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Abstra
tThe numeri
al Lagrangian diagnosti
 tool Ariane is used to determine the main pathwaysin the North Western Mediterranean (NWM) and their asso
iated transports . Quantita-tive and qualitative simulations are made for this region with Eulerian outputs from theo
ean regional 
ir
ulation model Symphonie for years 2001 to 2003. A 
lear 
orrelationis shown between the mean position of the Northern Current and the bathymetry. Thetransport for the pathway linking Corsi
an waters and the Baleari
 
hannel is evaluatedaround 0.25 Sv. A strong re
ir
ulation in the Ligurian sea appears in our diagnosti
s. Wenamed it the Ligurian Re
ir
ulation. The preliminary fo
us on it shows that water massesinvolved are 
entered around 500-meter depth. Future analysis on tra
ers (temperatureand salinity) 
ould allow us to link these results with spe
i�
 water masses.Un diagnostique lagrangien numérique de la 
ir
ulation en Méditerranée Nord O

iden-tale (NWM) pour déterminer les prin
ipales 
ir
ulations a été réalisé ave
 l'outil Ariane.Des simulations quantitatives et qualitatives ont été réalisées pour la NWM à partir dessorties eulériennes provenant du modèle de 
ir
ulation régionale Symphonie pour les an-nées 2001 à 2003. Une 
orrélation nette entre la position moyenne du Courant Nord et labathymétrie a pu être mise en éviden
e. Le �ux de masse d'eau entre la Corse et le 
analdes Baléares est évalué à 0.25 Sv. Une forte re
ir
ulation en mer ligure apparaît dans nosdiagnostiques. Nous l'avons nommé re
ir
ulation ligurienne (LR). L'étude préliminaire sur
ette re
ir
ulation montre que les masses d'eau 
on
ernées sont 
entrées autour de 500 deprofondeur. De pro
haines analyses ave
 les données de température et salinité devraientnous permettre de relier 
es résultats ave
 les masses d'eau spé
i�ques de la MéditerranéeNord O

identale.
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Chapter 1Introdu
tionThe o
eans and seas represent more than 70 % of the surfa
e of the globe, but remain theleast known natural environment. It is a surprising observation if we 
onsider that morethan 40 % of the worlds population live along the 
oasts. Sixty years after the birth ofthe modern o
eanography, our vision of the o
eans and seas have radi
ally 
hange. At�rst 
on
entrate on the global o
ean, studies tighten more and more on the 
oastal seasbe
ause of e
onomi
al issues and the awareness of the in�uen
e of o
eans on 
oastal region.Currently, the interest for the o
eans and seas is reinfor
ed be
ause of their fun
tions inthe global warming and pollutant dispersion due to human a
tivities. For these reasons,the knowledge of the water 
ir
ulation in the di�erent regions of the world need to bedetermine. The LATEX proje
t, where this internship takes part, is a pra
ti
al aspe
t ofthis will of a better knowledge of the 
ir
ulation in a region whi
h 
on
erns us dire
tly.For that the numeri
al study of the main pathways of the water masses in the NorthWestern Mediterranean joins perfe
tly in this logi
. The obje
tives of this study, apart todetermine the main pathways of the water masses in the North Western Mediterranean, isthe installation of a Lagrangian diagnosti
 tool, Ariane, in the LOPB (http://www.
om.univ-mrs.fr/LOB/), and the development of methods to interpret its results.
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1.1 The Lagrangian Transport EXperiment proje
t(LATEX)LATEX is an innovative proje
t whi
h aims to study the in�uen
e of 
oupled dynami
s onheat and matter transfer between 
oastal zones and the open o
ean, 
ombining all analysismethods available : satellite data, numeri
al simulations with Eulerian and Lagrangianapproa
hes, in situ experimentation and measurements with buoys and moorings. This 3-year (2008-10) proje
t was initialized with the LATEX00 pilot proje
t in 2007. The mainobje
tive is to determine the intera
tions between mesos
ale eddies, present in the westernGulf of Lions and the Northern Current and their impa
ts on the evolution of 
onservativeor biogeo
hemi
al tra
er's distribution.This proje
t will 
on
entrate on three points :- to in
rease knowledge on mesos
ale eddies in the western Gulf of Lions- to 
ouple physi
s and biogeo
hemistry in a Lagrangian approa
h- to quantify the 
oast-o�shore ex
hanges for the pro
ess studied during the Lagrangiansurvey and to 
ompare them with the matter and energy �uxes obtained with numeri
al
oupled physi
al and biogeo
hemi
al modeling.All the bibliography 
an be �nd on the LATEX website : http://www.
om.univ-mrs.fr/~petrenko/latex.htm.1.2 Assessment of the knowledge for the North WesternMediterranean (NWM) and the Northern Current(NC)The Northern Current holds its name from its position in the western basin of the Mediter-ranean sea. Its represents the northern bran
h of the main loop of 
ir
ulation in the westernbasin. It �ows from the east to the west following the bathymetry [Lopez-Gar
ia et al. 1994;Millot 1999℄. In the Ligurian sea, the NC is the result of the 
onvergen
e of the eastern andwestern bran
hes of the Corsi
an Current (respe
tively ECC for Eastern Corsi
an Currentand WCC for Western Corsi
an Current) [Astraldi et al. 1990℄. O�shore from the GOL,the NC presents more variability, with intrusions in the GOL, but globally stays between6



the 200-meter and the 2000-meter isobaths in geostrophi
 equilibrium [Conan and Millot1995℄. South of the Ebro delta, the NC divides in two parts. The most important partfollows the Spanish 
oast whereas the rest forms the Baleari
 Re
ir
ulation (BR) whi
h�ows north of the Baleari
 islands and 
onstitute a se
ond loop of 
ir
ulation in the north-western Mediterranean sea [Pinot et al. 2002℄. The NC is asso
iated with a dome stru
tureof isopy
nes in the Ligurian sea and the GOL, and a front of density [Ny�eler et al. 1980;Crepon and Boukthir 1987; Alberola et al. 1995; Conan and Millot 1995℄. A

