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Foreword

Welcometo the2004-2005issueof theCERFACSScienti�c Activity Report.

Before turning to morescienti�c issuesit is worth recalling that two main eventstook placeduring the
period.Firstly, onJanuary1st , 2004,SNECMA(to betransformedlateron into SAFRAN)becamethe5th

CERFACS shareholder. This broughtnew supportto a numberof CERFACS' researchactivities, among
which turbulent combustion is certainly at the forefront. Secondly, on June30th , 2004, we organized
a seminarbetweenshareholder's representatives, membersof the Scienti�c Council and leadersof our
researchteamsto look at CERFACSprioritiesandpossiblenew researchtopics.This fruitful seminarled
to somereorganization,with on theonehandmuchmoreimportancegivento dataassimilation,andon the
otherhandtheestablishmentof a researchteamdealingwith theenvironmentalimpactsof aviation. This
new organizationre�ects somehow in thefollowing pages.

Now, whathavebeenthemajorscienti�c achievementsof thesepasttwo years?Readingthroughthereport
will hopefullyprovidethereaderwith verymany answersto thisquestion,but let mejustselectafew results
for eachteamasanappetizer:

ParallelAlgorithms
Many toolsweresuccessfullydevelopedby theteam:
– theKrylov suiteof publicdomainpackages(CG,GMRES,FGMRES)wasdownloadedmorethan3,000

timesup to 2005,showing thegreatworldwideinterestin suchtools,
– improvedspectralpreconditionersallowedthetimenecessaryfor simulatingtheCOBRAproblemarising

in electromagneticpropagationto bereducedby a factorof 3;
– a fastparallelout-of-coresolver hasbeendeveloped,of specialusefor solving least-squaresproblems

arisingin gravity �eld computation,which requiresonly half of the computermemorycomparedwith
theScalapackpackage;

– the"OpenMP/MPI" paradigmhasbeenusedonSMP'sto ef�ciently parallelizetheMOCAGEcodeused
for atmosphericchemistrysimulation.

As a way to betterdisseminatetheseandotherresults,aswell asencouragingwork on new issues,another
sessionof the"SparseDays"meetingwasorganizedatCERFACSonJune2nd and3r d, 2004.Onagreater
scaletheteamorganizedthe2nd internationalworkshopon"CombinatorialScienti�c Computing"(CSC05)
onJune21st to 23r d, 2005,with largeEuropeanandoverseasparticipation.

ComputationalFluid Dynamics
With all the earlier NSMB functionalitiesbeing implementedwithin elsA, this latter code,developed
cooperatively with ONERA, wasdeployedwithin AIRBUS at thebeginningof 2004,with approximately
100users.
elsAhasthenallowedCERFACSscientiststo :
– capturethe transonicbuffet phenomenon: in collaborationwith ONERA, the DES (DetachedEddy

Simulation) techniqueled to resultsshowing that, in contrastto the URANS approach,DES is able
to catchthephysicsat theright angleof attack;
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– develop,evaluateandvalidatetheunsteadyNavier-Stokessimulationswith meshdeformationto capture
the �utter phenomenon: in collaborationwith AIRBUS, effective and accurateprediction of this
phenomenonhave beenachievedfor theoverall �ight domain,in goodagreementwith theexperimental
data.

Additional CFD activities have beenconcernedwith appliedsimulationsof ventilationin aircraftpainting
hallsandof air-conditioningef�ciency within buildingswith largeglasspanels.
Simulationmethodsfor turbulentcombustionkeptprogressingat a very rapidpace.Let us just mentiona
few highlightsin this �eld :
– a detailedcomparisonwasorganizedbetweenthe AVBP CERFACS codeandthe CDP Stanfordcode,

bothfor thecold,andlateron,hot cases,whichcon�rmed theexcellentcapacitiesof AVBP;
– thecapacitiesof theAVBP LEStoolshave beencombinedwith thepowerof IBM eServer BlueGeneto

run on a high-resolutionmesh,in orderto computeignition and�ame propagation in thecombustorof
anhelicopterturboshaftenginefrom Turbomeca.In thiscomputation,all fuel injectors(18)anddilution
jets(108)areincludedanda full ignition sequencestartingfrom two ignitershasbeencomputed;

– high-resolutionLES of turbulent �o ws in Diesel intake pipes of piston engineshave also been
successfullyperformedonanIBM BlueGeneeServer;

– in suchsimulationslinearspeedupsof 4,078weremeasuredup to 4,096processorson con�gurationsof
40 million cells.As a result,theAVBP codeis morethanever recognizedasthemainFrenchcodefor
unsteadycombustionandis deployedby many nationalandinternationalgroups,aswell asin industrial
laboratories.

ComputationalElectromagnetism
Amongthemaindevelopmentswhichoccurredover theperiodoneshouldmention:
– theuseof domaindecompositiontechniques,whichhavebeenappliedto stealthtechnologyby coupling

integral equationswith an asymptoticapproach: this resultedin a factor5 reductionof the computing
time,without lossof accurary;

– thecouplingof �nite-elementandfastmultipolemethods,whichhasthenbeensuccessfullyimplemented
to computetheeffectsof asatelliteon theradiationof its geometricallycomplex antenna;

– theimprovementof thecodeto takeadvantageof varioussymmetriesof thesimulatedobjects,whichcan
bemadeoutof bothmetalanddielectrics.

ClimateModelling,DataAssimilation,Oceanography, AtmosphericChemistryandCouplers
Occurrenceof extremeeventshasbeenexplored,thequestionbeing: what is the link betweenthe large-
scaleenvironment,asde�ned by weatherregimes,andtheoccurrenceof extremeevents:
– in thecaseof Europeanheatwaves,suchastheonewhichoccurredin 2003,it wasshown by simulation

that changesof the warm regime occurrencefor the 3 summermonthsoccuredin responseto tropical
Atlantic forcing;

– on thecontrary, weatherregimesdid not appearto bethedeterminingfactorregardingtheoccurrenceof
extremeprecipitation.

In the�eld of dataassimilation,new preconditioners(spectral,de�ation-based,BFGS)havebeendeveloped
to improve overall convergenceof the minimization.A hybrid 3D-Var/4D-Var algorithm hasalso been
developedin which the cheaper3D-Var is usedto provide a good initial "guess"for 4D-Var, leadingto
resultsverycloseto thoseobtainedwith themuchmoreexpensive 4D-Varmethod.
Dataassimilationmethodshave alsobeenappliedto atmosphericchemistryproblems.Using the PALM
software and the MOCAGE model, data assimilation led to a signi�cantly better agreementwith
independentdata,andto animprovementof boththepolarozonedepletiontiming andtheequatorialozone
�eld.
As anotherverypromisingapplicationof dataassimilation,a3D-Varschemeis now beingimplementedfor
the estimationof neutronactivity within electricity-producingnuclearreactors.The so-calledMANARA
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system,which is indeedintendedto improve theestimationof the3D neutron�ux, is presentlydeveloped
andimprovedto accountfor multi-variateassimilation.
TheMERCATOR groupsuccessfullyparticipatedin :
– the improvementof the operationalAtlantic oceanmodelat 1=15th degreeresolution,by developing

a multivariate optimal interpolation schemeand including, in addition to assimilationof sea-level
anomalies,assimilationof sea-surfacetemperatureandof verticalpro�les of temperatureandsalinity;

– theimplementationof thenew globaloceanforecastingsystemat1=4±, which justwentinto operational
onOctober14th , 2005.

Numericalsimulationof aircraftexhaustdispersionin theatmospherehasbeenachieved througha semi-
Lagrangianschemefor two-phase�o w. Startingfrom initial conditionswith anexhaustjet loadedwith water
vapourandsootparticles,interactionstakingplacewithin thewake vortex led to ice nucleationaroundthe
sootparticlesandicecrystalsformation,in goodagreementwith availableobservations.
Couplerswereactively developedover theperiod,with :
– OASIS4beingchosenfor theEU FP'6 GEMSprojectandstayingat theheartof thePRISMinitiative for

earth-systemmodelling;
– PALM being improved with accountingfor dynamicobject size and being appliedto new �elds like

hydrology, ecosystemmodelling,codecoupling,...

TechnologyTransfer
The so-calledN'S' 3 solution,for collaborative working for the extendedenterprisebene�ted from many
new functionalitieslike the automatichyperlink and the launchof a 3D data basedirectly out of the
powerpointdocument.

Computingresources
A new computer(Cray XD1) was installed in 2005, multiplying by 6 the internal number-crunching
capacity. Thestoragecapacitywasalsoincreasedby a factorof 10over theperiod.

CERFACSscienti�c productionis still increasing:
– the numberof high-standardpublications,i.e. in internationally-refereedjournals,is 77 for the period,

showing anincreaseascomparedto pastyearswhenthemeanrateof publicationswascloserto 30 per
year;

– CERFACS' researchershaveproducedyearlymorethan230technicalreports,bookchapters,andpapers
in conferenceproceedings;

– they areactive in trainingnew researchers,with 17Ph.D. thesesbeingawardedover theperiod.
– they have alsovery actively developedappliedresearch,with morethan60 grantsper yearbeingheld

over theperiod,approximately15 of themcomingfrom theEuropeanCommissionthroughits various
programmesor from other internationalbodies,andthe rest,of the orderof 45-50,beingawardedby
nationalfundingagenciesand/orindustrialpartners;

– let us also �nally mentionthat CERFACS wide-interestseminarshave attractedhigh-level and well-
known externalscientists(seebelow).

During 2004and2005,themeannumberof (full-time equivalent)peopleworking at CERFACShasbeen
92.15(seeTablesii to viii), with aglobalannualbudgetvaryingbetween6.3and6.4M

�

.

I sincerelyhopethatyouwill havesometime to readthroughthedetailedactivity reportsof theteams,and
thatyouwill �nd thereenoughinterestto pursueyourcollaborationwith us,or to initiatesomenew ones.

Enjoy your reading.

Jean-ClaudeANDRÉ
CERFACSDirector
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CERFACS Structure

As a"SociétéCivile" CERFACSis governedby two bodies.Firstly, the"ConseildeGérance",composedof
only 5 managers(in French,"Gérants")nominatedby the5 shareholders(seetablei), followsquiteclosely
theCERFACSactivities andthe�nancial aspects.It met8 timesduringtheperiod(2 April 2004,16 June
2004,15 September2004,16 December2004,27 April 2005,24 June2005,16 September2005and21
December2005).Secondlythe Boardof Governors(in French"AssembléedesAssociés"),composedof
representativesof CERFACS shareholdersandof 3 invited personalities,including the Chairmanof the
Scienti�c Council.It met4 timesduringtheperiod(27January2004,30September2004,27January2005
and5 October2005).

CERFACS Scienti�c Council met for the eighthandninth times,on 21 January2005and16 December
2005,underthechairmanshipof Prof.Jean-FrançoisMINSTER.

Thegeneralorganizationof CERFACS is depictedin theCERFACSchart,wherethe two supportgroups
(AdministrationandComputing)areshown togetherwith theresearchteams.

CENTRENATIONAL D'ÉTUDES SPATIALES (CNES) 26%
ÉLECTRICITÉDE FRANCE 26%
MÉTÉO-FRANCE 26%
EUROPEANAERONAUTIC DEFENCEAND SPACE COMPANY (EADS) 11%
SAFRAN 11%

Tablei : SociétéCivile Shareholders
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CERFACSchartasof Dec.31,2005

xvi Jan.2004– Dec.2005



CERFACS Staff

NAME POSITION PERIOD
DUFF ProjectLeader 1988/11
CHATELIN Groupleader 1988/09
GIRAUD Senior 1993/10-2005/08
GRATTON Senior 2002/07
VAN GIJZEN Senior 2002/02-2004/10
BASTIN PostDoc 2005/01
CARPENTIERI PostDoc 2003/01-2004/12
HULSEMANN PostDoc 2005/04-2005/11
LOGHIN PostDoc 2002/10-2004/10
VASSEUR PostDoc 2005/10
AHMADNASAB Ph.Dstudent 2003/08
BABOULIN Ph.Dstudent 2003/09
HAIDAR Ph.Dstudent 2005/03
MARTIN Ph.Dstudent 2001/10-2005/09
MOUFFE Ph.Dstudent 2005/10
RIYAVONG Ph.Dstudent 2002/07-2004/12
SLAVOVA Ph.Dstudent 2005/03
PRALET Ph.Dstudent 2002/09-2004/10
HAMERLING Engineer 2004/02-2005/07
BOUALAOUI Student 2004/06-2004/07
DELMAS Student 2005/06-2005/09
DHOUIB Student 2004/06-2004/07
DUBOIS Student 2004/06-2004/07
FORCINAL Student 2004/06-2004/07
FRIEDMANN Student 2005/02-2005/07
KOUTCHOUGALI Student 2004/06-2004/07
MOCH Student 2005/06-2005/07
MORTAJI Student 2004/06-2004/07
OBERDORFF Student 2004/04-2004/07
ZIRCHER Student 2005/02-2005/06
AMESTOY Engineer 2005/12
HAMERLING Engineer 2004/02-2005/07
LE BERRE Engineer 2005/06

TAB. ii – List of membersof thePARALLEL ALGORITHMS project.
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CERFACSSTAFF

NAME POSITION PERIOD
POINSOT ProjectLeader 1992/09
CHEVALIER Senior 1999/11
CUENOT Senior 1996/10
JOUHAUD Senior 2001/10
GICQUEL Senior 2004/02
MONTAGNAC Senior 2000/11
PAOLI Senior 2004/07
PUIGT Senior 2005/12
BARTON PostDoc 2002/09-2004/08
BEER PostDoc 2004/06-2005/05
BOIN PostDoc 2004/12-2005/11
CELIC PostDoc 2003/09-2005/03
HANSS PostDoc 2003/04-2005/03
MOET PostDoc 2003/04-2004/11
VAROQUIE PostDoc 2003/01-2004/12
VERMOREL PostDoc 2005/11
ALBOUZE Ph.Dstudent 2005/10
ARTAL Ph.Dstudent 2002/11-2005/10
AUFFRAY Ph.Dstudent 2003/10
BENOIT Ph.Dstudent 2001/10-2005/03
BOILEAU Ph.Dstudent 2003/10
BOUDIER Ph.Dstudent 2004/10
COLIN Ph.Dstudent 2004/12
DAUPTAIN Ph.Dstudent 2002/10
DELBOVE Ph.Dstudent 2001/10
DEVESA Ph.Dstudent 2003/10
DUCHAINE Ph.Dstudent 2004/10

