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Abstract: Harborsiltation is a problem thatill exist as long abarborsexistandit is intrinsically linked to their
primary function tprovidingshelter for anchorage and operative conditions fadilegunloadingships. In these
semienclosed basinflow characteristicare one ofhe main factors influencing siltation and water qualiipe
of thelargest recreational parof Europe,La RochelleMarina(southwesterirrance, is notspared bysiltation
which requiresserious dredging operatiodsiring amajor part of the year. In this otext a three dimensiwal
model (TELEMAC D) has been used to investigdte hydrodynamicsUsing asimplified approachfloating
structureswvere implementeth the model. Comparison with observasdrasdemonstratethe needto consider
these structureis our study.Theysignificantly reducevelocity in the inner parts of the marirand concentrate
current on access channdélaimerical results also highlightehoint role ofthe macrotdal regimeand windstress

in the movement of water masses and their residual circulation.

Author k eywords: HydrodynamicsMarina;Numerical modeling; Floating structuresResidualflux.
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Introduction

Similar to everyarea protected fronthe combined action of wavesd maine currents ports suffer
siltation (Winterwep, 2005)This siltationdepends oenvironmental parameters, such as the lodal rangeand
wave climatemeteorological conditiongndriver input Port siltationis also influenced btheplanform geometry
andbasinstate of enlosure(Falconer 1992 Nece 1984. Furthermore, thesareas areisedextensivelyand thus
requre particular attention in terms of currentology, sediment deposition and guetkty.

The increasing concern of planners and designers for fgrdrioonmental problems relating to semi
enclosedenvironmentdosters development @& operational modeling systerilowever,they aredifficult to
model accuraly due totheir compos# geometry (quays, channels, dgaks) affectingthe circulation of water,
both occasionally angermanently. Indeedlocks and boats floating in tipert couldalsoplay asubstantiatole,
by attenuating surface currentsth friction and by decreasimpwind action.Many modelng studies have been
carried out to investigate environmengadd engineeringroblems at thdarborscale For instance Sanchez
Arcilla et al 2002)correlatedhe capacity to flusho hydrodynamicandMurphyet al.(2012 chalacteizeddead
zone mixing processes in several marina configuratiorthispaperwe focus orthe effect ofloating structures
Indeed althoughsomestudies have investigatettie effect of currentandbr waves on floating docks (Tajali et
al.,2008;Ghadimi et al., 2014Jew have investigated the influencefloiating bodieson water circulatior(Ligier,
2016).

The dudy site, La RochelleMaring located in soutivestern France, isurrently considered thiargest
marinaon the European Atlantic csaRecently, in order to satisfy continued growth of recreational sailing, the
marinahas been expanded after three yearsaufstruction and transformatiomhe marinais not spared by
siltation andhas to spend 20 of its total budget tadredge aroun@00,000 m3 of cohesive sedimeptich year
Thus, characterizingydrodynamics and sediment fluxa$ key importance inthis area where annual sediment
deposition can overpass bt in some basingers. Com. La Rochelle Marina)

This study aims ténvestgatethe influence of floating structures amarina hydrodynamicby three
dimensional numerical simulatiom the next twosectionswe describghe areaand methods used the model
to perform realistic numerical simulatisof water circulatiorat seeral temporal and spatial scalésimerical
resultsarethencomparedagainstin situ observationdefore analyzingheinfluence of floating structures at the

marinascale. Their implementation is finally discussrdoreconcluding
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Description of the study site

La RochelleM arina

Thestudyareais a 50 ha recreational port located along the French Atlantic Coast, in the central part of
the Bay of Biscaylt is locatedinthe ODQGZDUG SDUW Ribcké leibatéetd, ¢dxXdspondifgh @
drowredriver valley segmenfChaumillon and Weber, 2006) and characterized by silty to ssitighbottoms.
This shallow watercoastal aregorotected from the Atlanti©cearby the Réand Olérorislands is charactezed
by a 44m deepitench and many tidal fla{Fig. 1). Moreover, it is an urban marina with the city of La Rochelle
displaying a land area of 2843 km%dampopulation of 80,000 inhabitants.

Created in 1972l.a RochelleMarina has beerthe largestmarinaalong the Atlantic coast, since its
expanson in 2014 This 900 mlong and820 mwide semi enclosed arda divided irto 3 basinstotaling 4500
moorings distributed along 15 km of floating docks. The southweg{8¥) basin islarger, with 22 ha, whereas
the westerrfW) and the nortbasterr{NE) basirs, contain17 and15 ha, respectivelyThe marina is accessible by
a 110 m vde main entrancegndthe expansiomasinhastwo openings:150 m wideto the northeast and 64 m
wide tothe southeastTo mitigatesiltation,the marinarequiresrecurringdredging of its basins, 8 monthsear,

so thatthe whole marina is dredged every 3 years.

Coastal area hydrodynamics

The coastal areia considereg mixed, wave and tiddominated estuary (Chaumillon and Weber, 2006).