ording toseasons, the NC presents di�erent attributes, wide (35-50 km), shallow (< 250 m) withmaximum speed around 30-50 
m/s from May to November while narrower (20-30 km),shallower (250-500 m) and with higher maximum speed (around 60-80 
m/s) from Januaryto Mar
h [Castellon et al. 1990; Alberola et al. 1995; Conan and Millot 1995; Albérolaand Millot 2003a; Petrenko 2003℄. Its �ow is high during the winter and weak during thesummer with maximum and minimum respe
tively in July and November/De
ember. Theintensi�
ation of the NC during the winter seems to 
ome from the intensi�
ation of theECC at the beginning of the winter and of the WCC at the end of the winter [Astraldi et al.1990℄. At this season it is possible to measure �ux around 1.5 and 2 Sv (1Sv = 106m3/s).During the summer the �ux is smaller than pre
edently [Alberola et al. 1995℄, around orinferior to 1 Sv.1.3 The Symphonie Eulerian 
odeSymphonie is an Eulerian tridimensional 
oastal model developed in the Laboratoire d'Aéro-logie de Toulouse, member of the P�le d'O
éanographie C�tière de l'Observatoire Midi-Pyrénées. This model is used in the LOPB in the frame of the LATEX proje
t to simulatethe north western Mediterranean from 2001 to 2008. The implementation of the modelwas made by Hu et al.[2009℄. The domain is 
omposed by a 3 km grid for all the northwestern Mediterranean, and in
ludes a nested grid with a resolution of 1 km for the GOL.The grid has an in
lination of 31◦
ompared to the equatorial dire
tion to adjust with thebathymetry. The reader is invited to refer to Fig. 2.1 in se
tion 4.3 to see the domain.This model takes into a

ount the hypotheses of Bousinesq in
ompressibility and hydro-stati
 equilibrium. Velo
ity �eld, temperature, salinity, density and water elevation are
omputed on an Arakawa C-grid [Arakawa 1972℄ with an hybridization of sigma and z
oordinates. Several studies were based on Symphonie in realisti
 
onditions for the North7



Western Mediterranean (NWM): the Rh�ne River plume [Marsaleix et al. 1998; Estour-nel et al. 2001; Re�ray et al. 2004℄, the dense water formation on the 
ontinental shelfand its impa
t [Dufau-Julliand 2004℄, e�e
ts of storms [Ulses et al. 2008℄, the sedimentarytransport [Ulses 2005℄, 
ir
ulations due to the wind [Estournel et al. 2005; Petrenko et al.2008℄, intrusions in the 
enter of the GOL [Estournel et al. 2003℄, eastern intrusions in theGOL [Au
lair et al. 2001; Petrenko et al. 2005℄ and eddies dete
tion in the western part ofthe GOL [Hu et al. 2009℄. This model is appropriate to the study of the NWM and givesrobust and realisti
 simulations. Daily outputs from January 2001 to De
ember 2003 areavailable in the database of the LOPB.The dis
retization of the domain : 339 
ells in the zonal dire
tion, 115 
ells in themeridional dire
tion and 40 levels in the verti
al dire
tion for the parent grid. The mainparti
ularity of the Eulerian model Symphonie is the verti
al dis
retization of the domain.Indeed it uses an hybridization of the sigma and z 
oordinates. The hybrid 
oordinateis one that is isopy
nal in the open, strati�ed o
ean, but smoothly reverts to a terrain-following 
oordinate in shallow 
oastal regions, and to z-level 
oordinates in the mixedlayer and/or unstrati�ed seas. The hybrid 
oordinate extends the geographi
 range ofappli
ability of traditional isopy
ni
 
oordinate 
ir
ulation models.A 
omplete des
ription of this model 
an be �nd in the web site of the model: http://po
.obs-mip.fr, as well as in Hu et al.[2009℄ and referen
es therein.
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Chapter 2A Lagrangian diagnosti
 tool: Ariane
2.1 Introdu
tionThe diagnosti
 tool for Lagrangian experimentation : Ariane has been developed in theLaboratoire de Physique des O
éans (LPO) in Brest by Bruno Blanke and Ni
olas Grima.This 
ode is under the free li
ense CeCILL (CNRS) and 
an be used by anyone with respe
tto the li
ense. Sin
e the earlier development in 1992 [Spei
h 1992℄ Ariane has been usedfor Lagrangian diagnosti
s about the mass transfer for global o
ean [Blanke et al. 2001℄,but also to study the warm water path in the Equatorial Atlanti
 [Blanke and Raynaud1999℄, to determine the �ux of the Equatorial Under Current [Blanke and Arhan 1997℄,to determine the origin of the Si
ilian Current and the formation of the Northern Current[Pizzigali et al. 2007℄. It is a 
ode whi
h temporally integrates the velo
ity �eld to 
omputetraje
tories. The pa
kage 
ontains the FORTRAN 95 
ode and Matlab tools for graphi
outputs and 
al
ulation of the stream fun
tion. All the information about Ariane 
an be
onsulted on the website : http://www.univ-brest.fr/lpo/ariane.It is the �rst time Ariane is used for operational diagnosti
s with Symphonie outputs.The implementation was made with several steps. A �rst installation of the diagnosti
tool was made on a desktop 
omputer to run test simulations. These test simulationsare examples provided with Ariane and diagnosti
s made with Symphonie outputs. I didthis work to learn to use and parametrize Ariane 
orre
tly. A 
omparison between myresults and results provided with Ariane shows small di�eren
es due to the a

ura
y of the
omputer, but behaviors of parti
les are similar for all simulations. During this evaluation,9



some bugs appeared. One 
on
erns the interpolation of temperature and salinity on theinitial positions of parti
les in the option that uses only the 
losest temperature grid point.As it is more a