Student 2004/02-2004/08
GARCIA Ph.Dstudent 2005/10

Engineer 2004/03-2005/08
GIAUQUE Ph.Dstudent 2003/09
LACAZE Ph.Dstudent 2005/11
LAMARQUE Ph.Dstudent 2004/10

Student 2004/02-2004/08
LAVEDRINE Ph.Dstudent 2004/10

Student 2004/03-2004/08
MARTIN Ph.Dstudent 2002/05-2005/04
MENDEZ Ph.Dstudent 2004/10

Student 2004/02-2004/09
MOSSA Ph.Dstudent 2001/10-2005/03
NYBELEN Ph.Dstudent 2004/11

Student 2004/04-2004/09
PASCAUD Ph.Dstudent 2002/10
PORTA Ph.Dstudent 2004/04
PRIERE Ph.Dstudent 2001/10-2004/12
RIBER Ph.Dstudent 2003/10
ROUX Ph.Dstudent 2003/10

TAB. iii – List of membersof theCOMPUTATIONAL FLUID DYNAMICS project(1/2).
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SCHMITT Ph.Dstudent 2005/10
Student 2005/03-2005/09

SELLE Ph.Dstudent 2000/09-2004/04
SENGISSEN Ph.Dstudent 2002/10
SENSIAU Ph.Dstudent 2005/03
STAFFELBACH Ph.Dstudent 2002/10
THOBOIS Ph.Dstudent 2002/10
TOUSSAINT Ph.Dstudent 2002/10-2005/09
TRUFFIN Ph.Dstudent 2001/09-2005/01
BOUSSUGE ResearchEngineer 2002/02
CHAMPAGNEUX ResearchEngineer 1997/11-2005/05
SOMMERER ResearchEngineer 2002/04
BLANC ResearchEngineer 2005/10

Student 2005/02-2005/08
DENEVE Engineer 2003/03-2004/08
LOERCHER Engineer 2004/01-2004/06
MARGERIT Engineer 2003/10-2005/01
NEGULESCU Engineer 2005/01-2005/11
SAUDREAU Engineer 2004/04-2005/04
SCHMITT Engineer 2005/04-2005/09

Ph.Dstudent 2002/03-2005/03
TOURNIER Engineer 2005/04
JAEGLE Student 2005/04-2005/09
LABEYRIE Student 2004/02-2004/08
MARTINEZ Student 2005/02-2005/08
ROUX Student 2005/03-2005/09
SICOT Student 2005/09
WILLEMSE Student 2004/09-2005/03
BAILLY Visitor 2004/03-2004/03
BREAR Visitor 2005/09
MULLER Visitor 1997/11/
NICOUD Visitor 2001/10
RIZZI Visitor 1987/10
SAGAUT Visitor 2003/12
SCHONFELD Visitor 2001/01

List of membersof theCOMPUTATIONAL FLUID DYNAMICS project(2/2).
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CERFACSSTAFF

NAME POSITION PERIOD
THUAL ProjectLeader 1991/09
ROGEL Senior 1998/10
TERRAY Senior 1992/10
WEAVER Senior 1999/11
MASSART Senior 2004/12

PostDoc 2002/12-2004/11
SANCHEZ PostDoc 2005/05

PostDoc 2004/01-2004/12
BOE Ph.Dstudent 2004/10

Student 2004/02-2004/06
CAMINADE Ph.Dstudent 2003/10
CIBOT Ph.Dstudent 2001/09-2004/08
DAGET Ph.Dstudent 2005/05

Engineer 2003/11-2005/04
MINVIELLE Ph.Dstudent 2005/09

Student 2005/02-2005/06
NAJAC Ph.Dstudent 2005/10
BUIS ResearchEngineer 2003/01-2005/10
DECLAT ResearchEngineer 2001/08-2004/09
MAISONNAVE ResearchEngineer 2000/12
MOREL ResearchEngineer 2000/03
VALCKE ResearchEngineer 1997/02
BARRIQUAND Engineer 2003/12-2005/05
BOURRIQUET Engineer 2005/11
EPITALON Engineer 2005/09

Engineer 2004/10-2005/05
GHATTAS Engineer 2005/02
MAYNARD Engineer 2003/12-2004/03
RICCI Engineer 2004/01- 2004/05
RODRIGUEZ Engineer 2005/09

Student 2005/02-2005/06
AGUIR Student 2005/02-2005/07
ANDREZ Student 2004/06-2004/09
BENOIT Student 2005/02-2005/06
GIBERT Student 2004/03-2004/08
LEFORT Student 2004/05-2004/06
MASSART Student 2005/05-2005/06
MINATOUY Student 2005/02-2005/03
PELISSIER Student 2004/06-2004/07
RAPAPORT Student 2004/02-2004/07
STELLA Student 2005/02-2005/08
UBELMANN Student 2005/02-2005/06
GACON Visitor 2003/04
CASSOU CNRS 2002/11
LORANT CNRS 2004/09

TAB. iv – List of membersof theCLIMATE MODELLING & GLOBAL CHANGEproject.
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CERFACSSTAFF

NAME POSITION PERIOD
FLEURY Senior 2001/03-2004/04
TRANCHANT Senior 2001/07
GARRIC Senior 2005/03

PostDoc 2003/03-2005/02
LELLOUCHE Senior 2002/10
REMY Senior 2003/12
SIEFRIDT Senior 1998/01-2004/08
DREVILLON PostDoc 2004/06
BOURDALLE-BADIE ResearchEngineer 2001/01
DERVAL ResearchEngineer 2003/07
DRILLET ResearchEngineer 1999/03
LABORIE Engineer 2005/08

TAB. v – List of membersof theMERCATOR group.

NAME POSITION PERIOD
BENDALI ProjectLeader 1996/01
FARES Senior 1992/06
MILLOT Senior 1995/11
BARTOLI Senior 2003/02-2004/12
PERNET PostDoc 2005/03
BALIN Ph.D.student 2002/03-2005/09
ZERBIB Ph.D.student 2002/10
CLESSE Student 2005/06-2005/08
DARBAS Student 2004/06-2004/09
MAKHLOUF Student 2004/03-2004/07
WADEL Student 2005/07-2005/08
WOJAC Student 2005/06-2005/08
COLLINO Visitor 1994/04

TAB. vi – List of membersof theCOMPUTATIONAL ELECTROMAGNETISMproject.

NAME POSITION PERIOD
CARIOLLE ProjectLeader 2003/08
PAOLI Senior 2004/07
PAUGAM Ph.DStudent 2005/01
PIACENTINI Engineer 2005/11

Engineer 2005/02-2005/07
LARRIGAUDERE Student 2004/02-2004/06

TAB. vii – List of membersof theENVIRONMENTAL IMPACT OFAVIATION project.
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CERFACSSTAFF

NAME POSITION PERIOD
LANNES ProjectLeader 1994/01
PICARD Ph.Dstudent 2001/10-2004/11
ANTERRIEU CNRS 1993/07-2004/11

TAB. viii – List of membersof theSIGNAL & IMAGEPROCESSINGproject.

NAME POSITION PERIOD
CROS Projectleader 1997/04
JONVILLE Engineer 2000/10
MILHA C Engineer 2004/01
MOINAT Engineer 2000/03-2004/08

TAB. ix – List of membersof theTECHNOLOGYTRANSFERgroup.

NAME POSITION PERIOD
MONNIER ProjectLeader 1996/12
D'AST Engineer 1996/10
LAPORTE Engineer 1988/04
DEJEAN Technician 1990/11
FLEURY Technician 1999/10
BARRAS Student 2004/06-2004/08
BELHAJI Student 2004/06-2004/09
FEYTEL Student 2004/06-2004/08
LAFFORGUE Student 2004/04-2004/06
POMES Student 2005/04-2005/06

TAB. x – List of membersof theCOMPUTERSUPPORT group.
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CERFACS Wide-Interest Seminars

Dominikus Noll (UniversitéPaul Sabatier): New strategies in robust feedback control design.(Feb. 4,
2004)

Laur ent Dumas (Université Paris VI) :Méthodesd'optimisation hybride appliquéesà des problèmes
industriels.(Feb. 17,2004)

Andy Wathen (Oxford University, UK) : Computationalmodelsfor patterningon a growing butter�y.
(March18,2004)

SeanC. Garrick (University of Minnesota,USA) : The effectsof turbulenceon nanoparticlegrowth.
(March22,2004)

Kyle D. Squires (Arizona State University, USA) : Wall-layer modeling for high-Reynolds number
predictionusinglargeeddysimulation.(April 21,2004)

SébastienMasson(Kanagawa, Japan): Barrier layer in theIndian oceanin a 200yearsimulationof the
SINTEX-Frontier, CGCM(andotheradditionalresults).(May 4, 2004)

GeneH. Golub (StanfordUniversity, USA) : Adaptivemethodsfor updating/downdatingpageranks.(June
3, 2004)

Richard C. J. Sommerville (University of California, USA) : Evaluating new cloud-radiation and
hydrologic cycleparameterizations.(June17,2004)

Frédéric Nataf (EcolePolytechnique,Paris) : Optimizedinterfaceconditionsin domaindecomposition
methodsin thecaseof extremecontrastsin thecoef�cients. (Sep.23,2004)

Philippe Toint (Universityof Namur, Belgium): A glimpseinto daily travelpatterns.(Nov. 4, 2004)

JamesOrr (CEA) : Acidi�cation del'océanau21èmesiècle. (Feb. 7, 2005)

Robert A. van deGejin (Universityof Texas,USA) : Towardsthe�nal generationof denselinear algebra
libraries.(March7, 2005)

Bruno Koobus (Universitéde Montpellier II) : LES,VMS-LESet LNSpour la simulationd'écoulements
compressiblesen maillages non structurés : application à des écoulementstourbillonnaires autour
d'obstacles.(April 8, 2005)

JoseM. Laginha M. Palma (CesA,Portugal) : Wind �ow predictionsover forestedanddeforestedcomplex
terrain for windenergyapplications.(May 3, 2005)

SimonMason(ColumbiaUniversity, USA) : Identifyingandpredictingtheeffectsof climatevariability on
malaria incidencein Botswana: anapplicationof theDEMETERproject.(June17,2005)

CharlesMeneveau(JohnsHopkinsUniversity, USA) : Issuesandcasestudiesfor experimentalvalidation
of LESin incompressible. (June20,2005)
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CERFACSWIDE-INTERESTSEMINARS

Magdi Shoucri (Institut de Recherched'Hydro-Québec,Canada): Theapplicationof a fractional steps
methodfor thenumericalsolutionof theshallowwaterequations.(June23,2005)

Mar c Garbey (Universityof Houston,USA) : A few challengingproblemsin computationalsciences.(June
28,2005)

Frank Hulsemann(CERFACS): Pushinggeometricmultigrid to its limits. (Sep.20,2005)

Andr e Kaufmann (SiemensVDO Regensburg, Germany) : OnedimensionalIC enginesimulation: from
acousticsto heatrelease. (Sep.29,2005)

Jean-FrançoisRoyer & Fabrice Chauvin (Météo-France,CNRM) : Impactdu réchauffementclimatique
sur lesouragans.(Dec.13,2005)
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Parallel Algorithms Project





1 Introduction

1.1 Intr oduction

The researchprogrammeconductedby the Parallel Algorithms Projectcombinesthe excitementof basic
researchdiscoveries with their use in the solution of large-scaleproblemsin scienceand engineering
in academicresearch,commerce,and industry. We are concernedboth with underlying mathematical
and computationalscienceresearch,the development of new techniquesand algorithms, and their
implementationona rangeof highperformancecomputingplatforms.

The descriptionof our activities is presentedin several subsections,but this is only to give a structureto
the reportratherthanto indicateany compartmentalizationin the work of the Project.Indeedoneof the
strengthsof theParallelAlgorithmsProjectis thatmembersof theTeamwork very muchin consultation
with eachotherso that thereis considerableoverlapandcross-fertilizationbetweentheareasdemarcated
in the subsequentpages.This cross-fertilizationextendsto formal andinformal collaborationwith other
teamsat CERFACS,theshareholdersof CERFACS,andresearchgroupsandenduserselsewhere.In fact,
it is very interestingto mehow muchtheresearchdirectionsof theProjectareincreasinglyin�uenced by
problemsfrom thepartners.

Membersof the Teamvery much play their full part in the wider academicand researchcommunity.
They areinvolved in ProgrammeCommitteesfor majorconferences,areeditorsandrefereesfor frontline
journals,andareinvolved in researchandevaluationcommittees.Theseactivities bothhelpCERFACSto
contribute to the scienti�c life of France,Europeand the world while at the sametime maintainingthe
visibility of CERFACSwithin thesecommunities.Somemeasureof thevisibility of theParallelAlgorithms
Projectcanbefoundfrom thestatisticsof accessesto theCERFACSWebpageswherea majorpartof all
thehits for CERFACSprojectsareon theAlgo webpages.

Our main approachin the direct solutionof sparseequationscontinuesto be the multifrontal technique
originally pioneeredat Harwell in the early 1980s.During this last period we have further developed
the MUMPS packagein conjunctionwith our colleaguesat ENSEEIHT and INRIA-Lyon. The release
currently being distributed is Version4.6. Someresearchwork that will most likely have an impact on
futurereleasesis discussedin thefollowing sections.Thecodecontinuesto bedownloadedonadaily basis
by researchersthroughouttheworld. Thecomplex versionhasbeenaccessedextensively andusedin many
applications,particularlyin electromagnetics.

Most of thework discussedin Section3 is concernedwith thedirect factorizationof symmetricinde�nite
and general sparsematrices. Considerablework has been done to understandand develop robust
approachesto thecaseof symmetricinde�nite matricesandsomeof theresearchwork discussedlaterhas
beenincorporatedin MUMPS. Other work concernsthe schedulingof the multifrontal factorizationin a
distributedmemoryenvironmentandhasaverysigni�cant impacton theperformanceof ourparallelcode.
Someof the work on direct solvershasbeensupportedby the bi-lateralAurora grant that we have with
Norway. Otherresearchon examiningtheout-of-coreparallelsolutionfor oneor many right-handsidesis
still in its infancy but will hopefullyalsoresult in future improvementsto MUMPS. We alsoreporton the
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ACI-GRID Projectwith ENSEEIHTandotherson developinga Grid basedexpertsitefor sparsematrices
calledGRID-Tlse.The projectendedin November2005andwasa greatopportunityto develop fruitful
collaborationsbetweenresearchersfrom different areasrangingfrom numericalanalysisto middleware
software. It hasenabledsomeof the partners,namelyCERFACS, ENS-Lyon and ENSEEIHT-IRIT, to
continuesomeresearchin theframework of LEGO,a recentlyfundedANR project.

