefrom November 18 to December 20) whenan inaease of the atmospheric pressure
of about 3hParesultedn a decrease of thweater leveby 30cm. On the contrarmonisostatic behavior
is observed afterards sinceatmospheric pressusariations of about 8hPa resulin a water level
changeof about Dcm. In order to quantifythe covariation ofthe water levelwith the atmospheric
pressure, histograms of the water level anomaly are calculated for thdevateseries after filtering
outboth the tide and the steric contributigese Fig.7). Zero values correspond to isostatic variations.
The residual level observed in Figconfirmsthattheisostatic coniions are not always fulfilledwWe
can conclude that high water level values corresponding to low pressure conditions can be roughly
estimated with an uncertainty of about 0.25m in theesent, corresponding to the maximum of the
residual level (see Fid). One may notice thdor low atmospheric conditionshe high water levelis
enhanced in autumn due to the steric effects discussed in sk2tion
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Fig. 6: Atmosphe pressurenduced water level variationstation La Sgne/lfremer (IF)
Daily averaged series of (a) atmospheric pressure and (b) water level.
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(a) Residual histogram — La Seyne/Ifremer (b)  Residual histogram — Port-Cros
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Fig. 7: Histograms after filteringhewater levelvariations due tdothtide andatmospheric pressure
with theisostatic assumptiqrfa) La Seyne/lfremer (IF), (lBort-Cros (PC)
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meteorological stations Cépet, Rurerolles and Levan(c) daily averaged water level at stations
Port-Cros (PG blug andLa Seyne/lfremer ([Fblack.
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Fig. 9: Wind induced water level variations tast Mistral event: (a) wind speed and (b)
wind direction at meteorological stations Cépet, Porquerolles and Levant, (c) hourly (dashed lines)
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4.4 Meteorological forcing at local scale

SinceHTM-NET statiors are located ifnarbos, which are by definition shelted thewater
level variations do not include the wave sgt Howeverthey provide informationabout thewind
influenceon the water Ieel at the scale of the network, including locations within enclosed bays (e. g.
La Seyne/lfremer, in the Little Bay @fo u |l o n) a nidtheiHydreSstahds Wieddonditions
are provided byhe meteorological stations ofépet, Porquerolles and Levant, from west to east. (see
Fig. 1). Correspondinditeehours averaged wingpeedand direction are presented in Figs. 8a &id
respectivelyFig. 8c shows thecomparison of daily averagedater levest at stationd.a Seyndfremer
and PorCrosfor the period ranging between Augustahd December, 122016 Solid linerectandes
indicate Mistral(northwesterlygepisodes, andotted linerectandesindicate Eastvind episods. Mistral
blows dfshorevard inthe Bay of Toulon, whereathe east windblows shorewardWe can observe
water level differences of few centireesunderboth wind conditiondetween the two stationdnder
Mistral conditions(resp. easterly)thewater levelat La Seyne/lfremer is systematicalbywer (resp.
higher) than in Por€ros This corresponds tadditional waterdragged by wind stressunder
offshoreward (resp. shorewar) blowing conditionsWind conditions and durly and daily averaged
water levels are presented in Fi§sand 10 for the last Mstral and East wind events respectively.
Differences of level can reach Orti@s shown in Figy 9cand10cfor the last events of Mistral and East
wind. However, the wind effect at the scale of the network, whiaf the order of that of the tide, as
shown by the hourly averaged level variatiomsnains small compared to the atmospheric pressure
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effect(~0.5m) Indeed, as shown in Fig.c, the water level is always higher (resp. lower) for easterly
(resp. Mistral) conditions, since they correspond to low (resp. high) atmospheric pressure conditions.
This level difference is not always significaa shown by the lack of variation during the east wind
episode of September 28As a general trend, thiifference inwater levelis observed during windy
periods, and results in a higher level in Rorbs for Mistralevents ana higher level in the litle Bay

of Toulon (station La Seyne/lfremer) during east wind events. The daily averaged watéiffienazice