urate to use the option that interpolates physi
al parameters from all thetemperature grid points around the parti
le, this bug is not a problem. Another problemappears when outputs from Symphonie do not 
ontain information about temperature andsalinity. Indeed Ariane needs a 3D mask for land or water grid points, whereas Symphonie
ontain just a 2D mask. To 
ompute a 3D mask from Symphonie outputs, Ariane 
omputesthis mask from temperature and salinity outputs. One solution to �x this problem is tobuilt a 
omplete 3D mask for Symphonie. Currently Ariane is operational on the new
luster of the LOPB, whi
h 
ontains 16 pro
essors and a lot of memory. The use of the
luster is made with SGE and I developed some s
ripts was developed to laun
h simulationsand transfer outputs.2.2 Hypothesis and equationsA Lagrangian diagnosti
 tool is used to 
ompute traje
tories from an OGCM in integratingthe 3 dimensional velo
ity �eld from an initial point in the grid of the OGCM. For that, thevelo
ity �eld must be interpolated at ea
h lo
ation of the parti
les during their traje
tories.Ariane takes advantage of the C-grid used to dis
retize the Symphonie model to 
omputeanalyti
ally traje
tories from model outputs. The algorithm of Ariane is detailed in [Blankeand Arhan 1997℄ and 
ompute true traje
tories for a given velo
ity �eld through the exa
t
omputation of 3 dimensional streamlines.The 3 
omponents of the velo
ity �eld are known over the six fa
es of ea
h 
ell. Thenon divergen
e of the velo
ity �eld ensures 
ontinuous traje
tories within this 
ell. Thedivergen
e of the velo
ity �eld is expressed as
△V =

1

b
[∂i(e2e3)U + ∂j(e1e3)V + ∂k(e1e2)W ] (2.1)where n = i, j, k refers to the grid index for the three axes; ∂n refers to the 
orresponding�nite di�eren
e; e1, e2 and e3 are the s
ale fa
tors 
omputed at ea
h velo
ity grid point;and b is the produ
t e1e2e3 
omputed at the 
enter of the 
ell (temperature grid point).
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For ea
h 
ell of the grid, the non divergen
e of the �ow 
an be written as :
∂iF + ∂jG + ∂kH = 0 (2.2)where F , G and H represent the transport in the 3 dire
tions, with F = e2e3U , et
.One solution to interpolate the 3 
omponents of the transport in the 
ell with respe
tto the 3 dimensional non divergen
e of the �ow is to pose that the transport vary linearlybetween 2 opposite fa
es (F depends linearly of i, et
.). i, j and k are 
onsidered asfra
tional within the 
ell with an extension from i = 0 to i = 1. One 
an write for F :
F (r) = F0 + r △ F (2.3)with r ∈ [0, 1] and F (0) = F0, and where △F = F (1) − F (0). One 
an link position andvelo
ity, dx/dt = U for the transport:

dr

ds
= F (2.4)where s = (e1e2e3)

−1t and x = e1r. With r = 0 for s = 0 and the 
ombination of 2.3 and2.4, we 
an �nd the time dependen
y of r within the 
ell :
r =

F0

△F
[exp(△Fs) − 1] (2.5)Similar relationships are obtained along both dire
tions. The pre
eding equation appliesonly for a parti
ular 
ell, and we need to determine the time when a given parti
le rea
hanother 
ell (the time where r is equal to an exit value, r = 1). The time dependen
y isobtained from :
ds =

dr

F
(2.6)Using 2.3, we obtain the following equation :

ds =
dF

F △ F
(2.7)A 
rossing time 
an be obtained if F (1) and F (0) have the same sign, this implying F 6= 0.If this 
ondition is not veri�ed for F , the non divergen
e equation ensures that at least one11



dire
tion satis�es it. If this 
ondition is 
he
ked for the zonal dire
tion, the pseudo time sis related to the transport F by :
△s =

1

△F
ln(

F

F0

) (2.8)The 
rossing time 
orresponds to the moment when the transport rea
hes the exit fa
evalue, F (1):
△s =

1

△F
ln(

F1

F0

) (2.9)Similar equations are obtained for other dire
tions. The shorter 
rossing time de�nesthe traveling time in the 
onsidered 
ell and the positions in the other dire
tions are dedu
edfrom the equation of traje
tories using s = △s. After that, 
omputation are done for thenext 
ell, with a starting point equal to the exit point of the previous one. The age of theparti
le is the sum of the expressions obtained for △s. This method ensures a 
onstanttransport along the traje
tories and is both fast and a

urate.Ariane uses two di�erent methods to allo
ate memory during simulations : sequentialand non-sequential. The non-sequential mode stores in memory all the input data. In this
ase parti
les are integrated one by one during all the period of study until they go outthe domain. The sequential mode reads sequentially one time step of the input data at atime and integrates all parti
les during this period, before reading the next time step.Two temporal integrations are available, forward and ba
kward integrations.2.3 Qualitative and quantitative simulationsThe diagnosti
 tool Ariane possesses two di�erent modes, qualitative and quantitative. Thequalitative mode uses individual parti
les to 
ompute realisti
 traje
tories. The quantita-tive mode uses thousands or more parti
les to 
ompute the stream fun
tion and determine
urrent transports. In ea
h 
ase, the obje
tives are di�erent. The goal of this se
tion is todes
ribe qualitative and quantitative experimentations as well as 
orresponding te
hni
al
hara
teristi
s. For this reason, the two following se
tions of this 
hapter 
an seem veryte
hni
al during the �rst reading for people who have never used Ariane. For more detailsabout the di�erent steps of a simulation, the reader 
an refer to the tutorial and the manual"How to write an Ariane namelist �le" on the Ariane's web page.12