The tidalschedulés semidurnal andthetidal range varies from 2 m during neap tides to more than 6 m during
spring tides, wheretrongtidal curents can locally reach up 2. G5 Tides are dominated by M2nd its
amplitude grows to more than 1.8 m in the inner part of the estuaries disotance and shoalifBertin et al.,
2012) Furthermore, the quarteiurnal tidal constituents (M4, MS4 and MN4) are strongly kfired shoreward,
because of resonance occurring on the Bay of Biscay shelf (Le £290y,Toublanc, 2015)The yearly average
significant wave height iapproximately 15 m with periods between 8 and 12, whereas \ave leightcan be
larger than 8n duiing winter stormsin front ofthe 3aHU W XLV QBebt A bIR FOKFHowever, refraction,
diffraction and bottom friction in the inner part of the estuaries drastically decrease wave $twrgyvave and
strong tidal currents amonsidered the ain drivers ofresuspension and contribute to a high level of turbidity

the scale of the bai.e Hir et al., 2010).
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Numerical modeling

General description of the modeling system

In this study, we employed th€EELEMAC 3D model (Hervouet, 2007), part othe opersource
hydrodynamic suite of ELEMAC system (Hervouet, 2000fapted to freesurface flow modeling

TELEMAC 3D is used and validated in a wide range of studies (Villaret et al., 2013; Bedri et al., 2011;

Kopmann and Markofsky, 2000; Cornett et 8010) by solving the following 3D Navi&tokes equations:

@E®R=0 (1)
1 .. ?5 &
- E MN&@LfEE@E@CN&@AEQ
1] .. ?5 la
EEMN&@LfFE@@CN&@AEB 2

?5 la

'D .. . .
+ E &CNé@, L—’?E@E@CN&@,AEB

where tis the time@ T, U and Mthe sigmacoordinates;7, 8 9 are the velocity components in the U and V
directions (I . G9; é,is the reference density@ @ ?); Lis the pressure termd( | ?9; &is the turbulent
diffusion coefficients { ~G 5 and B, B, and Bare the source and sink termis 3 9).

Turbuence ismodeledwith k- 0 P R éhHitkae nonthydrostaticmodeis usedto perform simulationsver
an unstructured gridFig. 2), from the regional dmbaymentto local scale (marinagand at alarge rangeof
temporal scaledMesh isvarying in function of the bathymetry and the area of interest, from 2 km offshore to
almost 5 m in the whole marin®ottomstress is computed through the widely used Chézy parameterization (Rijn,
1984; Weitz et al., 1992; Dgret al., 2002; Nicolle and Karpytchev, 2007). The bottom frictional stiesshen
represented by the quadratic relationship:

L CFH
I e—- YN
%~

where 7 s the vertically averaged velocitgthe water desity (G @ *7); g the gravity acceleration( 39 and

C is the Chézy friction coefficiertl “®&0°5;. We set spatially variable friction in the model by prescribing
different value of Chézy coefficient depending on the bottom ndfollewing themethodologyn Nicolle (2006
concerning the Chézy parametrization in the Pertuis, weaud@l | “® &3 5 coefficientfor mud, 801 *® &3 Sfor
fine sand, 601 23 5for sand and 43 “®53° for rocky bottoms.

The semiimplicit Galerkin finite element methois used to solve continuity and momentum equatigkis
Euleriant agrangian treatment of advective terms and a -$eplicit method insuresumerical stability, even

with large time stepsThe treatment of tial flats ensured the conservation of mass and momentum. (Hervouet,
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2015 Hervouet, 2011 Finally, wind effects arenodeledas a twedimensional condition at the water surface

through the equation:

07& &
£ L%:éSiS& 1V

9

RIEYT

Where S8is the wind velocity 10 m above the water surfateG5); 78s the horizontal velocity of the
water surfacé | . G9); Risthe elevatior( | ); épis the air density G Cl ?7); and =, the wind stress coefficient
defined by Flather, (1976).

Model implementation

The modeledireais 35 km wideand100 km longand isdiscretized on d1,000nodeunstructuredyrid,

with resolution from2 km offshore to nearly & insidethe marinaln this study, the coordinate system is converted
into a topographyollowing coordinate system via a sigma transformatfeensitivity analysis has revealed that
the use of 8 verticaigma levels wasptimal/sufficientto reproduce thredimensimal circulation in the marina.
These sigma levelsre treated with thArbitraty LagrangiarEulerianmethod(Donea, 198 and lead t@20000
nodesWe use bathymetry from the French Navy (aéer SHOM)and benefit fromatwice peryearsingle beam
survey in the marina. Then, the topography ¢értidal areasre determined sing LIDAR suvey, acquired in
2010 (LITTO3D,French National Geographic InstitutedaBHOM).