Although iterative methodsremove many of the bottlenecksof direct approaches,particularly regarding
memory, it is now well establishedthatthey canonly beusedin thesolutionof reallychallengingproblems
if thesystemis preconditionedto createanew systemmoreamenableto theiterativesolver. Duringthis last
period,we have continuedour work on developingsuchpreconditioners,includingtwo-level schemesthat
effectively andexplicitly remove error componentsin a subspacespannedby eigenvectorscorresponding
to smalleigenvaluesof thealreadypreconditionedsystem.Theuseof sucha two-level spectralschemehas
proved very powerful in the solutionof very large problemsin electromagnetics,including the industry
standardCOBRA test problem.The notion of two-level schemeshasalso beenimplementedwithin a
two level multigrid schemefor solving generalunsymmetricproblemsand an examinationcomparing
variouswaysof usingspectralinformationhasbeenconducted.Muchof thework hasbeento extendthese
techniquessothatthey canbeappliedto a wide rangeof problemsin differentapplicationareas.Thework
on inner-outeriterations,pioneeredby theTeamsomeyearsago,hasbeendevelopedfurtherandextended
both computationallyandtheoretically. The work on matrix partitioningschemeshasbeendevelopedto
provideanef�cient blockJacobipreconditionerfor usewith standarditerativemethodssuchasGMRES.It
showsanexpectedgoodperformanceonparallelcomputers.SincetheGMRESandFGMRESroutinesthat
areavailableon our webpagesarehigh on the“google” list, arewidely used,andhave beendownloaded
over 5000times,a futureprojectmight involve developingthis preconditionerso that it canbeusedwith
thesepackages.

The main areaof interestfor the Qualitative ComputingGroup concernsa deepunderstandingof the
in�uence of �nite-precision computationon complex scienti�c numerical applications.Of particular
concernare a deeperunderstandingof the role of nonlinearitiesand singularities in the context of
�oating-point arithmetic.A major tool in this work continuesto be the useof homotopicdeviations,a
techniquepioneeredat CERFACSby theQualitative ComputingGroup.An applicationof this work gives
a theoreticalbasisto thesometimesunexpectedgoodbehaviour of Krylov typemethods.

A major focusof our work on nonlinearsystemsandoptimizationhasbeenin joint work with thePALM
Projectand the Climate Modelling Group on dataassimilation.This areais becomingone of the main
interdisciplinaryfocuspointsat CERFACS.We areparticularlyinvolvedin a studyof solutiontechniques
for linear least-squarescomputationsthat lie at the heartof dataassimilationalgorithms,and we have
investigated several aspectsof this including appropriatecondition numbersfor this problem and the
relationshipof the 4D-Var algorithm and Gauss-Newton iterations.We are also developing software
for solving large denselinear least-squaressystemsthat is competitive with ScaLAPACK routinesfrom
the point of view of ef�ciency but requiresabouthalf the storage.Better techniquesfor the storageare
also being explored.This work hasled CERFACS to be includedin a list of major contributors to the
ScaLAPACK/LAPACK project.A new initiative in our optimizationwork is the innovative combination
of multilevel schemeswith trust region methodsfor optimizationproblemsincluding thosearisingin the
solutionof partial differentialequations.This work is beingdonejointly with our colleaguesin Belgium
andwe have recentlyrecruiteda PhDstudentto do a co-tutellethesison this topic in conjunctionwith the
Universityof Namur.

The Parallel Algorithms Project is heavily involved in the AdvancedTraining aspectsof CERFACS'
mission.We ran internal training coursesfor new recruits to all Projectsat CERFACS to give them a
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basicunderstandingof high performancecomputingandnumericallibraries.This coursewasopento the
shareholdersof CERFACS.We areinvolvedin trainingthroughthe“stagiaire”systemandfeel that this is
extremelyusefulto youngscientistsandengineersin boththeir trainingandtheir careerchoice.It canalso
help us to focusour researchefforts andthuscanbene�t the work of the Team.A win-win situation.In
this reportingperiod,we had� ve stagiaires: RemiDelmasfrom INSA, Olivier FriedmannandChristophe
Oberdorffrom ENSEEIHT, andXavier Moch from ENS Lyon, andEline Jonkers from Delft University
in theNetherlands.Membersof theTeamhave assistedin many lecturecoursesat othercentres,including
ENSICA,INPT, Toulouse1 andINSA. StéphanePraletcompletedhisPhDthesison“Constrainedorderings
andschedulingfor parallelsparselinearalgebra"in September, 2004.I amdelightedto recordthatthethesis
wasof sucha high standardthat Stéphanewasawardeda Prix LéopoldEscandeby INPT. This is even
morecommendablewhenwe considerthatthethesiswascompletedin just over two years.EmericMartin
completedhis PhDthesison “Spectraltwo-level preconditionersfor sequencesof linearsystems"in July
2005.It alsogivesus considerablepleasureto recordthat Serge Grattonsuccessfullydefendedhis HDR
thesison “Fast and Robust Solvers in Scienti�c ComputingApplicationsin Geosciences”in December
2005.

Our list of visitors is a veritablewho's who of numericalanalysts,includingmany distinguishedscientists
from EuropeandtheUnitedStates.Wehaveincludedalist of thevisitorsat theendof this introduction.Six
of ourvisitorsstayedfor areasonablylongperiod.Thesewere: Abdellatif El Ghazi(eigenvalueproblems),
Gary Howell (matrix factorizations),Nancy Nichols (dataassimilation),Marielba Rojas(optimization),
Philippe Toint (optimization),and JeanTshimanga (optimizationand climate modelling).As always, it
wasa pleasureto welcomeGeneGolub from Stanfordwho is a greatsourceof inspirationespeciallyto
our youngerstudents.In additionto inviting our visitors to give seminars,someof which areof general
interestto otherteams,we alsorun a seriesof “internal seminars”thatareprimarily for Teammembersto
learnabouteachother's work andarealsoa goodforum for youngresearchersto honetheir presentational
skills.FrankHülsemanntookovertheresponsibilityfor runningtheCERFACSwideinterestseminarsfrom
Martin vanGijzenin 2005andthey bothranaveryactiveandenergeticprogrammein supportof thesemore
generalseminars.

We continueto have a “SparseDaysat CERFACS” meetingin Juneeachyear. In 2005,our normalannual
formulawasreplacedby theSecondInternationalWorkshopon CombinatorialScienti�c Computing.This
meeting,whichwehostedin themainMétéoConferenceCentre,wasco-sponsoredby CERFACS,INRIA,
IRIT, RégionMidi-PyrénéesandSIAM, andwasa greatsuccess.We attractedover 80 participantsover
half from outsideFranceandhalf again from outsideEurope.A numberof distinguishedscientistswho
cameto thismeetingalsovisitedCERFACSandmetmembersof theTeam.

I am very pleasedto recordthat, over the reportingperiod,we have continuedour involvementin joint
researchprojectswith shareholdersandwith otherteamsatCERFACS.

We have a project with EADS on preconditioningtechniquesin electromagnetics.We have continued
our joint effort with the CERFACS electromagneticsproject on the solution of discretizedMaxwell
equationsusing the boundaryelementmethodin the framework of a DGA/Dassaultcontract.This has
beenanoccasionfor usto usetechniquesdevelopedfor perfectconductorsin themoregeneralcontext of
impedance,andto runexperimentswith theGMRES-DRalgorithmin thiscontext.

We arerepresentedin theCCT of CNESon orbitography andhave developeda strongcollaborationwith
themin theparalleldistributedgenerationof normalequationsandtheir subsequentCholeskifactorization
for applicationsin geodesyandcomputationalelectromagnetics.

Wehavehaddetaileddiscussionswith EDFonparallellinearsolversandonembeddediterationsfor multi-
phase�o w. Oneof ourpostdocs,FrankHülsemann,did suchanexcellentjob in studyingtheuseof adirect
sparsesolverwithin CODEASTER,in particularcomparingtheir in-housemultifrontal codewith MUMPS,
that he wasofferedandacceptedemploymentwith EDF towardsthe end2005.I am pleasedthat Xavier
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VasseurandSergeGrattonwereablesteerthis projectthroughits �nal stagesandXavier is now lookingat
null-spacecomputationsthatareof greatinterestto EDF.
Our work on the optimizationandlinear algebraicaspectsof dataassimilationhasbeenof greatinterest
to andthesubjectof somediscussionswith theClimateModelling andGlobalChangeGroupandMétéo
France.We now have a strongandgrowing collaborationwith the ClimateModelling Teamon aspects
of dataassimilation,andcontinueto co-hostJeanTshimanga a researcherfrom Belgium who is doing a
PhDat Namurwith Annick Sartenaer. In thecontext of this work, we have alsohostedvisits from Amos
Lawlessfrom theUK MET Of�ce andfrom Nancy Nicholsof theUniversityof Readingwhoworkspartly
in numericalanalysisandpartly with the meteorologydepartment.We have alsohosted,supervised,and
workedwith HervéLe Berre,whowasworkingontheparallelizationof theMocagecodein theframework
of acontractbetweenCERFACSandMétéoFrance.
We help theotherProjectsat CERFACSat all levels from the “over-a-coffee” consultancy to moremajor
collaborations.Theseincludeadviceon theelsA codeof CFD andmany aspectsof numericalalgorithms
with GlobalChange.We areinvolved in closecollaborationsover linearsolversin electromagneticcodes
with theEMC team.Wehavealsointeractedwith theCSGgroupon issuesconcerningnew computerchips
andtechnologies.

As a postscript,I shouldrecordmy thanksto my threeseniors,Luc Giraud,SergeGratton,andMartin Van
Gijzen,for doingall thehardwork to ensurethesmoothrunningof theTeam.SadlyMartin left ustowards
theendof 2004to take up a poston thefacultyat theuniversityof Delft in his native Netherlands.It was
with very mixed emotionsthat we learnedthat Luc hadaccepteda professorshipat INPT. I say“mixed”
because,on the onehand,we really will misshis energy andability asdeputyProjectLeaderin charge
of the day to day runningof the Team.On the otherhand,we aredelightedfor him that he hassucha
prestigiouspostandalsothatheis not moving far from ussowe cancontinueto welcomehim asa senior
visitor, thusstrengtheningeven moreour stronglinks with ENSEEIHT-IRIT. It is now Serge who hasto
bearthemany responsibilitiesof theday-to-daymanagement.I amverypleasedto saythathedoessoin an
excellentfashionandis well supportedin hiseffortsby ourenthusiasticandtalentedpostdocs.

Iain S.Duff.
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2 Dense and Sparse Matrix Computations

2.1 Hybrid schedulingfor the parallel solution of linear systems
P. R. Amestoy : ENSEEIHT, France; A. Guermouche : INRIA, France;
J-Y. L'Excellent : INRIA, France; S.Pralet : CERFACS, France

Weconsidertheproblemof designingadynamicschedulingstrategy thattakesinto accountbothworkload
and memory information in the context of a parallel multifrontal factorization.The originality of our
approachis that we baseour estimations(work andmemory)on a staticoptimistic scenarioduring the
analysisphase.Thisscenariois thenusedduringthefactorizationphaseto constrainthedynamicdecisions.
Thetaskschedulerhasbeenredesignedto take into accountthesenew features.Moreover, theperformance
hasbeenimproved becausethe new constraintsallow the new schedulerto make optimal decisionsthat
wereforbiddenor too dangerousin unconstrainedformulations.Performanceanalysisin [1] show thatthe
memoryestimationbecomesmuchcloserto the memoryeffectively usedandthat,even in a constrained
memoryenvironment,wedecreasethefactorizationtimewith respectto theinitial approach.Thealgorithms
will beintegratedinto thenext releaseof MUMPS.

[1] P. R. Amestoy, A. Guermouche,J.-Y. L'Excellent,andS.Pralet,(2004),Hybrid schedulingfor theparallelsolution
of linearsystems,ResearchreportRR-5404,INRIA. Also availableasLIP reportRR2004-53andasanENSEEIHT-
IRIT technicalreport.

2.2 Symmetric weighted matching and application to inde�nite
multifr ontal solvers

I. S. Duff : CERFACS, France and RUTHERFORD APPLETON LABORATORY, England;
S.Pralet : CERFACS, France

We study techniquesfor scaling and choosingpivots when using multifrontal methodsin the LD L T

factorizationof symmetricinde�nite matriceswhereL is alowertriangularmatrixandD is ablockdiagonal
matrixwith 1£ 1 and2£ 2 blocks.
Our main contribution is to de�ne a new methodfor scalinganda way of usingan approximationto a
symmetricweightedmatchingto prede�ne1£ 1 and2£ 2 pivotsprior to theorderingandanalysisphase.
We alsopresentnew classesof orderingscalled“(relaxed)constrainedorderings"thatselectpivotsduring
thesymbolicGaussianeliminationusingtwo graphs: the�rst onecontainsinformationaboutthestructure
of thereducedmatrixandthesecondonegivesinformationaboutthenumericalvalues.
Weperformexperimentswith oursymmetricpreprocessingin [ALG47] andwevalidateourheuristicswith
a symmetricmultifrontal codeMA57[2] on real testproblemsin [ALG48, ALG28]. Our testsetsinclude
bothaugmentedmatricesandgeneralinde�nite matrices.

[2] I. S.Duff, (2002),MA57 - A new codefor thesolutionof sparsesymmetricde®niteandinde®nitesystems,technical
reportRAL-TR-2002-024,RutherfordAppletonLaboratory.
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2.3 Unsymmetric orderings usinga constrainedMark owitz scheme
P. R. Amestoy : ENSEEIHT, France; X. S. Li : LAWRENCE BERKELEY NATIONAL LAB Berkeley, CA;
S.Pralet : CERFACS, France

We considertheLU factorizationof unsymmetricsparsematricesusinga three-phaseapproach(analysis,
factorizationandtriangularsolution).Usually theanalysisphase�rst determinesa setof potentiallygood
pivots and then ordersthis set of pivots to decreasethe �ll-in in the factors.We presentin [ALG32] a
preprocessingalgorithmthat simultaneouslyachievesthe objectivesof selectingnumericallygoodpivots
andpreservingthesparsity. We describethealgorithmicpropertiesanddif�culties in implementation.By
mixing the two objectiveswe show that we canreducethe amountof �ll in the factorsandcanreduce
thenumberof numericalproblemsduring factorization.On a setof largeunsymmetricrealproblems,we
obtainaveragegainsof 14%in the factorizationtime, 12%in thesizeof theLU factors,and21%in the
numberof operationsperformedin thefactorizationphase.Full detailsof our implementationareavailable
in [ALG28].