2.3.1 Qualitative experimentThe qualitative mode is used to determine traje
tories in the domain during a given period.This mode is useful to simulate numeri
ally the traje
tory of individual Lagrangian driftersor buoys ([Pizzigali et al. 2007℄). The maximum duration of the parti
le drift 
orresponds tothe duration of stored data. Ariane 
omputes 3D traje
tories in using the three 
omponentsof the velo
ity �eld. It is also possible to use only the horizontal velo
ity �eld to determine2D traje
tories. In the latter 
ase, parti
les initialized at a given depth stay at this depthduring the simulation.To initialize the parti
les in the domain, Ariane uses �ve parameters, three spatialones, a temporal one and a parameter whi
h is read but not used in qualitative mode(it is present for 
onsisten
y with the quantitative mode inputs). The spatial parametersare given in number of 
ell grid, i.e. we do not indi
ate longitude, latitude and depthbut the 
orresponding 
ells grid. The grid of the model is the same as the one for theEulerian diagnosti
 [Blanke and Arhan 1997℄. To be sure that the Lagrangian simulationis robust, parti
les must not be initialized on the 
orner or fa
es of a temperature grid 
ell(it is also true for the qualitative experiment, but in this 
ase the parti
les are initializedautomati
ally). In fa
t the 
hara
teristi
s of the C grid and of the under mesh formulationimply that the velo
ity is imperfe
tly de�ned on the 
orners and fa
es of a grid 
ell. Inthese latter 
ases Ariane does not know whi
h grid 
ell must be used. As a 
onsequen
e,the index of grid 
ell used to initialize parti
les must not be an integer but a "non-integer",like 8.5 or 153.9 to indi
ate that the parti
les is positioned inside the temperature grid 
ell(but not at the 
orners of the grid 
ell). Hen
e positioning parti
les is a

urate in zonal,meridional and verti
al dire
tions in shallow and deep water. For the time parameter, aninteger value 
orresponds to the 
enter of the period 
overed by the stored data. Thus,with a daily velo
ity �eld, a value of 5 for the time parameter 
orresponds to the 5th dayof the simulation at 12 hours. For example, it is possible to initialize the parti
le at 06:00am of the 5th day with an "non-integer" value : 5.25, like for the spatial position. Finallythe last parameter 
an be 
hosen arbitrary as it is not used in qualitative mode.To use the qualitative mode, it is also ne
essary to de�ne three temporal parametersfor the outputs. At �rst a time step (given in se
onds) must be 
hosen. It representsthe interval between two outputs. The se
ond value 
orresponds to the frequen
y of theoutputs. Its value depends on the interval 
hosen before. For example, with an interval of13



86,400 se
onds (one day), a frequen
y of 1 implies a daily output whereas a frequen
y of30 implies a monthly output. Finally the maximum number of outputs for the simulationmust be de�ned. The produ
t of the three parameters gives the duration of the simulation.The outputs of this mode give us physi
al and numeri
al information about parti
lesused for the simulation. Parti
les are identi�ed by an index given in the order of theinitialization. This information allows us to follow any of the parti
les and study itsparameters during its traje
tory. Six values are saved as outputs: 1) three spatial indexes(given in longitude, latitude and depth), 2) one temporal value (
orresponding to theparti
le age) and 3) three physi
al values (temperature, salinity and density).2.3.2 Quantitative experimentThe quantitative mode is used to 
ompute the stream fun
tion and the mass transporttransfered by a vein of 
urrent, from the velo
ity �eld given by an OGCM [Blanke andArhan 1997; Blanke and Raynaud 1999℄. The stream fun
tion is 
omputed on the horizontalplan of a non-divergent �ow, diagnosed by the movement of parti
les ea
h asso
iated witha weight (volume of water in m3). In this mode, parti
les are initialized on a se
tion de�nedby longitude, latitude and depth limits and inter
epted by the same se
tion or other ones.The ensemble of se
tions must form a 
losed domain to ensure that a quantitative diagnosti
is possible. Three di�erent types of se
tion are used : 1) one verti
al se
tion to initializeall the parti
les used during the experiment (whi
h is always the �rst one de�ned) and alsoto inter
ept parti
les, 2) several verti
al se
tions to inter
ept all the parti
les initialized,3) a lid se
tion (thus horizontal) 
overing the domain to inter
ept parti
les going out ofthe domain be
ause of evaporation. To de�ne these se
tions, it is ne
essary to indi
atethe grid 
ell limits in x, y and z dire
tions. A se
tion 
an be de�ned with several parts(joined or not). To de�ne diagonal se
tions, it is enough to de�ne it like stairs, with asum of several small se
tions. The extension in ea
h dire
tion is limited by the grid. Withthe sequential mode, detailed simulations for the domain 
an be made in 
haining partialsimulations. When the se
tions are 
hanged between two su

essive simulations, at leastone must 
ome from the pre
eding simulation, be
oming the se
tion for initialization inthe following simulation.Like for the qualitative experiment, the quantitative one only needs the 3D velo
ity�eld for the 
omputation of traje
tories. Temperature and salinity allow to study the14



thermohaline 
hara
teristi
s of parti
les rea
hing the di�erent se
tions. For the density,two options are available : to use values present in the data or to 
ompute them withtemperature, salinity and the equation of state for sea water. As the 
al
ulation of theLagrangian stream fun
tion only need the knowledge of the velo
ity �elds, to use or notthe physi
al data set have no in�uen
e about the stream fun
tion and the transport.Two 
riteria must be de�ned for a 
orre
t quantitative simulation : 1) a spatial or/andphysi
al 
riterion for their initialization whi
h allows to limit the initialization of parti
leswith spatial or physi
al parameters. (for example, it is possible to initialize parti
les iftheir temperature is higher than a 
ertain level only, or the speed, or the depth et
.), 2)a temporal 
riterion whi
h 
orresponds to the life expe
tan
y of the parti
les. When aparti
le is initialized in the domain, it is adve
ted during a duration depending on thespeed of the 
urrent/re
ir
ulation. It signi�es that ea
h parti
le rea
hes a se
tion inde-pendently of the others, i.e. two parti
les initialized at the same time, and very 
lose oneto the other, 
an rea
h the same se
tion at di�erent lo
ations after di�erent times andtraje
tories. Furthermore, a number of parti
les 
an be adve
ted in the domain withoutrea
hing a se
tion. These parti
les imply that it is not possible to 
ompute the Lagrangianstream fun
tion be
ause mass 
onservation is not respe
ted and thus the transport �eld is2D divergent. This situation is not possible for the non-sequential mode, but appears withthe sequential mode. Hen
e the following explanation 
on
erns only the sequential mode.Parti
les do not rea
h a se
tion (hereafter lost) at the end of the simulation when they donot have enough time to be integrated all the way to a se
tion. The time 
riterion allowsto inter
ept the lost parti
les. If no lost parti
les are present in the simulation, the mass
onservation is respe
ted and the transport �eld is 2D non-divergent. Hen
e the 
omputa-tion of the Lagrangian stream fun
tion is possible. As the time 
riterion 
orresponds to thelife expe
tan
y of parti
les, all the parti
les initialized have the same temporal probabilityto rea
h a se
tion. This time 
riterion must be 
hosen with 
onsideration of the time ofresiden
e of the parti
les in the domain. If the time 
riterion is smaller than this time ofresiden
e, parti
les do not have enough time to rea
h the se
tions. But the time 
riterionis not su�
ient by itself and must be used with other time parameters of Ariane : lmin,lmax and lmt. lmin and lmax represent respe
tively the �rst and the last time steps toinitialize parti
les. lmt represents the total number of time steps of the simulation. Tobe sure that all the parti
les have the same life expe
tan
y, their initialization must bestopped when the remaining time steps are not su�
ient. For that, lmax must be equal to15