(PCGIF) versus the mean wirgpeedmeasured at station Cépgtpresented in Fidll, for wind events

lasting at least two dayr the periodsummer 2014 autumn 2018We can observe water level
differences of few centimeters for both wind directions, up to almost 10cm for stronger wind conditions.
Let us note that windpeedand drection may vary fronwest (station Cépet) to east (statiorvauet),

and that the windpeedat Cépet is not fully representative of the averaged wind field over the entire
study area. Hurly averaged water level differences may be higher depending on the wind event duration
and regularityas the values greater thiOcmthat can b@bservedn Figs.9.c and10.c.
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Fig. 11: Modulus of thedaily averagedvaterlevel difference between stationdairt-Cros
(PC)andLa Seyne/lfremer (IRjersuswind speedmeasured at the meteorologistation of Cépet
(CEP) Waterlevel is higher (respolwer) at PortCros during Mistral (resp. eastind) events.

4.5 Seiching

A well-known source of water level variations withén enclosed bay or a harbor is seiching
due to long wave resonané®r semienclosed basins, the fundamental standing wave wavelemgth
four times the basin length from the entrance to theear This coresponds to a node at the open
boundary and to an antinode at the impervious boundary. The fundamental wavelength is twice the basin
length in the transverse direction, both boundaries being imper8meefor long waveghe celerity

is @ szwhere h is the water depth, the waweipd T & /c is of the order of several minutes for
basins of several hundred meters length and of about 4m deep. It is abfadeeral tensf minutes
for larger and deeper baMlillot et al (1981)have shown the presencksnich oscillations withinhe
Little Bay of Toulon, the main oscillations corresponding to periods of 20 and 45 min. In their study,
the seiching of period 20min is ascrib&althe oscillation within the Little 8y considered as a closed
basin while the period of 45minorresponds to the fundamentaldeoof oscillation of the whole &

of Toulon.A spectral analys of the data series of statiba Seyndfremer using a moving window of
one day(not shownherg evidences signals at abodn2in and 45 min. Sinceur samging period is
10min, the lower period is at the limof what we can describe (close to Nyquist frequentiius we
considerhere oty the oscillations athe period T=45 min. After calculation of the amplitude of the
correspondingdrourier coefficienbn the above moving window (32 wave periods) versus timehior t
stations located within thedy of Toulon, we can identify sonexents for whichmaxima amplitudef
several centimeters are observed
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Results forthe period ranging betwedbecemberl 7" and 22", 2016arepresented irFig. 12.
Seichingappearsn December, 192016for easterlyconditions. The oscillation amplitude is of same
orderof magnitude at the statiotfsemer, Tamarisand St Louis. This corresponds to the observations
of Millot et al (1981)ince the amplitude is maximum at the \eesboundary of the Little By for this
mode. No seiching is observedia¢ Lazaretstation, which is on the southdsoundary, rather far from
the wesernside of the baynd actually nobnthe osdlation node
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5. Analysis of nearsurface temperaturevariations

SST, measured either by satellites or in situ sensors, is a key parametppésocean circulation
modelng at least SST may significantlyary daily. Donlon et al 2007) distinguiskedskin and subskin
temperatureaneasurements from remote sensing techniquesirasdu measurement and proposed
typical nearsurface vertical profiles according solar radiatiorfor light wind. The diurnalcycle of
SST is necessary for accurately computingsaal heat fluxeas underlinedy Pimentel et al (2018).
These authorsnodelled the finescale SST neassurface structure in the Mediterranean, allowing
comparisons between SST characteristics suclo@asdétion (insensitive to diurnal cycle), depth,
subskin and skinThe net heat flux at the asea interface is the sum of four dominant terms, the net
short wave radiation flux, the net long wave radiation flux, the latent heatfflexaporation and th
sensible heat fluxAveraged short wave and long wave radiation fluxes given in theRdata set
are 162 W2 and-79 W.m?, respectivelyfor the Mediterranea(Pettenuzzo et al, 2010htense ai
sea exchanges favored by strong northerly and weetterly dry wind situations (Mistral and
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Tramontane) characterize the northwestern Mediterranean, where latent and sensible heat fluxes reach
up to-590 Wm2 and-180 W.m?, respectively, fostrong Mistral events (Rainaud et al, 2015). Such
meteorological conditions in autumn and winter lead to significant evaporation and ocean heat loss.
Offshore, if the mixing induced by these strong winds reaches the saline intermediate layer, this leads
to deep convection and triggers the formation of deep water (Deep Water Formation, e.g. Lebeaupin
Brossier et al, 2017Pn the shelf (@If of Lion), where no mixing with the intermediate layer can take
place, the same water is cooled and densified, ugtora when its density drives it to overflow and
cascade down to more than 2000m possibly (Dense Shelf Water Cascading, e.g. Durrieu de Madron et
al, 2013). Evaporation and water cooling during such nsgsterly winds are also observed in lagoons.
During Tramontane events, temperature dropabmfut2°C mainly due to evaporation are observed in