2.4 Pivoting strategiesfor sparsesymmetric inde�nite systems
I.S. Duff : CERFACS, France; S.Pralet : ENSEEIHT, France

Weconsiderthedirectsolutionof sparsesymmetricinde�nite matrices.Wedevelopnew pivotingstrategies
that combinenumericaland static pivoting. Then an iterative re�nement processusesour approximate
factorizationto computea solution.We show thatour pivoting strategiesarenumericallyrobust, that few
stepsof iterative re�nement are requiredand that the factorizationis signi�cantly fasterbecauseof this
static/numericalcombination.Furthermore,we proposeoriginal approachesthat aredesignedfor parallel
distributedfactorization.A key point of our parallelimplementationis thecheapandreliableestimationof
the growth factor. This estimationis basedon an approximationof the off-diagonalentriesanddoesnot
requireany supplementarymessages.

2.5 Solvingsparselinear systemsin an out-of-coreenvir onment
P. Amestoy: ENSEEIHT, France; I.S. Duff : CERFACS, France; T. Slavova : CERFACS, France

In collaborationwith INRIA and ENSEEIHT, we are working with MUMPS ( Multifrontal Massively
ParallelSolver) to solve large-scaleequationsusingdirectmethods.Theaimof our researchis to designan
out-of-coreimplementationof thesolutionphaseef�cient at reducingmemoryusageandcomputingtime
for bothsequentialandparallelenvironments.

Preliminaryresultsindicatethat,in asequentialenvironment,theout-of-coreimplementationis competitive
with respectto thestandardin coreimplementation.Althoughreasonableperformancecanbeobtainedon
a moderatenumberof processorsmuchwork still hasto bedoneto improve theparallelbehaviour of the
algorithms.

[3] E. Agullo, A. Guermouche,and J.-Y. L'Exellent, (2005), Preliminary Out-of-core Extension of a Parallel
Multifrontal Solver, TechnicalReport,INRIA / LIP. In preparation.
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2.6 Integration of the parallel, dir ect sparselinear solver MUMPS
into CODE ASTER

O. Boiteau: EDF DIV ISION R& D, France; F. Hülsemann: CERFACS, France; X. Vasseur: CERFACS,
France

Thelongtermgoalof thiscollaborationis theintegrationof theparallel,directsparselinearsolverMUMPS
into CODE ASTER, a structuralmechanicscodedevelopedat EDF. The topic of the shortnote[4] is the
comparisonof the linear solver MUMPS with the inbuilt serialmultifrontal out-of-coresolver of CODE

ASTER for two andthreedimensionallinear problemsarisingin structuralmechanics.It summarizesthe
backgroundof this study, explainsthemainstepsof thiscomparisonandpresentsfew results.
A moredetailedstudywasperformedon a large numberof testcaseslate in 2005.This comparisonwas
doneboth in termsof run time performanceand stability using backward error estimates.It hasbeen
found that MUMPS is an attractive alternative to the currentmultifrontal solver in CODE ASTER as its
run time behaviour is morepredictableandit offerserrordiagnosticanditerative re�nementfeaturesthat
arecurrentlynot availablein the inbuilt solver. A technicalreporton this work will bepublishedearly in
2006.

[4] O. BoiteauandF. H�lsemann,(2005),Suivi de la collaborationCERFACS/EDFR&D autourde MUMPS et de
CodeAster,Tech.Rep.CR-I23/2005/032,EDFR&D.

2.7 The Grid-TLSE project
P. R. Amestoy : ENSEEIHT-IRIT, France; M. Buvry : ENSEEIHT-IRIT, France; M. Dayd� : ENSEEIHT-
IRIT, France; I. S. Duff : CERFACS, Franceand RUTHERFORD APPLETON LABORATORY, England;
L. Giraud : CERFACS, France; Ch. Hamerling : CERFACS, France; J.Y. L'Excellent : INRIA-ENSL,
France; M. Pantel : ENSEEIHT-IRIT, France; C. Puglisi : ENSEEIHT-IRIT, France

In the context of large sparsecalculations,we areinvolved asoneof the leadingpartnersof a ACI-Grid
project (fundedby the FrenchMinistry of Researchfrom December2002 until November2005).This
projectusestheGrid at several levels.It addsnew servicesto theGrid andusetheGrid capabilitiesto run
theseservices.Theprincipalservicesaremainly twofold :
– to provide theuserswith automaticexpertiseonsparsedirectsolversusingmatriceseitherfrom thedata

baseor providedby theuser(anaturalfollow upstepwill beto extendthis to iterativesolvers).
– to make available to the scienti�c communitya set of test problemsthrougha database.The set of

exampleswill grow dynamicallyasuserssubmitnew problemsthatareintegratedwithin thedataset.
ExperimentsontheGrid-5000platformhavebeenperformed.Theresultsof theprojecthavebeenpresented
at variousconferences[6, 7, 5]. More informationon theprojectcanbefoundfrom theURL :

http ://www.enseeiht.fr/lima/tlse

[5] E. Caron, F. Desprez,J.-Y. L'Excellent, C. Hamerling, M. Pantel, and C. Puglisi-Amestoy, (2005), Future
Generation Grids, vol. 2 of CoreGridSeries,SpringerVerlag,ch. Useof A Network EnabledServer Systemfor
aSparseLinearAlgebraApplication.

[6] M. Dayd�, The GRID-TLSE Project and the Nation-Wide Grid ExperimentalPlatform GRID'5000. See
http ://vds.cnes.fr/manifestations/grilles2005/welcome.html .

[7] M. Dayd�, A. Hurault,andM. Pantel,(2005),Gridi®cationof Scienti®cApplicationsUsingSoftwareComponents:
theGRID-TLSEProjectasanIllustration,In Proceedingsof CSIT05,Fifth InternationalConferenceon Computer
ScienceandInformationTechnologies,Yerevan,Armenia, 419±427.
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3 Iterative Methods and Preconditioning

3.1 Combining dir ect and iterati ve methodsfor the solution of large
systemsin differ ent application areas

I. S.Duff : CERFACS, FranceandRUTHERFORD APPLETON LABORATORY, England

We�rst considerthesizeof problemsthatcancurrentlybesolvedby sparsedirectmethods.Wethendiscuss
the limitationsof suchmethods,wherecurrentresearchis going in moving theselimitations,andhow far
wemightexpectto gowith directsolversin thenearfuture.

This leadsus to the conclusionthat very large systems,by which we meanthreedimensionalproblems
in more thana million degreesof freedom,requirethe assistanceof iterative methodsin their solution.
However, eventhestrongestadvocatesanddevelopersof iterativemethodsrecognizetheir limitationswhen
solvingdif�cult problems,that is problemsthatarepoorly conditionedand/orvery unstructured.It is now
universallyacceptedthatsophisticatedpreconditionersmustbeusedin suchinstances.

A very standardandsometimessuccessfulclassof preconditionersarebasedon incompletefactorizations
or sparseapproximateinverses,but we very much want to exploit the powerful software that we have
developedfor sparsedirectmethodsover a periodof morethanthirty years.We thusdiscussvariousways
in which a symbioticrelationshipcanbedevelopedbetweendirectanditerative methodsin orderto solve
problemsthatwouldbeintractablefor oneclassof methodsalone.In theseapproaches,wewill useadirect
factorizationona “nearby”problemor onasubproblem.

We thenlook at examplesusingthis paradigmin four quite differentapplicationareas; the �rst solvesa
subproblemandtheothersanearbyproblemusingadirectmethod.

Wepresentedthiswork [ALG51] ataconferencein Delhi in December2004.

3.2 Parallel preconditioners basedon partitioning sparsematrices
(I. S.Duff , L. Giraud, S.Riyavong, and M. B. Van Gijzen)

We describea methodfor constructingan ef�cient block diagonalpreconditionerfor acceleratingthe
iterative solutionof generalsetsof sparselinearequations.Our methodusesa hypergraphpartitioneron a
scaledandsparsi�edmatrix andattemptsto ensurethatthediagonalblocksarenonsingularanddominant.
WeillustrateourapproachusingthepartitionerPaToH andtheKrylov-basedGMRESalgorithm.Weverify
our approachwith runs on problemsfrom economicmodelling and chemicalengineering,traditionally
dif�cult applicationsfor iterative methods.Our approachand the block diagonalpreconditioninglends
itself to goodexploitationof parallelism.Thiswealsodemonstrate.Wepresentedthework at thePMAA'04
conferencein Marseillesandhave submittedit to theJournalParallelComputing[ALG50].
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3.3 Additi ve and multiplicati ve two-level spectral preconditioning
for generallinear systems

B. Carpentieri : CERFACS, France; L. Giraud : CERFACS, France; S.Gratton : CERFACS, France

Multigrid methods are among the fastest techniquesfor solving linear systemsarising from the
discretizationof partialdifferentialequations.Thecoreof themultigrid algorithmsis a two-gridprocedure
that is appliedrecursively. A two-grid methodcanbe fully de�ned by thesmootherthat is appliedon the
�ne grid, thecoarsegrid andthegrid transferoperatorsto move betweenthe�ne andthecoarsegrid. With
theseingredientsboth additive andmultiplicative procedurescanbe de�ned. In this project,we develop
preconditionersfor generalsparselinearsystemsthatexploit ideasfrom thetwo-gridmethods.They attempt
to improve theconvergencerateof aprescribedpreconditionerM 1 thatis viewedasasmoother, thecoarse
spaceis spannedby theeigenvectorsassociatedwith thesmallesteigenvaluesof thepreconditionedmatrix
M 1A. We derive both additive and multiplicative variantsof the iteratedtwo-level preconditionersfor
unsymmetriclinear systemsthat canalsobe adaptedfor Hermitianpositive de�nite problems.We show
that thesetwo-level preconditionersshift thesmallesteigenvaluesto oneandtendto betterclusteraround
onethosethatM 1 alreadysucceededto move to theneighbourhoodof one.We illustratetheperformance
of our methodthroughextensive numericalexperimentson a set of generallinear systems.Finally, we
considertwo casestudies,onefrom a non-overlappingdomaindecompositionmethodin semiconductor
device modelling, anotherone from electromagnetismapplications.Resultsof this study are presented
in [ALG38].

3.4 A comparative study of iterati ve solvers exploiting spectral
information for SPDsystems

L. Giraud : CERFACS, France; D. Ruiz : ENSEEIHT-IRIT, France; A. Touhami : ENSEEIHT-IRIT, France

Whensolving the SymmetricPositive De�nite (SPD)linear systemAx = b with the conjugategradient
method,the smallesteigenvalues in the matrix A often slow down the convergence.Consequentlyif
the smallesteigenvaluesin A could be somehow “removed”, the convergencemay be improved. This
observation is of importanceeven when a preconditioneris used,and someextra techniquesmight be
investigatedto futher improve theconvergencerateof theconjugategradienton thegivenpreconditioned
system.Several techniqueshave been proposedin the literature that either consist of updating the
preconditioneror enforcingthe conjugate gradientalgorithm to work in the orthogonalcomplementof
an invariantsubspaceassociatedwith thesmallesteigenvalues.Amongtheseapproacheswe consider�rst
a two-phasealgorithmusingade�ation-typeidea.In a �rst stagethisalgorithmcomputesapartialspectral
decompositionsimplyusingmatrix-vectorproducts.Morepreciselyit combinesChebyshev iterationswith
a block Lanczosprocedureto accuratelycomputeanorthogonalbasisof theinvariantsubspaceassociated
with thesmallesteigenvalues.Then,thesolutionon this subspaceis computedusinga projectorwhile the
solutionin theorthogonalcomplementis obtainedwith Chebyshev iterationsthatbene�t from thereduced
conditionnumber.
For the sake of comparison,this eigen-informationis used in combinationwith other techniques.In
particularweconsiderthede�atedversionof conjugategradients.As representativeof techniquesexploiting
thespectralinformationto updatethepreconditionerwe consideralsotheapproachesthatattemptto shift
thesmallesteigenvaluescloseto onewheremostof theeigenvaluesof thepreconditionedmatrixshouldbe
located.In this work, we studythesevariousvariantsaswell astheobservednumericalbehaviour on a set
of modelproblemsfrom the Matrix Market or arisingfrom the discretizationof some2D heterogeneous
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diffusionPDEproblemsvia �nite-elementtechniques.Wediscusstheirnumericalef�ciency, computational
complexity andsensitivity to theaccuracy of theeigencalculation.
For moredetailson thiswork we referto [ALG59].

3.5 Convergence in backward error of relaxed GMRES
L. Giraud : CERFACS, France; S.Gratton : CERFACS, France; J. Langou : UNIVERSITY OF TENNESSEE,
USA

This work is the follow up of the experimentalstudy presentedin [ALG7]. It is basedon and extends
sometheoreticalresultsin [8, 9]. In a backward error framework, we studythe convergenceof GMRES
whenthematrix-vectorproductsareperformedinaccurately. This inaccuracy is modelledby aperturbation
of the original matrix. We prove the convergenceof GMRESwhenthe perturbationsize is proportional
to the inverseof thecomputedresidualnorm; this implies that theaccuracy canberelaxedasthemethod
proceedswhichgivesriseto theterminologyrelaxedGMRES.As for exactGMRES,weshow underproper
assumptionsthat only happy breakdowns canoccur. Furthermore,the convergencecanbe detectedusing
a by-productof the algorithm.We explore the links betweenrelaxed right-preconditionedGMRES and
�e xible GMRES.In particularthis enablesus to derive a proof of convergenceof FGMRES.Finally we
reportresultsonnumericalexperimentsto illustratethebehaviour of therelaxedGMRESmonitoredby the
proposedrelaxationstrategies.

[8] V. SimonciniandD. B. Szyld,(2003),Theoryof InexactKrylov SubspaceMethodsandApplicationsto Scienti®c
Computing,25, 454±477.

[9] J.vandenEshofandG. L. G. Sleijpen,(2004),InexactKrylov subspacemethodsfor linearsystems,26, 125±153.