the lmt of the simulation minus the time 
riterion. For example, if the life expe
tan
y ofparti
les is 7 days and the simulation 
overs 20 days, parti
les 
an be initialized from the�rst day to the 13th but not after.When a �rst run shows that some parti
les have been inter
epted by the time 
riterionor the lid, a se
ond run with the same parametrization and where these spe
i�
 parti
lesare deleted must be made to obtain a truly non-divergent transport �eld.To determine the mean transport for ea
h se
tion, a simple method 
onsists in runningsimulations for ea
h se
tion in forward and ba
kward integrations as suggested by [Blankeand Arhan 1997℄. Indeed there is a methodologi
al error due to Lagrangian 
al
ulationsrealized with dis
rete parti
les. Combining the two modes of integration allows to averagethe results from ea
h simulation and determine the error asso
iated with the transport.Details of the methods are given in Appendix 4.1.The outputs of the quantitative experiment 
ontain the following information for ea
hparti
le : spatial position, age, time steps for initialization and inter
eption, physi
al prop-erties and the volume of water. The volume of water for ea
h parti
le is 
onstant duringthe simulation. As these parameters are registered for initialization and inter
eption, we
an determine the origin and the destination of parti
les and make statisti
s. Outputs alsogive us information about the mean transport and the mean position of inter
eption forea
h se
tion and the global transport for the entire domain.2.4 Ariane implementation for the NorthWestern Mediter-ranean (NWM)To use the quantitative analysis for the NWM, we must de�ne the se
tions to initializeand inter
ept parti
les. On the basis of the knowledge of the NWM 
ir
ulation and ofthe NC, we 
hoose a 
on�guration with 3 boundaries at the south-eastern limit of thedomain. In fa
t, to avoid the sponge layer, 20 
ells have been 
ut o� in the y dire
tionfrom the south-east boundary. For the starting se
tion, we 
hoose the region where theNC is formed. [Astraldi et al. 1990℄ show that the origin of the NC is the 
onvergen
e ofthe WCC and ECC north of the Corsi
a. We 
ut this se
tion in two parts (Corsi
a 1 & 2).Corsi
a 1 joins the Italian 
oast and the Corsi
an 
oast between 43◦and 43.5◦N. Corsi
a 216
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Figure 2.1: Domain used for the Lagrangian diagnosti
. The red line represents the se
tionon initialization for the upstream diagnosti
. The bla
k line represents the se
tions ofinter
eption for this diagnosti
. The isobaths presented on this �gure are : -100 -200 -500-1000 -2000 and -2500 meterjoins the western Corsi
an 
oast and the 2500 meters isobath between 42.5◦and 43◦N. The2500-meter isobath was 
hosen to make sure that the entire WCC �ows in this se
tion.The se
ond se
tion we de�ne is the one between Spain and the Baleari
 islands. This
hoi
e 
orresponds to the main exit out of our domain for the Northern Current. Anotherportion of the NC takes part in the Baleari
 re
ir
ulation (BR) whi
h �ows northward ofthe Baleari
 islands. The last se
tion joins the two pre
eding ones, thus between Corsi
aand the Baleari
 islands. The domain 
an be seen on Fig. 2.1The time step and date of the simulation must be 
hosen be
ause they determine thephenomena we 
an observe. Our simulation 
overs a period from the January 9, 2001 to theDe
ember 17, 2003. Thus we have a 1078 days Lagrangian diagnosti
 for the north-westernMediterranean. We 
hoose a time 
riterion equal to 539 days. It signi�es that a parti
le,17



after its initialization, have a life expe
tan
y of 539 days. Although it is possible to spe
ifya spatial or physi
al 
riterion to initialize parti
les, we 
hoose not to use su
h a 
riterion forthe moment. Nonetheless we must de�ne a maximum value for the water volume whi
h 
anbe attributed to ea
h parti
le. A large value does not permit to have an optimal a

ura
y,but gives a good time for 
al
ulation. A small value gives a better a

ura
y be
ause moreparti
les are initialized (thus statisti
s are better) but a very long time of 
al
ulation. Toadjust this value, we make two simulations : one with a maximum value for the watervolume for ea
h parti
le equal to 108 m3/s and one with 102 m3/s. The 
omparisonbetween the results of these tests shows that the di�eren
e for total transport betweenboth simulation is smaller than 10-2 m3/s. For both the mean position of initializationand inter
eption, di�eren
es are smaller than 10-3 degree and 10 meters respe
tively forlongitude/latitude and depth. Table 2.1 shows results for the Baleari
 Channel after a runin forward integration. The only signi�
ant di�eren
e is the time of 
al
ulation with our
luster, some hours for the �rst 
ase and four days for the se
ond. In sight of these results,we assume that a maximum transport for ea
h parti
le of 108 m3/s is the best 
hoi
e for agood 
ompromise between time of 
al
ulation and a

ura
y.max trans.(m3/s)/parti
le trans.(Sv) lon.(◦) lat.(◦) depth(m)108 0.2521 1.009 39.253 -189.683102 0.2499 1.009 39.253 -189.671Table 2.1: Mean positions and transports for the Baleari
 