Fourkinds of boundry conditionsareused in the modekFirstly, the coastline, that corresponds to a solid
boundary, where the friction governs the relation between velocity and its gradient. The bottom also plays the role
of a boundary wall where a spatially variable Ghé&mtion is imposed. Alongits open boundary, the modsl
forced by 34 astronomit#idal constituent$O1, K1, P1, Q1, M2, S2, N2, K2, 2N2, MU2, NU2, L2, T2, M3, M4,

MN4, MS4, M6, M8, EPS2, MSF, MSQM, MM, SSA, SA, S4, MKS2, MF, LA2, J1, N4, MTM, &®&, S1),

obtained by linear interpolation from the global tided@loFES2014Finite Element Solution v.2014). The,

the surface boundary of the model is forced with space and time variableveéatmospheric pressures and 10

m winds from the CFSR (EhClimate Forecast System Reanalysis provided by the National Center for
Environmental Prediction), with spatial and temporal resolutiob.®fand 1h. Atmospheric forcing is set over

the whde domain with hourhsealevel atmospheric pressure ab@m wnd speed and direction originatifrgm

the Climate Forecast System Reanalysis (CFSR) provided by the National Center for Environmental Prediction
(NCEP) The hydrodynamictime stepis set to 5s after a sensitivity analysiObservations (REOCEAN
unpubished data2004) showed that the marina is sheltered enough from ocean waves and is more sensitive to the
development of small windenerated waves, in particular during storms where maximum wave height approach

15 cm. Thus, in the framework of this syudve did not simulate wave propagation.
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Implementation of the floating structures in the model

Field trips involving the deployment stirface drifting buoyiside the marina have shown the complexity
of water mass circulation. Steady currents and lecllieswere visible at the channeintrance during the
deploymentsomebuoysexperienced stagnant conditions (<001 | . G5 while otherswere moved rapidlin the
inner part of the marina by high intensity current® & 1 . G9. Small-scale ddies and steady currents were also
noticed rear floatingstructures thacombined withthe high density of docks and moorings in the marina, could
have a significant impact dhe velocity field in the inner part of the marinadeed,all the floating @cks an
mooredboatsrepresenimore thana third of the total surface of this semmclosed areaFlows nearfloating
obstateswerestudiedthrough numerical modeling and lab experinsgigjali et al.2008 Drobyshevski, 2004)
However,they are poorlyunderstoodbecause ofhe complexity of threelimensimal unsteadycurrentsand
sensitivity to a large number of parameters (Martinuzzi and Trd &8, Baker, 1980) To evaluate the effect of
floating docks and moorings on the water mass circulatidreimner part of the marinae conducted a modeling
study with the presence of floating structurégio methods are available WifELEMAC- 3D. The firstis to
locally increase¢heatmospheric pressure gradient to lower the free surface and apply $uctameaccording to
the Nikuradse friction lawAs it would have beeocomputationally expensive to apply this methag,choseto
implement a second methobhis method consistsf applying local head lossed each involved computational
node Theheadossesorrespond to frictiotoss terns at the free surfaciat represerthe flow resistance created
by a rough surface in contact with the fluithis methochas beermplemented in ammplicit way as a source

term inthe threedimensiomal manentum egations(2) via the following expressions:

B= 5s74&
B= 5588 (5)
B = 5s9 @

With B, B, and Bthe sourcedrms in three directionsl( G included in theBD momentum equations?, 8,

and 9 arethethree velocity componentd ( G and 5s7 &s8&s9 the intermediate terms® ) defined by:

5s7= % 7!
5s8= 9% 8! (6)
559 = % 9 !

With %he coefficient corresponding to a friction coeffici¢mt?9).
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The nodesnvolvedin the model correspond the position of floating docks, whose draught varies between
0.5m and2 m with a mean value of 1.1& for the whole marinaWe independently integratettie two kindg of
structures in the modeA third of the marina surface nodeereaffectedby this implementatiorin term of CPU
time, simulations withfloating structures requires altoore-quarter higher CPU time than basic simulations.
Usingforty cores of a supercomputer, it approximately leads to a total of 20 hours to simulate 15 days with 8 sigma
layers.

This method is relatively sensitive to mesbsolution which has beencorsideredin our numerical
simulations.A sensitivity analysis waperformed to calibrate%in agreement with field observationghe
calibration of Ywasperformedwith one measurement point (visibtevalidation sectiop The best%coefficient
was found to be 0.6l ?or mooring boats and 0.5 ?%for floating docks During the calibration process large
number of %coefficient wastested, ranging from 0.1 to R ? Sandthemodeled resultarere foundconsistent with

the observation®r a %codficient ranging from 0.3 to 0.8 *°.

Validation

Water levels

The model was calibrated and wted usingvater levelmeasurementtsaken offshore andhside the
marina(the white stars with red bordershig. 1). La Pallice datgradar)were cdlected through the REFMAR
portal data.shom.f)/ and water levels in the marin@ressure sensorsyere acquiredin March 2017. The
comparison betweemumerical resultand10-minute continuous time serieseasuremest(Fig. 3) shows aRoot
Mean Squaredrror (RMSE) of 0.18 m for La Pallicewith 0.17 m average for the fowstations in La Rochelle
Marina(Table 1) Globally, water levels are very well reproduced by the model afiibestations \ith errors
about3-4%, oncenormalized byhe mean local tidal rang®ffshore, at the other statio(ig. 1), water levels
are also well reproduced with the same level of effable 1) It is alsoimportant to note that there are few

differences in the water level signal Wwetn simulatioawith andwithout floating structures.