the Thau lagoon (mean water depth ~4m), which corresponds to turbulent heat fluxes in th808nge [

; -500] W.m2 (Bouin et al, 2012). Such a heat flux raigeonsistent with a vertical mixing of the whole

water layer, since it corresponds to a cooling in the range BL( °C,taking4kJkg*.K* as the value

of the specific heat for salt watdtarlier hydrological studies of the Thau lagoon showed a drtiyeof

water level of about 10mm per day during Tramontane episodes (Audouin, TB&2)rop in level
corresponds to a latent flux e270Wm? (taking 2400kXkg?! as the value of the latent heat of
evaporation for salt watenyhich is consistent withthe tubulent heat fluxn the rangg-300 ;-500]

W.m? since about 30% of the temperature drop is attributed ®ethgible hedtux (Bouin et al, 2012).

The temperatures measured dayr immersed piezometer provide information on the-suitface
temperaturegin the range 0.10m 1.80m deep, according to the immersion depth and the station.
However, at a given time, water level differences between the stations remain less than about 10cm, as
shown in section 4.4. So, the measuring depth, which also depéagtdky gin the immersion of the
station cylinder (see section 3), remains fairly close from one station to theSived. stations are
locatedalong the shore, in hartsof few meters depth, the relationship between SST at depth of several
tensof centimeters and the SST skin may fodiow the proposed temperature profiles for deep water
conditionsln addition, even if recent progress in remote sensing techniques allow skin SSdlasaps
andcloser tathe coast, data are still not availablere toast. The confidence interval of the neti®rk
stationsis of ~0.5 degrees, which is not precmgoughto capture quantitativelheat fluxes and
temperature gradients induced water fldewever, @en if only the temperature agiven near surface
depth is availablén our casgewe will consider the information precise enough to discuss water mass
movements at the scale of the instrumented. 8emmertime upwelling events and wintertime water
mass exchanges between the enclosed bays and the doal$teitsulation are given as examples and
discussed in the following subsections

5.1 Upwelling eventgluring summertime

One can observe in Fig. 3b both seasonal variations of the temperatures and rapid variations of
5to 10 °C in summertime, which are discussed bdtbstogramdor the stations installed before spring
2017 are presented figs. 13and14, for the temperates collected betweeine, 21" andSeptemler,
21" for the year2017and 2018, respectivelyheN datapercentagéndicateghetemporal availability
of the data Except for the station of La Capte, all are closeG%9~hich means a small number of
missing or discarded dat@ime series for the corresponding periods are presented in Bigad16
respectively. They include (a) winsbeedand (b) direction at meteorological stations of Cépet,
Porquerollesand Levant, and (c) hourly averaged temperatures at stations La Seyne/lfremer, Giens and
PortCros. The Mistral (northwesterly) is a prevailing winith the region, even during summer. The
summer 2017 wagery windy, as shown in Fidl5: 8 Mistral episodesasting several days, with intensity
>15ms?, andoneeasterly episodel5ms?. The impact oftie Mistral event of the end of July 20ih7
terms of daily averaged tgraratures is presentethd compared with neighbng bays in Fig.17.
Summer 2018&lisplayed aveak and variable wind reginfeee Fig. 6): only one Mstral episode peaked
above 15ns?, beginningon August, 2, followed by a second Mistral episode of a lesser intensity
Significant variations of the temperature can be observed inl5gts and I7. The diurnal oscillations,
of the order of 1°C (Figs. 15 and 16), are due to the solar heating of the aluminum cylinder housing the
sensors, as well as, in harbors with shallow depths, to the solar heating of water in the absence of mixing
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Steep drops of temperature of sevelagreesare also observed. Such drops cannot be due to cooling
by evaporation, since they would amount to ~ 1.2°C per day for a net heat flux ofZ®@Mtm™,
assuming vertical mixing within a water column of 10m. Theljdate the upwelling formation related