hannel after forward integration.To have results as a

urate as possible, we make upstream and downstream simulations,where the initialization is on the Corsi
an se
tions and on the Baleari
 
hannel respe
tively,both in forward and ba
kward mode. Table 2.2 gives information about all the runs madefor the diagnosti
 of the NWM. Finally, the referen
e dot for the stream fun
tion 
al
ulationis on land (6.5◦E and 43.2◦N), where the stream fun
tion is null.
18



runs region ofinitializa-tion mode integration parti
lesinitializa-tion parti
les�lteringrun_1 upstream quantitative forward automati
 temporal
riterion& liderun_2 upstream quantitative ba
kward fromrun_1 temporal
riterion& lidrun_3 upstream quantitative ba
kward fromrun_1 meanders& o�-shorerun_4 downstream quantitative ba
kward automati
 temporal
riterion& liderun_5 downstream quantitative forward fromrun_4 temporal
riterion& lidrun_6 downstream quantitative forward fromrun_4 meanders& o�-shorerun_7 upstream qualitative forward fromrun_1 temporal
riterion& lidrun_8 upstream qualitative forward fromrun_1 temporal
riterion& lidTable 2.2: list of runs made for the Lagrangian diagnosti
 of the NWM
19



Chapter 3A Lagrangian diagnosti
 for thenorth-western Mediterranean, years2001 to 2003
3.1 General resultsIn this se
tion I will present results from the upstream and downstream quantitative sim-ulations for the NWM. Fig. 3.1 shows the results of the stream fun
tion 
al
ulations. This�gure brings to ligth the general 
ir
ulation in the NW Mediterranean : 1) the NC, 2)the BR (Baleari
 Re
ir
ulation), 3) the LR (Ligurian Re
ir
ulation). For all the domain,values of the stream fun
tion are negative; it implies that the 
ir
ulation o

urs aroundthe verti
al axis 
ounter
lo
kwise from the north-east to the south-west.Table 3.1 shows the repartition of the transport towards the di�erent pathways of theLinking transport (Sv)se
tions of ini-tialization Time-averagedEulerian trans-port (Sv) Corsi
a 1 & 2 Baleari

hannel o�shoreCorsi
a 1 & 2 1.04 0.55 0.25 0.24Baleari
 
hannel 1.3 0.28 0.55 0.47Table 3.1: Transport 
omputed for ea
h se
tion for upstream and downstream simulations20



Figure 3.1: Stream fun
tion. The stream fun
tion presented on the �gure 
ome fromrun_1. The region with the higher gradient �owing along the 
oast represents the NC.Color are asso
iated to the intensity of the stream fun
tion given in the 
olorbar. Thereferen
e dot for the stream fun
tion is positioned on the land.
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NWM. Both total transports initialized either upstream on the Corsi
an se
tions or down-stream in the Baleari
 Channel are on the order of a Sverdrup (1 Sv and 1.3 Sv respe
tively).We 
an observe that for both 
on�guration of initialization, a majority of the initializedtransport goes ba
k through the se
tion used for initialization. We 
an see that the trans-ports for the pathway linking Corsi
a and the Baleari
 islands have the same order, around0.25 Sv. Finally, 0.24 for the upstream 
ase Sv and 0.47 Sv for the downstream 
ase go outof the domain o�shore. These results allows us to propose a quanti�
ation of the transportthrough the di�erent pathways in the NWM.3.2 Physi
al interpretation3.2.1 The NCFig. 3.1 shows that the NC follows the bathymetry between the 200 m and 2500 m isobaths.It 
on�rms the observation made by [Conan and Millot 1995℄. The NC is present in theLigurian sea, o�shore of the GOL and along the 
ontinental shelf o�shore of Spain. Abump 
an be observed o�shore Ni
e, whi
h 
orresponds to a submarine promontory welleviden
ed by the 2500-meter isobath in a region where the 
ontinental slope is otherwiseregular. O�shore Marseille, two hypotheses 
ould be proposed to explain an other bump: the bathymetri
 in�uen
e, but the 2500-meter isobath irregularity is upstream furtherto the west; and 
urrent instabilities probably due to a 
ombination of the geostrophi
equilibrium and the deta
hment of eddies at the entran
e of the GOL [E
hevin et al.2003℄, but ,in this zone, eddies are more frequently observed inshore the NC [Allou, pers.
ommuni
ation℄. In the western part of the GOL 
ontinental shelf, we 
an observe thatthe isoline 0.025 Sv of the stream fun
tion goes towards the north-east. Only a signi�
anttransport 
an explain this parti
ularity. [Petrenko et al. 2008℄ emits the hypothesis that aneastward 
urrent 
an exist in the GOL, with a maximum speed of 25 
m/s, due to 
ertainwind for
ing during strati�ed 
onditions. This signature 
ould be due to this eastward
urrent, whi
h 
ould appear several times during the three years of our simulation. East ofthe Ebro delta, we observe a spreading of the NC, whi
h divides in two parts : southwardalong the shoreline and eastward to form the BC northward of the Baleari
 islands ([Pinotet al. 2002℄). A 
lear 
orrelation 
an be observed between the streamlines and the spreadingof the bathymetry. 22



Transport for the pathway linkingCorsi
an se
tions and the Baleari
 
hannel (in Sv)forward ba
kward mean errorupstream 0.25 0.22 0.235 0.03downstream 0.24 0.28 0.255 0.04estimated trans-port (error) 0.25 (±0.07)Table 3.2: Transport for the pathway linking Corsi
an se
tions and the Baleari
 
han-nel (in Sv). These values results from su

essive simulations with forward and ba
kwardintegrations, as explain in appendix 4.1The mean transport between the pathway linking the Corsi
an se
tions 1 & 2 and theBaleari
 
hannel via the NC 
omputed from upstream and downstream simulation is equalto 0.25 ±0.07 Sv (Table 3.2. Values 
omputed for upstream and downstream simulation
an be seen on table 3.2. This transport is smaller than the transport estimated by [Al-berola et al. 1995℄ whi
h is 
lose to 1 Sv in the winter and 
lose to 0.5 Sv for the summer.Fig. 3.1 
learly shows that, will our present 
al
ulations, transport 
an only diminish fromupstream to downstream. Hen
e the values obtained for the linkage between the Corsi
anse
tions and the Baleari
 se
tion is obviously smaller than values obtained during o