Current in the channel entrance

Three ADCP currenteters were deployed in 2014 by t6®EOCEAN engineering company, after the
marinaexpansion (black stars 2,3 in Fig. 1). In this section, we dplay vertical profile®f currentat themarina
entrance(black star 1 in Fig. Ylobtainedduring spring tide where themeantidal range waspproximately 6
meters Observations revealed a strong distortidrihe tideat the etrance, with a strong tidlflood that isnot

compensatedin terns of intensity, during ebly during springtides, current can overpass 1.5 &3° at the
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beginning of floodtide and reach 0.8 &3°%t the end of ebb tidesig. 4 displays the comparison between
numerical result®btainedwith floating structuregnd the observationsSurfacevelocity was observedd.5 m
belowthefree suface and bottoraelocity wasobserved..5 m above the bottorithe modefaithfully reproducs

this behavior with a very goodrepradudion of the peak flow of the ebb and flood tid&$oreover, speeds are
relatively in phasefrom the bottom to the surfa@nd the main directions (north at flood and south at ebb) are
well reproducedTable 2 summarizthe differences between numerical results and in situ observafiongent

both in terms ofntensityand directionRMSE is approximately 07 | &3 °and 51.3° foiintensity and direction,
respectively The modelunderstimatesvelocity by less than %, mainly due tounderetimaing peak flows.For

a simulation witlout floating structures, theurrentbehavioris similar, with a slighintensiyy decreaseuring peak

flows (approximately @5 | &39.

Currents in the vicinity of the marina

To better understand th@ynamicsof the marina an uplooking ADCP currenprofiler (Aquadopp
Profiler, 2Mhz, 20cm cells) was deployejdist below foating dockgblack star 4 in Fig. )1 Data acquisition
displayedvertical accuracyof approximately 008 | &3°nd horizontal ecuracyof approximately (003
| &3° The aim of this instrumentation wast onlyto understand how currents are rifiedl by the presence
of floating docksbut alsoto calibrate andcompare our modelingystemin the inner pagof the marinaThe 5
day measuremerdccurredfrom April to May 2018, with a relatively importatitial range(4 to5 metersihnd
calm weathefmean wind speedpproximately 51 &39). Fig. 5 shows the comparison between simulated and
measuredrelocity for oneday. Measuredrelocity displays the maximum current during the flood 2 hours after
low tide but, contrary to the channel entrance vilager cdumn is stratified. Inded, thevelocity isstronger at
the bottom Fig. 5A). Then, floating structures appe&o have a role in the attenuation @afrfacevelocity. A
preliminary calibration of thdriction loss wefficient has been carried outo fit the model results to
measurments intheinner part of the marind.he corresponding results for the period of acquisitiorshosvn
in Fig. 5B, andthe simulatios without floating structures arghownat thebottom §ig. 5C). The simulation
without floating structures overestimatie velocity by a factorof two during peak flow No stratification is
found in the water columnin terms of currentintensity, current seemquasthomogeneousasat the channel
entrance Fig. 4). The simulation with floating structuredetter reproducethe measured velocityrder of
magnitude ofapproximately @7 | &3 *during peak flow Moreovey the stratificatioris well represente@nd

fitsthe measurementd.hereis still some bias compared to reality: the attenuation along the vertical axis is not



235 strong enough and the ebb tide is slightly overestimatad.behavioiis displayedn Fig. 6 where a comparison
236 is provided in term of intensity and directions. Directions are more dispersed and less channeled than in the

237 channel entranc@ig 4) and their reproduction is slightly worgégth a 75,8° RMSE anell25° bias. However,

238 the main directions are preserveith the model with FS compared to the model without FS that generates more
239 channelizedlirections of different directionComparison okurfacevelocity (Fig. 6), observed.5 m belowthe
240 free surfacegonfirmsthe overestimation by the simulation withoutdfiting structuresBetween measurements

241 andnumerical results, a 0.064 &3 "RMSEis reachedwith maximum erroof approximately QL0 | &3 °. With

242 floating structures in the simulation, theak flowoccurredin phase with measurements, awturatelyfit the
243 magnitude of intensityThe RMSE is much better, with 0.0121 &5®accuracy fo a maximum error
244 approximately @25 | &3 °andan averageverestimation 0f0.5%.

245

246  Results

247 Tidal circulation in the marina

248 Hydrodynamic simulations were performed under tidal and meteorological forEngs.if wind forcing can

249 influencevelocity fields, considering the relatively shallow depths of the water columumerical modeling
250  suggestamajorimpactfor tide on the current hen, contrary teheBilbao (Grifoll et al.,2009) and Genoa ports
251  (Cutronecet al.,2017),densitydriven circulation is consideratbnexistenin La Rochelle marina. Indeed, there
252  is no freshwater influence excegringoccasionaheavy rainfall Therefore, irthis sectionthe modeled results
253  are analyzedssuming that the tide is the main factor controlling the water circulptitiern.