3.6 Incr emental spectral preconditioners for sequencesof linear
systems

L. Giraud : CERFACS, France; S.Gratton : CERFACS, France; E. Martin : CERFACS, France

In many scienti�c applicationsa setof linearsystemswith thesamecoef�cient matrix but differentright-
handsideshave to besolvedin sequence.Sucha situationexistsfor instancein thecalculationof theradar
crosssectionfor electromagneticcalculationsor in the calculationof eigenvaluesusingshift and invert
techniques,etc.Ef�cient methodsfor tackling this problemattemptto bene�t from thepreviously solved
right-handsidesfor thesolutionof thenext. Thisgoalcanbeachievedeitherby recycling Krylov subspaces
(seefor instance[14] andreferencestherein)or by building preconditionerupdatesbasedonnearinvariant
subspaceinformation(seefor instance[10, 11, 12] andreferencestherein).In this work we investigatethe
useof Krylov linearsolversbasedonanArnoldi process,thatarevariantsof GMRES.In particular, because
weaimat removing thepossibleslowdown effectof thesmallesteigenvalues,weconsidertheGMRES-DR
solver [13]. TheharmonicRitz vectorscomputedby this linearsolver for a givenright-handsideareused
to updateanincrementalspectrallow-rankpreconditioner[11] thatis usedfor thenext right-handside.We
implementseveral strategiesto extract the appropriatespectralinformationandillustratetheir numerical
behaviour on someacademicproblemsfrom the Matrix Market as well as from large computationsin
industrialelectromagneticapplications.
Resultsof this studyarepresentedin [ALG55, ALG27].

[10] J. Baglama,D. Calvetti, G. H. Golub,andL. Reichel,(1999),Adaptively PreconditionedGMRESAlgorithms,
SIAMJ. Scienti®cComputing, 20(1), 243±269.

[11] B. Carpentieri,I. S.Duff, andL. Giraud,(2003),A classof spectraltwo-level preconditioners,SIAMJ. Scienti®c
Computing, 25, 749±765.
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[12] J.Erhel,K. Burrage,andB. Pohl,(1996),RestartedGMRESpreconditionedby de¯ation,J. Comput.Appl.Math.,
69, 303±318.

[13] R. B. Morgan,(2002),GMRESwith de¯atedrestarting,SIAMJ. Scienti®cComputing, 24(1), 20±37.

[14] M. L. Parks,E. de Sturler, G. Mackey, D. D. Jhonson,andS. Maiti, (2004),Recycling Krylov subspacesfor
sequencesof linear systems,TechnicalReportUIUCDCS-R-2004-2421(CS), University of Illinois at Urbana-
Champaign.

3.7 Parallel algebraic preconditioners for the solution of Schur
complementsystemsin 3D

L. Giraud : CERFACS, France; A. Haidar : CERFACS, France; S.Mulligan : DUBLIN INSTITUTE OF

TECHNOLOGY, , Ireland

Domaindecompositionmethodsarea naturalway to parallelizethe numericalsolutionof elliptic partial
differentialequationsfor 2D and3D problems.In this studywe considertheparallelsolutionof a standard
�nite elementdiscretisationof 3D elliptic problems.The methodusedis a preconditionedconjugate-
gradientsolver following [16, ALG19] on the Schurcomplementsystemfor the interfaceunknowns.An
additiveSchwarzpreconditioneris computedwhichconsistsof thelocalassembledSchurcomplementsfor
eachsubdomain.TheseSchurcomplementsarecomputedusingtheMUMPS [15] package.We alsoused
a sparsi�edversionof this preconditioner, whereelementswhoserelative magnitudesarebelow a certain
tolerancearedropped; this typically resultsin Cholesky factorsthat retainonly about10%of theoriginal
densefactors.The resultingblock-preconditionersarecomparedwith an approachthat consistsin using
a sparsi�edapproximationof thecompleteSchurcomplement.This lattersparsi�edSchurcomplementis
factorizedin parallelby MUMPSandusedasapreconditioner.
The methodswere implementedon an IBM SP by assigningeachsub-domainto a single processand
using MPI for the parallel communication.The numericalresultshave beenobtainedfor a numberof
modelproblems,including problemswith variableanddiscontinuouscoef�cients [17]. The preliminary
resultsindicatea goodparallelscalabilityof thesemethodsfor 3D problems,in that theconvergencerate
is not seriouslydegradedasthenumberof domainsincreases.Furthertestsarebeingcarriedout, including
comparisonswith adirectsolverandtheresultswill bethesubjectof a forthcomingreport.

[15] P. R. Amestoy, I. S.Duff, J.-Y. L'Excellent,andJ.Koster, (2001),A fully asynchronousmultifrontal solverusing
distributeddynamicscheduling,SIAMJ. Matrix AnalysisandApplications, 23, 15±41.

[16] L. M. Carvalho,L. Giraud,andG. Meurant,(2001),Localpreconditionersfor two-level non-overlappingdomain
decompositionmethods,NumericalLinearAlgebra with Applications, 8, 207±227.

[17] L. Giraud,S. Mulligan,andJ. Rioual, (2004),Algebraicpreconditionersfor the solutionof Schurcomplement
systems.SIAM ConferenceonParallelProcessingfor Scienti®cComputing,talk.

3.8 Parallel Distrib uted Numerical Simulations in Aeronautic
Applications

G. All�on : EADSCRC, France; S.Champagneux: CERFACS, France; G. Chevalier : CERFACS, France;
L. Giraud : CERFACS, France; G. Sylvand : EADS CRC, France

Numericalsimulationplays a key role in industrial designbecauseit reducesthe time and the cost to
develop new products.Becauseof internationalcompetition,it is importantto have a completechainof
simulationtoolsto performef�ciently somevirtual prototyping.In thispaper, wedescribetwo components
of large aeronauticnumericalsimulation chainsthat are extremely consumingof computerresources.
The �rst concernscomputational�uid dynamicsfor aerodynamicstudies.The secondis usedto study
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the wave propagation phenomenaand concernsacoustics.Becausethosesoftwaresare usedto analyse
large andcomplex casestudiesin a limited amountof time, they areimplementedon paralleldistributed
computers.Wedescribethephysicalproblemsaddressedby thesecodesandthemaincharacteristicsof their
implementation.For the sake of re-usabilityandinteroperability, the softwareis developedusingobject-
orientedtechnologies.We illustratetheir parallelperformanceon clustersof symmetricmultiprocessors.
Finally, we discusssomechallengesfor the future generationsof paralleldistributednumericalsoftware
thatwill have to enablethesimulationof multi-physicsphenomenain thecontext of virtual organizations
alsoknown astheextendedenterprise.
Resultsof this studyarepresentedin [ALG30]

3.9 Boundson the eigenvaluerangeand on the �eld of valuesof non-
Hermitian and inde�nite �nite elementmatrices

D. Loghin : CERFACS, France; M. B. van Gijzen : CERFACS, France; E. Jonkers : CERFACS, France

In the beginning of the seventies,Fried [18] formulatedboundson the spectrumof assembledHermitian
(semi-)Positive De�nite �nite-element matricesusing the extremeeigenvaluesof the elementmatrices.
Sinceelementmatricesare small in size relative to the assembledmatrix, theseeigenvalue boundsare
cheapto compute.
Wehavegeneralisedtheboundsproposedby Friedfor non-Hermitianandinde�nite matrices.In particular,
we have derivedboundson theField of Values,on thespectrumandon thenumericalradiusfor both the
standardandthegeneralisedproblem.
We have illustratedour boundswith an examplefrom acousticsthat involvesa complex, non-Hermitian
matrix.
As anapplication,wehaveusedourestimatesin theGMRESalgorithmfor solvinglinearsystems,to derive
anupperboundon thenumberof iterationsthat is neededto achieve a residualnormthat is smallerthana
giventolerance.
WepresentedourresultsattheICCAM 2004conferencein Leuven.Thereport[ALG61] hasbeensubmitted
for publicationin JCAM.
[18] I. Fried,(1973),Boundson thespectralandmaximumnormsof the®nite elementstiffness,̄ exibility andmass

matrices,Int. J. SolidsandStructures, 9, 1013±1034.

3.10 Inner-outer iterations
F. Chaitin-Chatelin : CERFACS AND UNIVERSIT� TOULOUSE 1, France; N. Megrez : CERFACS

AND UNIVERSIT� TOULOUSE 1, France; G. L. G. Sleijpen : UTRECHT UNIVERSITY, Netherlands;
J. van denEshof : UNIVERSITY OF DÜSSELDORF, Germany; M. B. van Gijzen : CERFACS, France

Thereareclassesof problemsfor which thematrix-vectorproductis a time consumingoperationbecause
an expensive approximationmethodis requiredto computeit to a given accuracy. Obviously, the more
accuratethe matrix-vector product is approximated,the more expensive or time consumingthe overall
processbecomes.Thequestionof how to controltheaccuracy of thematrix-vectorproductif theouterloop
is aKrylov methodhasbeenextensively investigatedatCERFACS[19, ALG7, 20, ALG42]. Thiswork has
led to thedevelopmentof socalledrelaxationstrategiesin which theaccuracy to which thematrix-vector
multiplicationis computedis reducedwhentheprocesscomescloserto thesolution.Thesestrategiesmay
yield a signi�cant reductionof the computingtime while the target accuracy is still achieved. However,
they are far from beingwell understoodtheoreticallyandexperimentally. On the theoreticalside,some
progresshasbeenmadeby usingthetheoryof HomotopicDeviation.Wedescribebelow somealgorithmic
advanceswhicharesupportedby extensivenumericalevidence.Theresearchthatwedescribehas(in part)
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beencarriedout in collaborationwith theUniversityof UtrechtandwassupportedthroughtheVanGogh
programmefor Dutch-Frenchscienti�c collaborations.

In [21] we have investigatedthe possibility of increasingthe computationalgain that canbe obtainedby
applyinga relaxationstrategy usinga nested Krylov method.The advantageof this approachis that the
matrix-vectorproductsin theinnerloop only have to becomputedto a low accuracy. Theaccuratematrix-
vectorproductsin theouterloop ensurethat thetargetaccuracy canbeachieved.A revisedandimproved
versionof [21] hasbeenacceptedfor publicationin JCAM ([22]).

In the pastyearwe have progressedin two differentways.Firstly we have studieda suitablestrategy to
control the error in the matrix-vector multiplicationsin restartedGMRES.Our �rst observation is that
restartedGMRESis a nestedmethod,with full GMRESin theinnerloop (in which only a modestresidual
reductionhasto beachieved)andRichardson's methodin theouterloop.We have foundthattherearetwo
differentwaysto control theerrors,andtheappropriateway dependson how theresidualsareupdated.If
theresidualsarecomputedrecursively arelaxationstrategy shouldbeapplied.If theresidualsarecomputed
directly form thelatestiterand,however, asimilarstrategy asfor Newton'smethodhasto beemployed,i.e.
in thebeginningof theprocess,thematrix-vectorproductscanbeperformedwith low accuracy, while the
accuracy hasto be increasedwhentheapproximatesolutioncomescloserto thetruesolution.Our results
werepresentedduring a mini-symposiumon inner-outer iterative methods(organisedby M. van Gijzen)
at theNAA'04 conferencein Rousse,Bulgaria.[ALG63] hasbeenacceptedfor publicationin a volumeof
LectureNotesin ComputerScience(Springer).

We have alsomadeprogressin the theoreticalunderstandingof the relaxationstrategies.In [ALG64] we
provide insight into why someiterative methodsaremoresensitive to errorsin thematrix-vectorproduct
thanothers.Thekey observationis thatthesensitivity for errorsin thematrix-vectorproductis determined
by theconditioningof thebasisvectorsto which thematrix-vectorproductis applied.Thepaper[ALG64]
hasbeenacceptedfor publicationin the proceedingsof the Third InternationalWorkshopon Numerical
AnalysisandLatticeQC.

As partof thepartnershipbetweenEDF andCERFACS,consultingwork wascarriedout with N. Megrez,
a visiting post-docfrom UT1 (Ceremath),in which we have analyseda nestedalgorithmfor multi-phase
�o w calculations.Oneof themaindif�culties in thepresentformulationsis thatspecialprecautionshave
to betakento preserve positive volumefractions.In this work we have suggestedalternative formulations
of thecurrentalgorithmfor whichwecanderivea time-stepsuchthatpositivevolumefractionsarealways
preserved.

[19] A. BourasandV. Frayss�,(2000),A relaxationstrategy for inexactmatrix-vectorproductsfor Krylov methods,
TechnicalReportTR/PA/00/15. Submittedto SIAM Journalin Matrix AnalysisandApplications.

[20] A. Bouras,V. Frayss�, and L. Giraud, (2000), A relaxationstrategy for inner-outer linear solvers in domain
decompositionmethods,TechnicalReportTR/PA/00/17.

[21] J. van den Eshof, G. L. G. Sleijpen,and M. B. van Gijzen, (2003), Relaxationstrategies for nestedKrylov
methods.,TechnicalReportTR/PA/03/27.

[22] J.vandenEshof,G.L. G.Sleijpen,andM. B. vanGijzen,(2005),Relaxationstrategiesfor nestedKrylov methods,
117, 347±365.
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3.11 Rounding error analysis of the classical Gram-Schmidt
orthogonalization process
L. Giraud : CERFACS, France; J. Langou : UNIVERSITY OF TENNESSEE, U.S.A.;
Mir oslav Rozlo�ník : ACADEMY OF SCIENCES OF THE CZECH REPUBLIC, Czech Republic;
J. van denEshof : HEINRICH-HEINE-UNIVERSITÄT, Germany

In many applicationsit is importantto computeanorthonormalbasisQ = (q1; : : : ; qn ) of span(A) such
thatA = QR, whereR is uppertriangularmatrixof ordern. In thiswork we focuson theClassicalGram-
Schmidt(CGS)orthogonalizationprocess.Due to roundoff errorsthe setof vectorsQ producedby this
methodcanbe far from orthogonalandsometimesthe orthogonalitycaneven be completelyabsent.In
this work we provide two resultson thenumericalbehaviour of theclassicalGram-Schmidtalgorithmthat
enableusto predictthelevel of orthogonality(thequality) obtainedaftertheorthogonalization.Up to now
therewasno boundavailablefor thelossof orthogonalityof vectorscomputedby theCGSprocess.In the
�rst partof thework, wederiveanew boundfor thelossof orthogonalityin theCGSprocess.Providedthat
thematrixAT A is numericallynonsingular, weshow thatthelossorthogonalityof thevectorscomputedby
theCGSalgorithmcanbeboundedby atermproportionalto thesquareof theconditionnumber, i.e. · 2(A),
timestheunit roundoff. We illustratethroughannumericalexperimentthatthisboundis indeedtight.
In someotherapplicationsit maybeimportantto produceasetof basisvectorsfor which theorthogonality
is close to the machineprecision.In this casethe orthogonalityof the vectorscomputedby a Gram-
Schmidt processcan be improved by reorthogonalization,where the orthogonalizationstep is iterated
twice. In thesecondpartof this work we analysetheCGSalgorithmwith reorthogonalization,whereeach
orthogonalizationstepis performedexactly twice Themainresultof this sectionis a proof of thefactthat,
assumingfull rankof thematrix A, two iterationsaresuf�cient to guaranteethatthelevel of orthogonality
of thecomputedvectorsis closeto theunit roundoff level.
Theseresultsareimportantfromatheoreticalpointof view ; they �ll thelastgapsin theunderstandingof the
ClassicalGram-Schmidtalgorithm.Fromacomputationalpointof view, theseresultsareveryuseful; they
enableusto choosethefastestalgorithmdependingon thelevel of orthogonalityneededby theapplication
onagivencomputingplatform.
For moredetailson thiswork we referto [ALG58, ALG18, ALG17].