to the Mistral events. These events are discussed hereafter for summers 2017 and 2018.

During summer 201,70ne can observe that the temperatures recoitdige stations of Port
Cros,La Capte, Giens ar8ruscremain the warmestverall(average temperature between 2¢.@nd
23.2C), with few events with temperature under 20°C, contrary to the statioba Seyne/lfremer,

Saint Elme, Tamaris and Saint Louis (average temperature betweé@ 20¢621.1C) (Fig. 13). In

Fig. 15.c, thetemperature time serisfiow sidden drops of temperaturgp to 10°C within less than 3

days The station of St Elme, facing the sea, and stations of Ifremer, Tamaris, and St Louis, within the
Bay of Toulon, are strongly impactest the upwelling cells induced by the strong Mistral episodes, and
marked by minima of ~ 15°C (on July, 114" and 27" and on August, 1. These upwelling events

allow a rapid water mass renewal, especially in the Little Bay as alrésgyved by Dfiesne et al

(2014. The temperature decrease is much less pronounced for stations Giens and Port Cros, further east.
Note that the Mistralveers from northwest to wesss it progresses eastward fr@@@petto Levant.
Temperature variations within the Bay of Toulon and neighboring bays are detailed in Fig. 17 for the
Mistral event of the end of July, 201\Ke can observe that stations of Brusc, Giens and Lazaret are
much less affected by the upwelling than stationsashdris, La Seyne/lfremer and Port Saint Louis
Stations oBrusc and Gienareindeedlocated in seménclosed bays westerly oriented and exposed to

the waveswith Mistral conditions The neassurface water mass is then pushed at the back of the bay.
We can observe a regular decrease of the temperature of about 0.8°C per day during the Mistral event,
lasting from July, 238 to July, 29'. Cold water which appears later at the near surface is then mainly
due toboth cooling by evaporation and wind amdve hduced water column mixing and possibly to

the coldest water masses induced nearshore circuldfioa station of Lazaret is located within a
shelteedpart of theLittle Bay of Toulon, of shallow wateilhis may explain the more moderate drop

in temperatureStationof St EIme facing the seandstations offremer, TamarisandSt Louis within

the Bay of Toulonarestrongly impacted by the upwellingith temperature drops down to1h

During summer 2018, the average temperatures are higfoér than during summer 2017, with
only two events of temperatutgelow 20°C, whatever the station. The coldest mean temperature was
recorded at Tamaris for both years, with an average value of 20.3°C in 2017 and 23.5°C in 2018. The
PortCrosstation exhibits the warmest mean temperatures, with 23.3°C in 2017 and 25.4°C in 2018.
Thiscorrelates witlihe small number of Mistral events of significant duration (at least 2 days), observed
that summer: only 2 were recorded, beginnamgAugust, 23 and 3%, respectively The fev short
Mistral events of Julwere not long enougtno more than onday duration}o allow the development
of upwelling: the waer temperature remairabove 20°C at the station b& Seyndfremer. On the
contrary the inense event of August (from August,"@3lecreased the water temperature by almost
10°C in 3 days at the La Seyne/lfremer station.
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Fig. 13. Histograns of thetemperatures,summer017.

18



