254 The maincirculationpatterns arshownin Fig. 7. The depthaveragedielodty displayedwascomputedfor
255  a spring tide(tidal range= 6 m), with and without the implementation of floating structures in the mdded
256  maximum velocityin the marinds located in the channel entraratghe end otheebband beginning of the flab
257  when the sctionis the lowestThebehaviorof waterbodiesduring floodand eblis very different.A strongflood
258  entesthe marina by the main entraneith maximum amplitudeup to1.7 | &3°, 1 hour after low tidewhereas
259  the ebb is two timesiver in intensityand mainlyfocused on the channel entrancat the end of ebb tidéhe
260 currentis rapidly reversed byhe floodat the channel entrancEhe opposition between these two flows leads to
261 complex current in termof direction and intensityCurrent presesta large range ointensity substantially
262 influenced bybasingeometry.For instancea W basindisplaysstagnant watewith velocity lower than0.01

263 | &3° reachingonly 0.05 | &3 %atpeak flow During neap tide, wherhetidal range isapproximately 2n, the
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velocity decreasgby a factor of twobut the same trend remaim the marinaThe mainchangesccurduring
ebb with weak eddy redtion and lower water flux compad with spring tide.

At the entrance sections, theraisasymmetry in term of floeebb duratiopwhich is inverse function of the
tidal range At the main entrance (section 1yrihg spring tides there issah 30 min +6h 40 min ratio against a
4 h 30 min£7 h 20 min ratio during neap tides lfluixes at the entrances are globally enhanced délong. The
tidal asymmetryof the offshore areaxplairs this asymmetry of flux between flood and ebb tidsediscussed
earlier (Guoet al.,2018) The asymmetrgan also resufrom signal distortion generated by tegstem geometry

(quays, entrances sectigramdbathymetry(Nece and richey 197&ztano and De Boer, 1905

Impact of floating structures onmarina tidal circulation

The main difference between the simulation with and without the floatingtures concerns the flodd/ith
FS there is a fasterelocity decrease and fastdivide of the entering floodnto two directions. Furthermoythe
addition of floatirg structures reduceke development of eddies at the scaleashesubbasin(Fig. 7A and7B).
Oncethe stream enters thl¥ andSE basinswe observe strong decreasa eddyintensityin surface layers and
a very strong reductioimn the size and intentsi of the eddies During theebh water circulation is slightly
noticeable in the inner paof the marina. Consequentithe impact of floating structures in the model is weak
Indeed,the main currents ardocated along the @mnelentrance, whictappeas to beslightly impacted by the
presence of floating structureBuring flood aml ebb tidethe maximumvelocity along the channel entranise
slightly accentuatedby floating structuregTable 3).The southern part of th&/ and SEbasins are the most
impacted by the attenuation @élocity, displaying largestagnant water areésig. 7G and 7H) whereintensity is
lower than0.01 | &3 %except during the floodhereintensitycan react9.05 1 &5°.

Quantitatively,Table 3revealshe impact othe implementation of floating structures the velocity field of
the marina. The effect is more significant during springstidgen currents aretsnger. From neap to spg tides,
in theW basin, velocityintensitywasreducedrom 8% to 28%, respectivelyln the SW basin the velocity was
reducedrom 3% to 5%, respectivelyandin the NE basin the mainreductiors were10% and 6%, respectively
However,the velocity decreasén the inner parts of the marins compensated byelocity acceleratiorin other
locations.The relatively higherelocity during ebb suppastthis assertiorwith the presence dfoating bodies
(Table3).

The effect of bbatingstructuresncreasstowards the inner parof basinsTheir presencattenuagscurrents

at the surfacéhatconsequentlyeducethe currentology of the inner pardf the marina.
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Residual flux at the marina entrances under theaction of tides and wind

The wind regime in the area, and more globally in the whole Bay of Biscay, experiences a significant
interaanual variability(Dodet efal. (2010), which is partly controlled by th&lorth Atlantic Oscillation The
weakest winds, lowethan 41 &35 occur58% of the time, moderate winds, from 4 tol 853 °, occur29%of the
time and the strongest, from 8 to 1643 5 occur12%of the time Summer presents weak lepressure system
activity resultingin weak winds mostly originatingortheasterly whiléhelittoral is mainly dominated by thermic
breezes fronthe northwest. Duringautumn low-pressure systems crofise Atlantic Ocean, creating more
energetic winds from soutlvest to west. These lepressure systems are most activarduwinter, and they can
potentially cross the French Atlantic coast where strong winds are often obsSEnesd. systemeesultin the
predominance of four winds over the area of study: northwestern (22% occurrence), western (21% occurrence),
northeasterif19% occurrence) and southern (14% occurrence) winds.

To understandhe role of the wind irthe area, twelvespecific cases were stlied, corresponding to six
atmosphec conditions (one without wind, fowvith an averag@.5 | 80 °wind from severatlirections one with
a strong 151 &3 °wind fromthewes) linked with 2tidal conditions (spring andeap tids). Residual flux(RF)
was computed wer five tidal cycles,at three different sectiorfer every caseThe firstcase corresposdto a
situation withonly tides; the four following are simulatiaof combined tide and wind forcing related to fbar
domirantareawinds Thesefive casesvere simulated for a spring tide wiametertidal range and a neap tide
with 2-metertidal range. Thresectionswveredefined in this study to compare residual f{iig. 8).