3.12 On the parallel solution of large industrial wave propagation
problems
L. Giraud : CERFACS, France; J. Langou : UNIVERSITY OF TENNESSEE, U.S.A.; G. Sylvand : EADS-
CCR, France

The useof FastMultipole Methods(FMM) combinedwith embeddedKrylov solverspreconditionedby
a sparseapproximateinverseis investigatedfor the solutionof large linear systemsarising in industrial
acousticandelectromagneticsimulations.We usea boundaryelementsintegral equationmethodto solve
theHelmholtzandtheMaxwell equationsin thefrequency domain.Theresultinglinearsystemsaresolved
by iterative solversusingFMM to acceleratethematrix-vectorproducts.Thesimulationcodeis developed
in a distributedmemoryenvironmentusingmessagepassingandit hasout-of-corecapabilitiesto handle
very large calculations.When the calculationinvolves one incident wave, one linear systemhas to be
solved. In this situation,embeddedsolverscanbe combinedwith an approximateinversepreconditioner
to designextremelyrobustalgorithms.For radarcrosssectioncalculations,several linearsystemshave to
besolved.They involve thesamecoef�cient matrix but differentright-handsides.In this case,we propose
a block variantof thesingleright-handsidescheme.Theef�ciency, robustnessandparallelscalabilityof
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ourapproachareillustratedonasetof largeacademicandindustrialtestproblems.For moredetailson this
work we referto [ALG57].
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4 Qualitative Computing

Groupmembers : FrançoiseChaitin-Chatelin,MoradAhmadnasab,CERFACSandUniversitéToulouse1.

Thework of theQualitative ComputingGroupis anon-goingcollaborative effort to assessthevalidity of
computersimulations.Thecentralquestionis to assessthevalidity of computerresultswhichareseemingly
wrongsuchasin chaoticcomputations.This goalcanbereachedby discovering the laws of computation
whichgovern�nite-precisioncomputationsin theneighbourhoodof algebraicsingularities.
Someof theselaws arenow well understoodfor NumericalLinearAlgebra.For example,onecancite i)
theroleof thenormwisebackwarderrorto assessthereliability of numericalsoftwarein �nite precision,ii)
theroleof nonnormalitywhichmakesapproximatedsingularitiesappearmuchcloserthanthey arein exact
arithmetic.
These laws for �nite-precision computationsare derived from underlying laws for mathematical
computation.Someof thesemorebasiclawscanbeestablishedby analytictools(complex variables,matrix
algebra).They include:

a) thebasicroleof non l inear ities in computersimulationsusing�oating-point arithmetic,

b) inexact computing and the associatedhomotopic deviation theory as a fruitful framework to
understandapproximatenumericalmethods,in exactarithmetic,

c) theunreasonablerobustnessof Krylov-typemethodsto perturbationsin thedata.

Theircommonfeatureis thattheanalysisof round-off is essentially2-level (full versusmachineprecision).
This 2-level analysisis suf�cient for most matrix algorithms.But it cannotcaptureessentialaspectsof
nonlinearcomputationsuchaschaoticiterations.Thesephenomenasignalstrongnonlinearitieswhich are
active at morethantwo levels.We currentlyexplore suchmultiscaleinstability phenomenaby meansof
NumericalNonlinearAlgebra.

Our researchandunderstandinghasbeendriven by work on practicalnumericalsoftwareapplicationsin
physicsandtechnology, which comefrom CERFACS partners.In May 2004, FrançoiseChaitin-Chatelin
wasoneof the� veexternalexpertsin chargeof thereview, for theEDFScienti�c Council,of theirambitious
programmeto turn to “NumericalSimulationonly” (Toutnumérique)at the2010horizon.
Wereview below thework accomplishedwith respectto Qualitative Computing.

4.1 Homotopic Deviation in Linear Algebra

It is customaryin NumericalLinearAlgebratoanalysetherobustnessof amethod/probleminvolvingasdata
thematrixA 2 Cn £ n by consideringall (or a subsetof) perturbations4 A of A. This leadsto perturbation
theoryandis successfulwhenk4 Ak is not too large.
This approach�nds its limits in thecaseof highly nonnormalmatricesfor example.A fruitful alternative
is to considera structurally�x ed family 4 A = tE , wheret 2 C, E 2 Cn £ n . This leadsto the l inear
couplingA + tE .
The variation of the spectrumof linear operatorsand matricesunder the in�uence of one or several
parametershas long beenan active domain of research,giving rise to the elegant analytic/algebraic
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spectraltheoryinitiated by Puiseux.The caseof a linear dependenceon a parametert 2 C, of the form
A(t) = A + tE hasbeenparticularlystudied[29, 30, 25]
We considerthe resolvent �eld z 7! R(t; z) = (A + tE ¡ zI ) ¡ 1 for t 2 C. Its singularitiesast varies
de�ne thespectral�eld t 7! ¾(A(t)) which denotesthespectrumof A(t). For z 2 re(A) = C n ¾(A), we
usethemultiplicativerepresentation

(A + tE ¡ zI )¡ 1 = (A ¡ zI )¡ 1 ¡
I + tE (A ¡ zI )¡ 1¢¡ 1

:

For a �x edz in re(A), themapt 7! R(t; z) is analyticfor jt j < 1
½(E (A ¡ zI ) ¡ 1 ) = ® [29, 30].

In HomotopicDeviation theory, we speci�cally look beyond analyticity in t, for jt j > ®. Our tools are
elementarylinearalgebra,basedon theJordanstructureof 0 2 ¾(E). Therankde�cient matrixE is called
thedeviation, andtheterm“perturbation”coversthecasewherejt jkEk is limited, with r ankE = r · n.
Our work provides an elementaryanalysisfor z; t 2 bC = C [ 1 of singularperturbationtheory for
matrices,sinceE is singular(r < n) in thecaseof interest,wheretheSherman-Morrisonformulaplaysa
key role.
Whenr = n, lim j t j!1 R(t; z) = 0 andlim j t j!1 ¾(A(t)) = 1 . But whenr < n, a differentandmore
interestingsituationprevails,characterizedby thespectralpropertiesof therationalmatrix :

z ! M z = (det(zI n ¡ A)) ¡ 1 V H adj(zI n ¡ A) U 2 Cr £ r

whereE = UV H , U; V 2 Cn £ r , r < n, andz variesin C outside¾(A).
For almost all z in r e(A) = Cn¾(A), M z has rank r and R(t; z) is analytic for jt j large enough,
jt j > ¯ = 1

min j ¹ z j , ¹ z 2 ¾(M z ), suchthat lim j t j!1 R(t; z) 6= 0. For ® < jtj < ¯ , the resolvent
existsalmosteverywherein r e(A). Thespectrum¾(M z ) representsther f inite eigenvaluesof thepencil
(A ¡ zI ) + tE for z �x edin r e(A), when0 =2 ¾(M z ).
Thepointsin r e(A) suchthatM z is singulararethef r ontier points,whereno analyticityat 1 holds.At
any frontier point, thepencil(A ¡ zI ) + tE haslessthanr �nite eigenvalues.It mayhave noneiff M z is
nilpotent.Whenjtj ! 1 , wecanpredictwhensomeof theeigenvalueş (t) 2 ¾(A(t)) convergeto points
in thefrontier set,asprovedin [27, 28, ALG42, ALG43, ALG46, ALG29].
Linearizationof quadraticeigenproblemsoften leadsto a situationwhere0 2 ¾(E) is semi-simple.The
paper [26] treatsanexamplefrom computationalAcoustics,wheret representsthecomplex admittance.
This joint work with Martin VanGijzenwill appearin NLAA. It consistsof a practicalapplicationwhere
the homotopy parameteris complex. The pointswherethe matrix pencilshave no �nite eigenvaluesare
givenaphysicalinterpretation: they arepointswhereno r esonancecanoccur.
An applicationto theincompleteArnoldi method(E singulardefective of rank1) hasbeenmade.
The paper [ALG42] is a written versionof the keynotepresentationthat FrançoiseChaitin-Chatelinwas
invited to presentatNAA 2004in Rousse,Bulgaria.Thetalk wasactuallydeliveredby Martin vanGijzen.
The restrictive conditionsplacedby the genericapproachof Lidskii have beenrelaxed in [ALG46].
Numericalexperimentswereperformedby Morad Ahmadnasabto illustratehow �nite precisionaffects
themathematicaltheory.
Preliminary results indicate that �nite precision computation tends, in this case, to reproducethe
mathematicalrealitymuchmorefaithfully thanwehavebeenusedto. If this is con�rmed,thisphenomenon
is yetanotherreasonto marvel at the“unreasonable”robustnessof Krylov methodsto perturbations.
The homotopicbackward analysisof eigenvalueshasbeenpresentedby Morad Ahmadnasabat the 2nd
SMAI conference(Evian, May 2005) [24] andat the University of VersailleSaint-Quentin(July 2005)
[23].

[23] M. Ahmadnasab,Homotopic Backward analysis for matrix eigenvalues. Presentationin CERFACS, and
Universit� VersaillesSaint-QuentinenYvelines.5 July2005.

[24] M. AhmadnasabandF. Chaitin-Chatelin,Backwardanalysisfor matrix eigenvalues.2�me Congr�s Nationalde
Math�matiquesAppliqu�es et Industrielles,Evian- France23 - 27May 2005,Evian- France,Poster.
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[25] F. Chaitin-ChatelinandV. Frayss�,(1996),LecturesonFinite PrecisionComputations, SIAM, Philadelphia.

[26] F. Chaitin-Chatelinand M. B. van Gijzen, Analysis of parameterisedQuadratic Eigenvalue problems in
ComputationalAcousticswith HomotopicDeviation, to appearin NLAA 2006.

[27] F. Chaitin-Chatelin,(2002),AboutSingularitiesin InexactComputing,TechnicalReportTR/PA/02/106.Erratum:
p.2,line 14,read'associatedwith eigenvaluesnonequalto lambda'.

[28] F. Chaitin-Chatelin, (2003), Computing beyond analyticity. Matrix Algorithms in Inexact and Uncertain
Computing.,TechnicalReportTR/PA/03/110.

[29] F. Chatelin,(1983),Spectral Approximationof LinearOperators, AcademicPress,New York.

[30] F. Chatelin,(1993),Eigenvaluesof matrices, EnlargedTranslation.

4.2 Numerical Nonlinear Algebra

Nonlinear Algebra is the required framework to deal with matrix computationswhich are strongly
nonlinearand which do not lend themselves to a computationallyreliable linearization.To exploit the
algorithmicdynamicscreatedby thenonlinearities(arisingfrom multiplication),oneis led to makefull use
of the inductive complex structureof multiplicationwhich is a characteristicof (possiblynonassociative)
Dickson algebras [34, 32, 33]. By doing so, one goesbeyond the classicalframework of (associative)
Clif ford algebraswhich is usedsosuccesfullyin AlgebraicGeometryandTheoreticalPhysicsto describe
phenomenawheremultiplicationis inherentlynoncommutative,but remainsassociative.
Associativity putsan arbitrary limit to the type of nonlinearitieswhich canbe considered: they cannot
be chaotic.The possibility to go beyond this limit is numericallyvery importantto assessthe validity of
computersimulationsin thechaoticregime.Thisambitiousgoalimpliesgoingevenbeyondtheframework
of Dicksonalgebraswheremultiplication is neitherassociative nor isometric,but remainsquadraticand
�e xible. A quadraticalgebrais such that x2 is a real linear combinationof x itself and kxk2, where
k:k denotesthe Euclideannorm. This propertycan be relatedto the logistic equation(in real variables
and underadditive form) x = x2 + c, making a signi�cant connectionbetweenDickson algebrasand
the quadraticpolynomial iterationswhich can display chaos [38, 35]. A body of theory is developing
[ALG39, 37, ALG40, ALG45, 38, 31, 36] togetherwith experiments[35], which connectvariousaspects
of Computation(Analysis,Algebra,GeometryandArithmetics)in new algorithmic ways.The�rst item
in our agendais to determinethe numberof hierachicallevels to be taken into accountin very unstable
phenomena(leadingto chaos),in orderto adjustthetargetedaccuracy to theinherentinstability, therefore
minimizing theoverall computingtime.

[31] F. Chaitin-Chatelin,CalculMatriciel : entreAlg�bre etGeom�trie.S�minaireUniversit� Montpellier2,27January
2004,talk.

[32] F. Chaitin-Chatelin,Le rôledela multiplicationenCalculScienti®que.S�minaireduDpt.dePhysiqueTh�orique,
Universit� PaulSabatier, Toulouse,11January2005,talk.

[33] F. Chaitin-Chatelin,Le SensdesNombres.GrandS�minaire d'Ouverture,Universit� Paul Sabatier, Toulouse,5
February2004,talk.

[34] F. Chaitin-Chatelin,(2000,pp.83±92),Thecomputingpowerof Geometry, In NumericalAnalysis, D. F. Grif®ths
andG. A. Watson,eds.,CRCPressLLC.

[35] F. Chaitin-ChatelinandM. Ahmadnasab,(Work in progressto appearasCerfacsTechnicalReport,January2006),
Thelogisticsof FeigenbaumandMandelbrotin realvariablesrevisited.

[36] F. Chaitin-Chatelin,(2003),The Arnoldi methodin the light of HomotopicDeviation theory, TechnicalReport
TR/PA/03/15.

[37] F. Chaitin-Chatelin,(2003),Elementsof Hypercomputationson R and Z2 with the Dickson-Albert inductive
process.,TechnicalReportTR/PA/03/34.