a-sional 
ruises at spe
i�
 lo
ations. The origin of the NC is situated north of Corsi
a at alongitude of 9.2◦E with a standard deviation of 0.7◦, a latitude of 42.9 ◦N (with no standarddeviation sin
e the initialization is done on the 
hosen Corsi
an se
tions) and a depth of160 m with a standard deviation of 200 m. In the BC, the mean position of inter
eption ofparti
les is at a longitude of 1.1◦E with a standard deviation of 0.5◦, a latitude of 39.3 ◦Nand at a depth of 190 m with a standard deviation of 160 m (Fig. 3.2). In agreement withmeasurement made by [Castellon et al. 1990; Alberola et al. 1995; Conan and Millot 1995;Albérola and Millot 2003b℄, we 
on�rm that the NC is a surfa
e 
urrent, present betweenthe surfa
e and a depth of 500 m. Fig. 3.3 gives the repartition of the age of the parti
leswhi
h rea
h the BC. The mean duration of the travel is 75 ±25 days. The in
ertitudeasso
iated to the mean duration is equal to 25 days. The maximum duration is equal tothe time 
riterion. It possible that ,without this 
riterion, the maximum duration for thetraje
tories between CC and BC be longer. Fig. 3.3 presents a Rayleigh distribution, witha median value of 66 days. As this value is smaller than the average, we 
on
lude that23



although less parti
les rea
h the BC after 76 days, they 
an rea
h the BC after a verylong time, whi
h in
reases the average for the age of parti
les. The 
hoi
e of the time
riterion seems to be adapted be
ause we see on Fig. 3.3 that we have an entire Rayleighdistribution for the age, without having 
ut the extreme part of the distribution.3.2.2 The Ligurian Re
ir
ulationOn Fig. 3.1 we 
an see a strong re
ir
ulation, situated north of the western 
oast of Corsi
a(8.3◦E and 43.1◦N for the 
enter). We named it Ligurian Re
ir
ulation (hereinafter LR).This re
ir
ulation is 
y
loni
 be
ause it presents negative values of the stream fun
tion.The LR presents a diameter equal to 50 km for its larger dimension and is positioned west ofthe 2000 m isobath. We 
an see an asymmetry between the western and eastern sides of theLR : west the isota
hs are tight whereas east they are spread. We have thus a western edgeintensi�
ation, with a gradient of the stream fun
tion approximately twi
e that the one ofthe eastern edge, and thus a more important speed. As no se
tion 
uts this re
ir
ulation, itis di�
ult to determine the origin of the parti
les whi
h 
ontribute to its signature for thestream fun
tion, but we 
an make some hypothesis. The �rst 
onstatation is that we do notknow the depth of this re
ir
ulation and thus we 
annot determine if parti
les 
ome fromthe WCC or not. The statisti
s for the parti
les whi
h rea
h the Corsi
an se
tion 
ouldprovide us some information. Indeed, half of the parti
les initialized go ba
k through theCorsi
an se
tion. As the LR is really 
lose to the western edge of this se
tion, it is possiblethat they 
ome from the LR. This hypothesis is 
on�rmed by initial and �nal positions ofparti
les whi
h rea
h the Corsi
an se
tions on Fig. 3.2. The fa
t that the mean duration forthe travel is 23 days 
an be in 
orrelation with a speed of the order of 
m/s (an evaluationwith a mean radius of 30 km and a travel duration of 23 days also gives a speed of the orderof 
m/s too). Parti
les rea
hing the Corsi
an se
tion will be asso
iated with the LR for amajority of them. We 
an suppose that the depth given by the statisti
s is approximatelythe depth of the LR. Statisti
s give a mean depth of 650 m for the initialization and 600 mfor the inter
eption, with standard deviation of 630 m and 530 m respe
tively (Fig. 3.2).The LR 
on
erns the totality of the water 
olumn, from the surfa
e to 1100 m depth. Thetransport asso
iated to the Corsi
an se
tion is 0.55 Sv. We 
an expe
t that a large part ofthe 0.55 Sv 
an be attributed to the LR. All these observations do not allow to determine24



Figure 3.2: Mean initial and �nal positions of parti
les : on the right for the Baleari

hannel and on the left for the Corsi
an se
tions. The red re
tangles represent the initialpositions for parti
les and the bla
k one the position of inter
eption. The 
enter of there
tangles represent the mean positions and the extension of the re
tangles the standarddeviation for longitude and depth.
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Figure 3.3: On the right the histogram presents age for parti
les rea
hing the Baleari

hannel and on the left it presents the age of parti
les rea
hing the Corsi
an se
tions. Thehistograms present the repartition of the parti
les age when they are inter
epted. Ea
hbar represents the number of parti
les inter
epted during a 7-days period.
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the origin of this LR. It 
an be one of these situations : 1) a re
ir
ulation presents duringthe three years with a medium transport (≃ 0.55Sv), 2) a re
ir
ulation with a short lifeexpe
tan
y, but an important transport (higher than 0.55 Sv), 3) su

essive short-livedre
ir
ulations summed up in the same region. The origins of this re
ir
ulation (LR) isinvestigated with Ariane qualitative tests.3.3 Qualitative analysis of the main pathwaysTo visualize the main pathways determined with the quantitative diagnosti
, we realizea qualitative diagnosti
. This qualitative diagnosti
 uses one per
ent of the parti
les ini-tialized during the run_1 experiment. Parti
les used for the qualitative diagnosti
 are
hosen randomly, with an uniform distribution of the index of parti
les. This method ofsele
tion ensures that no dis
rimination is made for the spatial and temporal initializationof parti
les. Thus we initialize 7322 parti
les during 18 months on the Corsi
an se
tions.The visualization of traje
tories for ea
h parti
le allows us to determine 4 
ases 
ompareto the 3 des
ribed before: 1) the NC, 2) the BR, 3) the LR west, 4) the LR east. Betweenthe Corsi
an se
tions and the Baleari
 