This study shows that thiotal RFin the marinds a general inflow mainly governed by sectior-8r neap
and spring tides, the configuration is the same with an offshore RFiahskeind 2 and an onshore RF at section
3. The only difference is th&F aresignificantlyhigher during spring tide3 he presence ofwestwind enhances
thewestward residual circulaticgstablished frorsection 3 to sectioh. This residual dynamisialso conserved,
but with less intensity, when the wind is northw&$ith a northeaswind, this residual circulation isompletely
reverse and oriented from section 1 to section 3. RF for simulations with a southern wind is not presented in Fig.
8 becaise it is relatively unchanged compared withwind simulations. Depending on its directitime windhas
an anisotropieffect, whichcan be significanin particular during neap tide&inally, it is important to notice that

the absence of floatingrattures in the model does nuiticeablyaffect the RFat the sections
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324 Assessment of the main drivers of circulation

325 To more accuratelynvestigate the influence of theater circulatiordriving mechanismsvelocity depth
326  average wasomputed withnumerical mdeling and analyzedfor the 12specific casesThe rean differences
327  betweerstateswithout and with wind stress, regardless of direction, range @@2 | 3°to 0.01 | &35 Swith
328  maximum differencef approximately 070 | &3 5during the maximum flookkbb tide. Table 4evealshe mean
329 velocity averaged over 5 tidalycles for severalvind directions Large diffeences appear according to wind
330 directionsbut, globally,wind decelerates watenass dynam&during spring tides and eelerategshemduring
331 neap tides. For spring tideonlya 7.5 1 &3 ®southwind is able toincreasethe water circulationwhereasother
332  winds decreaseirculation(up to 25% foran NEwind). During neap tideshe west,northwest and south winds
333 increasevelocity up to34%, whereaghe northast wind only increaseit by 1446. Thebehaviorof water masses
334 is consistentfirst with the direction of tidal pqeagation in the bay for a noghst wind and second with the
335 direction of channel entrance for a south wiMbre generallyaveragewinds havea significant inflence on
336  velocity mainly during neap tidestrong eventsais15 | 80 Swestwinds thatoccurfrequently during winterin
337 the areacanoverpass the tidal forcing by increasthg neap tidegelocity by more tharb0% Finally, the results
338 show that thesignificantinfluence of the wind follow the same tremith andwithout floating structuregTable
339  4). However,while their effect is similar during spring tides (a decrease of the mean velocity), the wind and the
340 floating structures displayn antagonistic effect during neap tides by increasing and decreasingadtityyve

341  respectively.

342 Discussion

343 Relevance of considerindloating structures in the model

344 Structuressuch adloating docks and breakwaters are often encountered in the modeling dbmtaineir
345  effectis often neglectedhis effectcan bevery compla to incorporatén some applicationg say and Liu (1983)
346  and Liet al.(2005) proposed an approach to approximate the effect of floating structures in a 2Dtelliptic
347  wave model. However, simplified approach has permitted us to simulate theiceéfe hydrodynamics. Indeed,
348 comparison with observations has shown the necessity to implement floating structures in oetterfiothe
349 reality. Evenif floating structures have not a reffect on residuaflux, a strong influence of floating struces
350 has been identified.he nain impact is the drastic reductionrofcrocaleeddystructures in the inner part of the
351 marina Fig. 7B). The velocity intensity hasdecreased by more than 30% in the whole masihareaghe NE
352  basin displays a maximunttenuation of 65% (Table 3). This reduction is compensated by a skdtity

353 increase in the channel entrance dupegkflood and eblflows. These significardifferences between the model
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with and without floating structures raised questions abauretnspension and siltation of the mariftderefore
it appears relevant thathighly populated port should consider the effect of floating d@cidboatmoorings in
any hydro sedimentary modeling study.

Further research needs to be carried out toacherize the influence of floating structures on wind stress.
Indeed,the effect ofwind is decreased bijoating structures and that could have a significant impact on water
agitation and hydrodynamics in the mainThe resultshow that thanfluence é wind, in terns of velocity
intensity, is weaker with the presence of floating structuiiéee floating structuresaturally decreasé¢he wind
effect by 3SUR W H FW L Q JAs WK theMfXieht® éfwind and implementation of floating structures'ie t
model mainlyconcerns the surface layeosir methodology alsconsiderghe winddecreaseffect on the marina.

It is also important t@wonsidersome limitations of this study. First, we do modplicitly represent floating
bodies as obstacles in tlew field. We considered floating structures only in the momentum equatiie in
reality they also affect the depifitegrated continuity equationThis simplification could result in an
underpediction of currentelocity between floating structureas there is no contraction of the hydraulic section.
Then, we do natonsidetthe motion and dynamic forces of the floating structures. In our methodology, we do not
model these effectdbut we are trying to estimate the global effect of floating bodigkeascale of the entire
marina.lt is also important to note that our method is sensitive to the number of vertical sigma layers used in the

study as well as the number of layers involved in the representation of floating structures.