[38] F. Chaitin-Chatelin,(WorkingNotesDecember2005,to appearasCerfacsTechnicalReport),Computinglessons
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5 Nonlinear Systems and Optimization

5.1 Convergencepropertiesof trust-r egionmethodswith application
to multigrid optimization

S. Gratton : CERFACS, France; M. Mouffe : CERFACS, France; A. Sartenaer : FUNDP, Belgium;
Ph. L. Toint : FUNDP, Belgium

Following recentwork on theconvergencepropertiesof a new recursive multiscaletrust-region algorithm
for unconstrainedoptimization [39], we presentin [41] the numericalexperiencegainedso far with a
particular implementationof the consideredalgorithm applied to a few signi�cant test problems.We
illustratethestrengthof methodsof this type.
Convergence properties of trust-region methods for unconstrainednonconvex optimization is also
consideredin the casewhere information on the objective function's local curvature is incomplete,in
the sensethat it may be restrictedto a �x ed set of “test directions” and may not be available at every
iteration[40]. It is shown that convergenceto local “weak” minimizerscanstill be obtainedundersome
additionalbut algorithmically realisticconditions.Thesetheoreticalresultsare thenappliedto recursive
multigrid trust-region methods,which suggestsa new classof algorithmswith guaranteedsecond-order
convergenceproperties.

[39] S.Gratton,A. Sartenaer, andP. Toint,A numericalexplorationof recursivemultiscaleunconstrainedoptimization,
In In Oberwolfach Reports: OptimizationandApplications, J.Z. F. Jarre,C. LemarÃl'chal, ed. To appear.

[40] S. Gratton,A. Sartenaer, and P. L. Toint, (2005), Recursive Trust-Region Methodsfor Multiscale Nonlinear
Optimization: PreliminaryNumericalExperience,TechnicalReportin preparation,CERFACS,Toulouse,France.

[41] S. Gratton,A. Sartenaer, andP. L. Toint, (2005),Second-orderconvergencepropertiesof trust-region methods
usingincompletecurvatureinformation,TechnicalReportin preparation,CERFACS,Toulouse,France.

5.2 Sensitivity of somespectralpreconditioners
L. Giraud : CERFACS, France; S.Gratton : CERFACS, France

It is well known that the convergenceof the conjugate gradientmethodfor solving symmetricpositive
de�nite linearsystemsdependsto alargeextentontheeigenvaluedistribution.In many cases,it is observed
that “removing” the extremeeigenvaluescan greatly improve the convergence.Several preconditioning
techniquesbasedon approximateeigenelementshave beenproposedin thepastfew yearsthatattemptto
tacklethisproblem.Theproposedapproachescanbesplit into two mainfamiliesdependingonwhetherthe
extremeeigenvaluesaremovedexactlyto oneor areshiftedcloseto one.The�rst techniqueis oftenreferred
to asthede�ating approach,while the latter is referredto asthecoarsegrid preconditionerby analogyto
techniques�rst usedin domaindecompositionmethods.Many variantsexist in thetwo familiesthatreduce
to thesamepreconditionersif theexacteigenelementsareused.In this work, we investigatethebehaviour
of someof thesetechniqueswhentheeigenelementsareonly known approximately. Weusetheperturbation
theoryfor eigenvaluesandeigenvectorsto investigatethebehaviour of thespectrumof thepreconditioned
systemsusinga �rst orderapproximation.We illustratethesharpnessof the �rst orderapproximationand
show the effect of the inexactnessof the eigenelementson the behaviour of the resultingpreconditioner
whenappliedto acceleratetheconjugategradientmethod.Weshow how thisanalysiscanbeusedto screen

CERFACSACTIVITY REPORT 21



NONLINEAR SYSTEMSAND OPTIMIZATION

spectralinformationin thecaseof a sequenceof SPDlinearsystemsoccuringin a nonlinearprocess.Such
anapplicationcanbeseenin variationaldataassimilation[42] wheretheGauss-Newtonmethodsconsistin
solvingasequenceof normalequations.

[42] M. Fisher, (1998), Minimization algorithms for variational data assimilation, In RecentDevelopmentsin
NumericalMethodsfor AtmosphericModelling, ECMWF, 364±385.

5.3 An investigationof incremental4D-Var usingnon-tangentlinear
models

A. Lawless : UNIVERSITY OF READING, UK ; S.Gratton : CERFACS, France;
N. K. Nichols : UNIVERSITY OF READING, UK

We investigate the convergenceof incrementalfour-dimensionalvariational data assimilation(4DVar)
whenan approximationto the tangentlinear model is usedwithin the inner loop. Using a semi-implicit
semi-Lagrangianmodel of the one-dimensionalshallow water equations,we perform dataassimilation
experimentsusinganexacttangentlinearmodelandusinganinexactlinearmodel(i.e.perturbationforecast
model).We �nd thatthetwo assimilationsconvergeat a similar rateandanalysisarealsosimilar, with the
differencebetweenthemdependentontheamountof noisein theobservations.To understandthenumerical
resultswepresenttheincremental4D-VaralgorithmasaGauss-Newtoniterationfor solvingaleast-squares
problemandconsiderits �x edpoints.

5.4 Partial condition number for linear least-squaresproblems
M. Arioli : RUTHERFORD APPLETON LABORATORY, England; M. Baboulin : CERFACS, France;
S.Gratton : CERFACS, France

We considerthe linear least-squaresproblemminy2 Rn kAy ¡ bk2 whereb 2 Rm andA 2 Rm £ n is a
matrixof full columnrankn andwedenoteits solutionby x. WeassumethatbothA andbcanbeperturbed
andthattheseperturbationsaremeasuredusingtheFrobeniusor thespectralnormfor A andtheEuclidean
normfor b. We areconcernedwith theconditionnumberof a linearfunctionof x (L T x whereL 2 Rn £ k )
for which we provide a sharpestimatethat lies within a factor

p
3 of thetrueconditionnumber. Provided

thetriangularR factorof A from AT A = RT R is available,this estimatecanbecomputedin 2kn2 �ops.
Wealsoproposeastatisticalmethodbasedon [43] thatestimatesthepartialconditionnumberby usingthe
exactconditionnumbersin randomorthogonaldirections.If R is available,thisstatisticalapproachenables
usto obtainaconditionestimateatalowercomputationalcost.In thecaseof theFrobeniusnorm,wederive
a closedformulafor thepartialconditionnumberthatis basedon thesingularvaluesandtheright singular
vectorsof thematrixA.
Thetheoreticalresultsandnumericalexperimentsrelatedto thisstudyarepresentedin [ALG33].

[43] T. Gudmundsson,C.S.Kenney, andA. J.Laub,(1995),Small-samplestatisticalestimatesfor matrixnorms,SIAM
J. Matrix AnalysisandApplications, 16, 776±792.

5.5 Distrib uted packedstoragefor largeparallel calculations
M. Baboulin : CERFACS, France; L. Giraud : CERFACS, France; S. Gratton : CERFACS, France;
J. Langou : UNIVERSITY OF TENNESSEE, USA

Following a speci�c work on the Cholesky factorization[ALG6], we proposein [ALG36] a distributed

packedstorageformatthatexploits thesymmetryor thetriangularstructureof a matrix.This formatstores
only half of thematrix while maintainingmostof theef�ciency comparedto full storagefor a wide range
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of operations.This work hasbeenmotivatedby thefact that,contraryto sequentiallinearalgebralibraries
(e.g.LAPACK [44]), thereis no routine that handlespacked matricesin the currentlyavailableparallel
distributedlibraries.Theproposedalgorithmsexclusively usetheexistingScaLAPACK [45] computational
kernelswhich provesthegeneralityof theapproach,provideseasyportability of thecode,ef�cient re-use
of existing softwareandgoodloadbalanceof theapplicationeven for high processorcounts.We present
performanceresultsfor theCholesky factorizationandfor theupdatingof theR factorof aQRfactorization.

[44] E.Anderson,Z. Bai,C.Bischof,S.Blackford,J.Demmel,J.Dongarra,J.D. Croz,A. Greenbaum,S.Hammarling,
A. McKenney, andD. Sorensen,(1999),LAPACK User'sGuide, SIAM. Third edition.

[45] L. S.Blackford,J.Choi,A. Cleary, E. D'Azevedo,J.Demmel,I. Dhillon, J.Dongarra,S.Hammarling,G. Henry,
A. Petitet,K. Stanley, D. Walker, andR. C. Whaley., (1997),ScaLAPACK Users' Guide, SIAM.

5.6 Trust-r egion methods with dynamic accuracy and nonlinear
least-squares

F. Bastin : CERFACS, France; S. Gratton : CERFACS, France; C. Cirillo : UNIVERSITY OF NAMUR,
Belgium; Ph. L. Toint : UNIVERSITY OF NAMUR, Belgium

We consider trust-region techniqueswith adaptive strategies for stochasticprogramming.We have
constructedaconvergentmethoddesignedfor stochasticprogramsbasedonexpectedvalues[ALG65], and
have appliedit for mixedlogit models,a classof problemsencounteredin discretechoicetheory. We have
howeveridenti�ed problemsarisingwhenusingsomepopularclassesof Hessianapproximations,especially
the BHHH one [46]. Suchdif�culties aresimilar to thosethat canbe encounteredwith nonlinearleast-
squareproblemsfor theGauss-Newton method.Thesesimilaritiesareat theorigin of a projectwherewe
considertheseproblemsinsideanuni�ed framework. We have identi�ed theoriginsof thepoornumerical
performanceandwe considerhybrid strategiessuchasthatdevelopedby Denniset al. [47], which canbe
shown to be convergent.The next stepwill be to completethe implementationthat hasbeeninitiated in
orderto numericallyvalidatethetheoreticaldevelopments.

[46] F. Bastin,C.Cirillo, andPh.L. Toint, (2006.In press),Applicationof anadaptiveMonteCarloalgorithmto Mixed
Logit estimation,TransportationResearch Part B.

[47] J.E. Dennis,D. Gay, andR. E. Welsch,(1981),An adaptivenonlinearleast-squaresalgorithm,ACM Transactions
onMathematicalSoftware, 7, 348±368.

5.7 Trust-Regionalgorithms applied to discretechoicemodelling
Dick Ettema : UNIVERSITY OF UTRECHT, TheNetherlands; Fabian Bastin : CERFACS, France; John
Polak : IMPERIAL COLLEGE, UnitedKingdom; Olu Ahiru : IMPERIAL COLLEGE, UnitedKingdom

In this research,we have consideredthe applicationof trust-region methodsto discretechoicemodels
involving randomparameters,so that the problemcanbe viewed asa stochasticprogram.We have more
speci�cally studiedamodelof activity andtrip schedulingthatcombinesthreeelementsthathavepreviously
beeninvestigatedin isolation: thedurationof activities,thetime-of-daypreferencefor activity participation
andtheeffect of scheduledelayson thevaluationof activities.Themodelwastestedusinga 2001dataset
from the Netherlandsandresultsarepresentedin [48]. The methodis convergent,anderror components
includedin the modelsuggestthat thereis considerableunobserved heterogeneitywith respectto mode
preferencesandscheduledelay.
[48] D. Ettema,F. Bastin,J.Polak,andO. Ashiru,(2006),An error-componentsframework for joint choicemodelsof

activity timing andduration,Tech.Rep.TR/PA/06/2,CERFACS,Toulouse,France.
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6 Signal processing

6.1 PhaseClosure Imaging and Differ ential GPS
A. Lannes: CERFACS, France

Thenearestlattice-pointproblemsarisingin PhaseClosureImaging(PCI)andin DifferentialGPS(DGPS)
sharea commonfeature.Their statementappealsto elementarynotionsof algebraicgraphtheory. In both
cases,theoriginaldataarede�ned on theedgesof thegraphto beconsidered,thecalibrationgraphin PCI,
andtheGPSgraphin GlobalNavigationSatelliteSystems(GNSS).
Thesedataarebiasedby differencesbetweenunknown termsde�ned on theverticesof thegraph: phase
shiftsin PCIandclockoffsetsin GNNS.Theeffectivedataarethenclosuretermsin thesenseof Kirchhoff :
the sumsof the original dataon the directededgesof the n cyclesde�ned by the choiceof a spanning
tree.By construction,thesedataareno longerbiased.The original phasedataarede�ned modulo2¼in
interferometry, or modulothe carrierwavelengthsin GPS.The “closureintegers” involved in the related
nearestlattice-pointproblemsareassociatedwith thesecycles.
As summarizedbelow, the studiesperformedat CERFACS in 2004-2005have shown that the notion of
spanningtreeof maximalweight playsan essentialpart in the applicationsconcernedby this approach.
(Furtherdetailsareto befoundin [ALG20] for PCI,andin [ALG21] for DGPS.)

6.2 PhaseClosure Imaging
A. Lannes: CERFACS, France

The edgesof the calibrationgraphcorrespondto the baselinesfor which the phaseª s of the Fourier
transformof thecalibrationsourcecanberegardedasrelatively well known.Oneachconnectedcomponent
of thisgraph,themainentriesof theproblemaretheclosurephasesª ( i ) := ª ( i )

d ¡ ª ( i )
s ; subscriptsd ands

standfor dataandsource,respectively. Theseclosurephasesarerelativeto thecyclesde�nedby theselected
spanningtree.
The calibrationfunctionalto be minimizedis de�ned by a relationof the form f (©) := k arc(ª ¡ ©)k
where© is anOpticalPathDifference(OPD),a phasefunctionwhich takesits valueson theedgesof the
graph.At theendof theinitialization step,thebaselinephasefunctionª involvedin thede�nition of f is
of the form

P n
i =1 ª ( i ) »i with ª ( i ) Ã arc(ª ( i ) ). Here,f »i gn

i =1 is thestandardbasisof cycle-entryphase
space.Thecomplexity of thecorrectionstepdependson thesizeof theresidualclosurephasesª ( i ) .
As shown in [ALG20] , theminimaof f correspondto particularpointsof Z n :

a? ´ (a[1]
? ; : : : ; a[n ]

? ) for theglobalminimum;
a?? ´ (a[1]

?? ; : : : ; a[n ]
?? ) for thenearestsecondaryminimum(if any) ;

etc.

Thesepoints lie in a convex set of R n centeredon the closure point ba Ã (Ã(1) ; : : : ; Ã(n ) ) where
Ã( i ) Ã ª ( i ) =(2¼) ; a? is the point of Zn closestto the �oat solutionba, the distancebeing that induced
by a givenquadraticform q. Thematrix of q is theinverseof thevariance-covariancematrix of theclosure
phases.
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Whenthe residualclosurephasesarerelatively large,saybetween¼=3 and2¼=3 (in absolutevalue),the
correctionstepis delicate.Thesituationswheref (©??) is of theorderof f (©?) with arc(ª ¡ ©??) very
differentfrom arc(ª ¡ ©?) mustbediscarded.Thecalibrationgraphmustthenbetruncatedby removing
thecycle-entryedgesfor which theresidualclosurephasesaretoo large.Thespanningtreeto beselected
is thereforethespanningtreeof maximalweight.
Theapplicationsof this analysisconcern,in particular, thesituationswheretheself-calibrationprocedures
must be conductedwith much care.The delicatesituationscan be diagnosedand dealt with. It is thus
possibleto �nd a good compromisebetweenthe coverageof the calibrationgraph(which must be as
completeaspossible),andthequalityof thesolution(whichmustof coursebereliable).