hannel, 2 pathways 
an be distinguished for all theduration of the diagnosti
 : 1) the part of the NC with �ows southward along the Spanish
oast, 2) the part of the NC whi
h �ows north of the Baleari
 islands to form the BR(Fig. 3.4). The 2 other pathways (3 & 4) are present in the Ligurian sea, and 
ontributeto the LR. Contrary to the observation made in se
tion 3.2.2, parti
les whi
h �ow in theLR do not only 
ome from the WCC. The qualitative diagnosti
 shows us that parti
lesin the LR 
ome from both WCC and ECC in 2 distin
t pathways. The parti
les 
omingfrom the ECC �ow along the Italian 
oast and go southward o�shore from Ni
e to the LR,whereas the parti
les 
oming from the WCC go northward dire
tly to the LR (Fig. 3.4).These pathways 
an be observed during all the duration of the diagnosti
, and support thehypothesis of a 
onstant re
ir
ulation, present during the 3 years of our diagnosti
, ratherthan su

essive re
ir
ulations in the same region. For both pathways, after various time,most parti
les in the LR exit this re
ir
ulation and go north-westward to the NC, whereasjust a few of them go southward along the western Corsi
an 
oast. If we 
ompare thetraje
tories with the position of the Corsi
a 2 se
tion, we 
an observe that most of them
ut the se
tion. These parti
les represent the parti
les inter
epted as "meanders" in thequantitative diagnosti
 run_1. It supports the hypothesis than the majority of the 0.5526



Sv �owing through the Corsi
an se
tions 
ome from the LR. However, as the majority ofparti
les join the NC after having 
ir
ulated in the LR, we 
an suppose that we probablyunder-estimate the transport between the Corsi
an se
tions and the Baleari
 
hannel. Aswe need to take in a

ount the sponge layer in our quantitative diagnosti
s, we 
annotmodify the position of the se
tions. Only a numeri
al domain further extended to thesouth 
ould allow us to 
orre
t this under-estimation.
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Figure 3.4: Main pathways of the NWM : on the right pathways 1) and 2) for the NC(
ontinuous line) and the Baleari
 re
ir
ulation (dashed line), on the left pathways 3) and4) for parti
les rea
hing the LR from WCC (
ontinuous line) and ECC (dashed line). Thered traje
tory for pathways 1) and 2) signify that parti
les travel at the beginning of the3 years of our diagnosti
. The purple and blue 
olor for the pathways 3) and 4) signifythat parti
les travel during the middle and �nal time of our simulation. The red 
rossesrepresent the initial positions of parti
les. The bla
k 
rosses show parti
les positions witha time step of one day.
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Chapter 4Con
lusion and perspe
tivesThe �rst Lagrangian diagnosti
 made with Ariane allowed us to bring to light the regional
ir
ulation in the NWM. We were able to show 
learly the in�uen
e of the bathymetry onthe 
ir
ulation of the NC and its division in two bran
hes north of the Baleari
 islandsand the presen
e of a strong re
ir
ulation in the Ligurian sea, due to water in both WCCand ECC. A �rst estimation of the global transport between the di�erent parts of theNWM allowed us to show the main destination of the water 
oming from the WCC andthe ECC, and to evaluate the transport for the pathway linking Corsi
a and the Baleari

hannel. However we 
ould not determine the origin and the destination of the di�erentwater masses be
ause we did not use information about temperature and salinity in ourdiagnosti
.Ariane is 
urrently totally operational at the LOPB. The diagnosti
 for the NWM allowedus to develop adapted methods for Lagrangian diagnosti
s and tools to use Ariane at itsbest and to analyze its outputs.This preliminary study opens several axes of re�exion for the following months :- Lagrangian diagnosti
s for the WCC and ECC separately,- re
overy of temperature and salinity data for more detailed diagnosti
s,- Lagrangian diagnosti
s for the di�erent water masses, to determine their destination andphysi
al evolution,- Lagrangian diagnosti
 for the GOL, to quantify potential intrusions of the NC and eval-uate the 
ir
ulation in the GOL,In a longer term, perspe
tives are Lagrangian diagnosti
s for longer periods, and analysisof the inter-annual variability of the di�erent 
ir
ulations.28



Chapter 5AppendixDetermination of the error of the Eulerian transportThe error asso
iated with the evaluation of the Eulerian transport 
an be evaluated esti-mating the volumes, and hen
e variability or "transfer" of volumes between simulations.A transfer of volume 
an be determined from two simulations, one with a forward inte-gration and one with a ba
kward one. This di�eren
e in the volume of water tranferedduring simulations, whi
h 
over the same period, gives a di�eren
e in term of transportby the 
urrent. The following part of this se
tion gives the methodology to determinethe transport and the asso
iated error in non-sequential and sequential modes. For thenon-sequential mode, we 
an de�ne two se
tions : A and B, run a forward integration fromA and determine the transport in B; run a ba
kward integration from B and determinethe transport in A. After, we 
an 
ompare the transport values and 
al
ulate their meanand standard deviation. The di�eren
e must 
onverge to 0 when the number of parti
lesin
rease. For the sequential mode, the approa
h is similar but it is ne
essary to isolatethe transport we want to 
ompare. In this 
ase, parti
les are not integrated with all thetime steps [1,lmt ℄ but with the fra
tion [lmin,lmax ℄. For the forward integration, whereparti
les are integrated from se
tion A, lmin must be equal to 1 and lmax inferior to lmt.Then the time of integration is limited by lmt-lmax. Parti
les are integrated on se
tionA. For the ba
kward integration, where parti
les are integrated from se
tion B, lmt mustbe equal to 1+lmt-lmax and lmax must be equal to lmt. It is the di�eren
e of transportbetween se
tion A (between the time steps 1 and lmax ) and se
tion B (between the timesteps 1+lmt-lmax and lmt), whi
h gives the error of the method. As not all parti
les in theforward integration rea
h se
tion B after the time step 1+lmt-lmax, the ones not rea
hing Bmust be �ltered to ensure the 
orresponden
e between forward and ba
kward integrations.29
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