Impact of floating structures oneddy generation

Even with the implementation of floatirgiructurestransientsmaltscale eddieare generated in the inner
part of the maria from theflood beginninguntil theebb(Fig. 7A, 7B, 7C and7D). Thisbehavioris the result of
tidally driven flow separation at the channel entrance that ensures eddy development behind the quays-Itis a well
knownphenomenothat has been easily reproducedhyotropic numerical naels (Pingree and Maddock, 1977;
Imasato, 1983Signell and Geyerl991).These are considered topographic eddsab(l et al., 2005/ethamony
et al.,2005) The geometry of the marina leads to a considerable difference ia ¢émddy structure intensity
between flood and ebb tidé/hereasebb tide is baracterized byhe absence of eddies, the flotimie displays
eddies of basin siz®epending on tidadnd wind forcingthe numberand sizevariesfrom between 2 and 3 eddies
in theW basin,to 3 to 5 in theSW basin and 1 to 3 in theE basin(Fig. 7). The number andize aredependent
on hydrodynamic conditions, the geometry of the marina and its bathype&sening strong lateral gradients

due to recurring dredgingNevertheless, the presence of floating structures substantially s¢ageaction and
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intensityby concentrating flow at the chanracessAlthough the naturafjeneratiorof eddiesduring the flood

is conserved, their preseneads to a&hanneling of the flow thatlsohasan impat on residual circulation.

The role of residual circulation in particle residence time

According to Babu et al. (2005)de-topographyinteractionis the main mechanismeneratingesidual
eddiesbecausdopographic variations in the eddy regislow tidal wave propagation, inducirggphase shiftin
La RochelleMarina,residualflow computed from the averaging dépthaverageccurrents oveb tidal cycles
presentsnicroxale eddiedn ternsof size and location, tise eddiesorrespondo thetopographic eddiesreated
by tidetopography interactionuring the flooddiscussecearlier. Their intensity is weakemandit can reacha
maximum of0.2 | &3 %intensityin the NE basinduring spring tides.

Our results show that the presence of lasérage 7.9 &3 °wind and floating structurds sufficient to
significantly affect the shape and intensityrekidualeddies Whereaswind stretclesthe tide-induced eddies in
its direction of propagation, the floating structures focus the residual flow on the channel enfla@e@sd and
floating structures alter the residual circulation of theinzedifferently; althoughthe former modifiesthe RFs
substantiallyat the entrance section, tlagterreorganizesesidual flow withouteally modifyingRFs.

Vethamony et al. (2005) suggedthe contribution ofesidual eddies to the neansporbf material from
the systemand their potential rel in thetransportof pollutants.Although Wolanskiand King (1990) presented
enhancemenby eddiesby flushing procesdong termtransportis altered by the presence of residual eddies,
reducing the flushing rat@abu et al., 2005)Thus questions areaisedaboutparticleresidence time and more
generally about water quality. Floating structures could influsigmficantly the residence time of particles or
discharged material in the marinBo addresghis question further research i€onductedo characterize water

massexchangs underthe influence ofvind and tideforcings, with the presence of floating structures.

Conclusion

This paper presenthe influence of floating structures on thgdrodynamicf a highly populated marina
Assesment of the main driving mechanisms, tide and wind forcinggas beenconductedand an original
implementation of floatingtructures wasonductedand discussedn situ velocity measurementiaveshown
model overestimationwithout floating structures in the ienpars of the marina. Conversely, the implementation
of floating bodies has permittatheto fit observations and highlighiher strong influenceon the attenuation of
current.This reduction in interity is mainly compensated by a sliginicrease in te access channealsiring peak

flow. Furthermore, the residual circulation is also impacted hy phesencgthe residual eddies naturally formed
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in the marina by tidéopography interaction are strongly attenuated. As tidally induced eddies play ateimhpor
role in the dispersion of matter (Yanagi, 19ahgy could decrease this dispersion as well ag¢lsgspension.
Thus, questions are raisaldout water quality, siltation and more extensively, dredging maintenance strategy.
Even if the area is undéhe influence ot macrotdal regime, the role of wind ialsoundeniable although
significant during spring tides, its influence can be dominarhg neap tides, approaching¥%0n terns of mean
velocity. Wind also affectghe residual circulatiorhy modifying the size and form of eddies amgreversing the
RFs.To assess the relative importance of the different processes aistoeiyng conductedts objective is to

characterie particleresidence timender tidal and wind forcingith thepresencef floating structures
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561 Fig. 1. Bathymetric/topographic (left) and google satellite image of La Roditéna (right). Altitudes are given
562  with respect taneansealevel, and white stars with red borders indicate tide gaues shorelings indicated by
563  straight bold black linén the left figure and black stars represent ADCP mooriimgthe right figure.
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566  Fig. 2. Unstructured gridised in this study, implemented over the Pertuis ChardataimymentColors

567 indicate grid bathymetrgangingfrom 44 toO meters.
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¢ Observation
Model

568
569 Fig. 3. Comparison ofmarina entrancwater levels between modeled resu§igag line) and observations (black
570 circles)for 15 days including neap and spring tides.

571

. Observation
Model

572

573  Fig. 4.Comparison of velocity at the marina entrance between numericabrsadik line and observations€d

574  dot9 for one week of spring tides in October 2014 (mean tidal range = 6 meters).

575
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576
577  Fig. 5.Comparison ofrelocityintensity( 1 &5 computed with floating structures (B), without floating structures

578 (C) and acquired with ADCP (A) in the inner part of the westeaminabasinfor one day in May 2018 (mean

579 tidal range = 4 meters). FS corresponds to floating structures.

580

581

582  Fig. 6. Comparison ofrelocity computed with floating structuregréyline), without floating structures (black
583 line) and acquired with ADCR€d) inside the marinéor three days in May 2018 (mean tidal range = 4 meters)

584  FS corresponds to floating structare
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585
586 Fig. 7. Depthaveraged velocity field I( &5°) for simulations with (right) and without (left) floating structures. A

587 and B correspond to flood. C and D correspond to high tide. E and F correspond to ebb. G and H correspond to

588 low tide.
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589
590 Fig. 8.Residualfluxes(| “é(fs) at the entraces defined in the top figure for several conditions of wind and tide

591 A B, C, D correspond tmeap tide conditions and E, G, H correspond tepring tide conditions. A represent
592 the situation without windndB-F, G- G, andD-H, correspond to simatiorswith 7.5 | &5°west, northwest, and

593 northeast winds
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616  Tables
617
618 Table 1. Metrics between numerical results and measurements
RMSE Maximum Errors Bias
(m) (m) (m)
La RochelleMarina 0.17 0.25 0.08
La Pallice 0.18 0.30 0.13
La Cotiniére 0.19 0.31 0.17
Bourcefranc-le- 0.19 0.31 0.11
Chapus
619 Note RMSE =Root MeanSquarel Error.
620 Measurementweretaken at the several tide gauges corresponding to whitelsrdered in red in Fig. Metrics
621 for La RochelleMarina are averaged for comparison between nunieesalts and data from the four tigauges
622  deployed in the marina.
623
624  Table 2. Metrics between depthveraged numerical results and ADCP measurenoénelocity
Intensity ( &7Y Direction (degrees)
RMSE Maximum Errors Bias RMSE Bias
ADCP 1 0.072 0.16 0.032 51.3 20.1
ADCP 2 0.065 0.12 0.028 46.1 11.2
ADCP 3 0.069 0.17 0.034 62.3 24.8
ADCP 4 0.064 0.10 0.091 129.7 -68.4
(without FS)
ADCP 4 0.012 0.02 0.005 75.8 -12.5
(with FS)
625 Note FS = floating structures
626 ADCP measurements were acquihating three spring tide days in October 2014 (ADCP 1, 2 arah@)in May
627 2018(ADCP 4).
628
629 Table 3.Depth averagedelocity computed in the marina for spring and neap tides.
Spring tides Neap tides
(“ aTﬁlLﬁ (“ é_‘rthﬁ
WB 0.50 (0.76)+0.81 (0.80)+1.17 (1.50) 0.12 (0.14)+0.15 (0.11)+0.27 (0.34)
SEB 0.61 (0.74)+0.94 (0.81)+1.45 (1.59) 0.13 (0.14)+0.23 (0.23)+0.37 (0.43)
NEB 0.25 (0.73)0.39 (1.01)+0.73 (1.56) 0.07(0.08) +0.09 (0.10)+0.38 (0.45)
CE 0.90 (0.89)+1.19 (1.16)+1.68 (1.68) 0.23 (0.23)+0.19 (0.17)+£ 0.59 (0.58)
Total Marina 0.56 (0.75)+1.19 (1.16)+1.68 (1.68) 0.14 (0.18)+0.23 (0.23)+ 0.59 (0.58)
630 Note:WB = westerrbasin;SEB = soutkasterrbasin;NEB = northeasterbasin;CE = channel entrance.
631 Each entry corresponds to meazlocity, maximumvelocity during ebly and maximumvelocity during flood,
632  with (and withou} floating structuresn severaparts of the marina.
633

634




635 Table 4.Deph averagedelocity for several configurations of tidand wind

Spring tide s Neap tides

(* &y (* &y
No wind 0.56 (0.75) 0.14 (0.18)
WW(15 “ aTWﬁ 0.50(0.70) 0.29(0.42)
WW (7.5« &4y 0.49(0.65) 0.18(0.22)
NWW (7.5 “ éTQ'}) 0.44(0.60) 0.20(0.22
NEW (7.5 “ an?“ﬁ 0.42(0.56) 0.16(0.19
SW(7.5 “ &Y 0.57(0.64) 0.21(0.25

636  Note:WW = westwind; NW = northwestwind; NEW = northeastwind; SW = south wind.
637 Each entry corresponds tioe total meamarinavelocity computed over 5 tidal cycles for 6 specific caséh
638  (and without) floating structuresvithout wind, with strong 15 &3°WW (typical storm wind during winter)

639  and four with a 7.5 &3 °wind.
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