6.3 Differ ential GPS
A. Lannes: CERFACS, France

Oncetheobservationshavebeenscreenedfor strongbiasessuchascycleslips,multipath,etc.,thestatistical
modellingof theproblemmaystill beunsatisfactoryfor somereceiver-satellitepairsatcertainepochs.The
datavalidationtestsdevelopedatCERFACSareaimedatdetectingthesefailures[ALG21].
In the processof �nding a reliablesolutionfor the DGPSinteger ambiguitya, it is importantto identify
theepochsfor which thereferencephysicalmodellingis notacceptable.Recursive testingprocedureshave
alreadybeendevelopedfor this purpose.Onethusgetsa �rst estimateea of theglobal �oat solutionba. The
next stepis to �nd theintegerambiguitysolutioncorrespondingto this �oat estimate.Theinput for this last
stepmustthereforebevery reliable.Thedatavalidationtestsdevelopedat CERFACSre�ne therecursive
proceduresin question.Thetime to �x theoptimalintegerambiguity·a shouldtherebybereduced.
Relyingonthecurrentestimateea of ba, onetests,with regardto themodelunderconsideration,thequalityof
thedataobtainedatsomegivenepoch.Thecorrespondingphaseresidualdiscrepancy is afunction±(ea) (r; s)
whosevaluescaneasilybe computed.Denotingby ` a relaxationparameterof the orderof the standard
deviationof thecarrier-phaseinformation,let usnow assumethat,for agivenepoch,thephasediscrepancy
condition|±(ea) (r; s)j · ` is satis�edon all theedgesof theGPSgraph.Clearly, thecorrespondingdataare
thenphysically reliable.Evidently, thesmaller`, themoreseverethecriterion.
Thephaseresidualdiscrepancy is obtainedvia thepseudo-inverseof thephaseclosureoperator. Theclosure
operation,whichgeneralizesthatof doubledifferencing,dependsontheselectedspanningtree.Theresults
(of course)do not dependon that choice.To identify the edgeson which the GPSdataarenot reliable,
it is however preferableto choosethe spanningtree of maximal weight. This crucial point is clari�ed
in [ALG21].
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1 Introduction

TheCFDteamatCERFACSdevelopsandapplieshigh-performancecodesfor �uid mechanicsapplications
in two main�elds :
– Aerodynamics.Developingadvancedsimulationcodesfor aerodynamicsapplicationsin Europewasone

of the initial goalsof the CFD activity at CERFACS for Airbus andis still a centraltheme.After the
NSMB codewasstoppedin 2003,mostefforts have focusedon elsA which is developedby ONERA
andCERFACS.New collaborationswith DLR in 2004and2005have alsostartedaroundthe taucode.
Unsteadyaerodynamics,�uid structureinteraction,vortex dynamics,ef�cient numericalmethodson
high-performancemachinesare central themesfor the group. They are now accompaniedby shape
optimization,CFDfor turbomachineryandaeroacoustics.

– Combustion.The LES tool developedby CERFACS andIFP (AVBP) hasbecomea standardtool for
reacting�o ws at many placesin Europe(CNRS laboratories,ONERA centers,Universitiesin Spain,
England,Netherlandsor Germany, etc). Industrialpartners(SNECMA, Turbomeca,Siemens,Alstom)
have continuedtheir collaborationwith CERFACS to increaseAVBP capabilitiesand validate it in
multiple cases.LES is not yet industrializedbut is usedon a daily basisfor industrialapplications.LES
toolsarealsobeingcoupledto othersolversto predictacoustic�elds or structuremechanicalandthermal
loading.A signi�cant work of consolidationof CFDtoolsfor combustionis alsounderwayby comparing
andcouplingexisting RANS (ReynoldsAveragedNavier Stokes)toolswith LES.This taskis necessary
to understandtherespective strengths,limitationsandpotentialcombineduseof RANSandLES

With more than 50 scientists(including PhD students),the CFD team is an active partnerin various
�elds : research,teaching,formation,interactionwith industry. In termsof man-power, theturn-overof the
teamremainshigh with only 10 permanentscientistsandmorethan40 othersstayinglessthan4 years.
Most scientistsleaving CERFACS �nd positionsright away and many keep in touch with CERFACS.
The collaborationwith french laboratoriesis alsoexcellent : CERFACS providescodesto many CNRS
or university laboratoriesandparticipatesto multiple contractswith otherresearchinstitutions.European
supportis verystrongwith multipleFP'6programmes(Fluistcom,Fuelchief,Preccinsta,Intellect,FarWake,
Vital, Molecules...)which wereactive in 2004and2005andwill be replacedby new projects(Quantify,
Timecop,Eccomet,Simsac,TLC...). The EST Marie Curie project Eccometis an excellent exampleof
recentCERFACSsuccess: it will allow CERFACSto hire12EuropeanPhDstudentsin thenext 4 yearsas
well as10 visitors.Thesescientistswill beworkingon two-phase�o w combustionat CERFACS,ONERA
andIMFT andstronglycontribute to theadvancementof fundamentalresearchin this �eld. TheEccomet
projectwasinitiatedandis coordinatedby CERFACS(Dr B. Cuenot): it alsoshowsthatCERFACSis now
well integratedin theresearchcommunity.
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2 Combustion

ThecombustionteamatCERFACSdevelopsfundamentalmodelsfor reacting�o wsandappliesthemto real
con�gurations.Fundamentalresearchin combustionincludes�ame dynamics,chemistry, interactionwith
walls, heattransfer, radiationin reacting�o ws, multiphasereacting�o ws, �ame / acousticinteractions...
Mostof thesestudiesareperformedusingtheoryandDirectNumericalSimulationtools.
Theapplicationto realcon�gurationsis adirectextensionof theresultsobtainedfrom fundamentalresearch
wherecorrespondingmodelsareintroducedin solversusuallydevelopedat CERFACS(or in collaboration
with CERFACSpartners)for RANS(ReynoldsAveragedNavier Stokes)andLES(LargeEddySimulation)
codes.
Thesetwo aspects(fundamentalresearchversusapplicationsin complex cases)mustbebalancedto ful�ll
the task of the team.The academicpart, for example,is necessaryto maintainthe teamexpertiseand
attracthigh-level researchersfrom Francebut also from foreign universities.The contractsobtainedin
2005con�rm thatCERFACScan�nd funding for thesefundamentalaspects.Thesestudiesaredescribed
in Section2.1. LES of two-phase�o ws is the fastestgrowing activity in the teamand is describedin
Section2.2 while the unsteadycombustion work (in gaseous�o ws) is presentedin Section2.3. Since
2003,CERFACShasstartedworkingagainonRANSmethods,mainly to developnew numericalmethods,
to useRANS codesfor optimizationor to coupleRANS andLES tools : thesestudiesaredescribedin
Section2.4. Finally, Section2.5 describesthe softwareengineeringtasksneededto make all large LES
studiesat CERFACS possible: optimisation,parallelization,visualization,etc. Many of thesetasksare
the productof intensecollaborationswith nationalcomputingcenterssuchasCINES or IDRIS andwith
companies: in 2005,for example,AVBP, theLEScodeof CERFACSwasportedsuccessfullyonBlueGene
machinesachieving speedup of the orderof 4900on 5000processorson applicationsprovided by PSA,
SiemensandTurbomeca.

2.1 Basicphenomena

To sustainthe developmentof models for RANS or LES, and to understandthe details of turbulent
combustionandits interactionwith otherphenomena,a numberof fundamentalworks areconductedby
the team.Basicstudiesareperformedon the role of liquid �lms in pistonengines(in collaborationwith
IFP), the �o w and�ame structurein rocket engines,themodellingof perforatedplatesthat canbe found
in gasturbines,andin parallelon thedevelopmentof a two-phase�o w versionof AVBP, thestructureand
ignition of two-phase�ames.

2.1.1 Interaction of a �ame with liquid fuel on a wall (G. Desoutter, B. Cuenot, C.
Habchi)

The Direct Injection Engine(IDE) is an interestingsolution to reacha compromisebetweenlow fuel
consumptionand reductionof pollutant emissions.However direct injection of fuel in the combustion
chambercausesimportantdepositionon the walls, leadingto an increaseof unburnt hydrocarbons(HC)
release.In IDE engines,especiallyduringthestartingregime,thefuel jet impactsdirectlyon thepistonand
createsa liquid �lm that is a sourceof HC productionandsmoke during the combustionphase.If many
studiescanbefoundon theinteractionof a �ame with a dry wall, little is known aboutthe�ame behavior
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whenit approachesa liquid �lm. In particularthequenchingof the�ame andthedistanceof quenchingare
still openquestions.
Here, Direct Numerical Simulations(DNS) of the �ame-wall interactionwith a liquid fuel �lm were
performedwith the codeNTMIX3D and publishedin the last Symp.on Comb. [CFD2]. DNS allowed
to understandthemechanismsinvolvedin theinteraction,like for examplethe�lm evaporationdueto the
presenceof the�ame andits impacton the�ame structure.Therole of theliquid �lm wasalsostudiedby
comparingthe interactionof the �ame with a wet anda dry wall. Simulationresultsshow that the �ame
quenchesmuchfurtheraway from thewalls whena liquid �lm is present,andthat this effect is increased
by high wall temperatures.Theliquid �lm is mainly alteredby thewall temperatureandnot by the�ame.
Basedon theseresults,anew modelfor theevaporationof a liquid �lm in thepresenceof a �ame hasbeen
establishedfor RANScalculationsandtestedin theC3Dcodeof IFP for pistonengines.

FIG. 2.1– Depositionof a liquid fuel �lm in Direct InjectionEngines(IDE).

2.1.2 H2 - O2 �ame ignition and structur e (A. Dauptain, B. Cuenot)

The ignition processof rocket enginesmustcontrol ignition but alsominimize the risk of explosionand
destructionof theengine.In suchsystems,chemicalphenomenaarecoupledto highly compressible�o ws,
characterizedby structureslike shocksand slip lines. The numericalsimulationof rocket ignition then
requiresrobustandaccuratemethods,ableto handlestiff chemistryand�o w structureswith strongpressure
gradients.
In a �rst step,the autoignitionof a mixing layer betweenhydrogenandhot oxidizer wassimulatedwith
Direct NumericalSimulations,usingrealistictransportlaws, showing a behaviour which differs strongly
from methaneautoignitionbecauseof thehighdiffusivity of hydrogen.Resultswerereportedin Comb. Sci.
Tech.[1].

FIG. 2.2– SupersonicH 2 - O2 combustion: instantaneoustemperature�eld.

In a secondstep,LES of underexpandedsonic jets wereperformedwith AVBP after someadaptationto
handlesupersonic�o ws with shocks.This alloweda completespectralstudyof theunsteadyfeaturesthat
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aretheinitial sourceof theacousticnoise,feedingthescreechinstability. Thecompressionzonehasbeen
particularily studied,evidencingthreedifferent typesof excitations[CFD40]. Finally LES was applied
to supersoniccombustioncases,suchasthe �ame of Cheng[2]. The agreementbetweennumericaland
experimentalresultsis fair : computationscapturethe lifted �ame (Fig. 2.2), the meanvaluesof speed,
temperatureand speciesconcentrations,while the levels of RMS valuesare also correct.LES results
con�rm thein�uence of supersoniccompressiblepatternoncombustion.

[1] R.Knikker, A. Dauptain,B. CuenotandT. Poinsot,(2001),Comparisonof computationalmethodologies
for ignition in diffusionlayers,CombustionScienceandTechnology, 175(10),1783-1806.

[2] T.S. Cheng,J.A. Wehrmeyer, R.W. Pitz, O. JarrettandG.B. Northam,(1994),"Ramanmeasurement
of mixing and�nite ratechemistryin a supersonichydrogen-airdiffusion�ame", CombustionandFlame,
99 :157-173

2.1.3 Dir ect and Lar ge Eddy Simulations of Effusion Cooling (S.Mendez, F.
Nicoud, T. Poinsot)

In almostall combustionsystems,solid boundariesmustbe cooled.Onepossibility often chosenin gas
turbinesis to usemultiperforatedwalls. In this technique,freshair comingfrom the casinggoesthrough
theperforationsandentersthecombustionchamber. Theassociatedmicro-jetscoalesceto give a �lm that
protectsthe internal wall facefrom the hot gases.The numberof submillimetric holeson a perforated
plateis far too large to resolve eachhole andallow a completedescriptionof the generation/coalescence
of individual jets.Effusion is however known to have drasticeffectson the whole �o w structure,andto
modify noticeablythe�ame position.

FIG. 2.3– Visualizationof thestructureof the�o w aroundaperforatedplateobtainedby DirectNumerical
Simulation(velocity iso-surface).

As a consequence,new wall modelsfor turbulent �o ws with effusion arerequiredto performpredictive
full scalecomputations.Onemajordif�culty in developingnew wall functionsis that theboundary�ux es
dependon the detailsof the turbulent �o w structurebetweenthe solid boundaryand the fully turbulent
zone.
Measurementsin realistic con�gurations are dif�cult to perform and generallydo not provide enough
detailedinformationto allow a completeunderstandingof thephenomenainvolved.This canbeovercome
by usingnumericalsimulation.Althoughlimited to very smalldomains,Direct NumericalSimulationis a
�rst andcrucial stepto describethe detailsof the �o w in the nearzoneof a perforationplate.Figure2.3
shows an exampleof the velocity �eld obtainedaroundoneperforation(the domainhasbeenduplicated
four timesfor clarity). In this simulation,the main global characteristicsof the �o w have beenvalidated
by comparisonwith experimentaldata.A databasecanthenbegeneratedon this con�guration in orderto
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build anappropriatewall modelfor perforatedwalls.In asecondstep,RANScomputationsandLargeEddy
Simulationsof a full burnerwith thenew perforatedwall law is performedto validatethemodel[CFD53].

2.1.4 Ignition criteria of two-phase�ames (N. Lamarque, G. Boudier, B. Cuenot

A critical issuefor �ames in liquid fuel combustorsis the ignition process,that combinesevaporation
and combustion, and is signi�cantly different from the ignition of gaseous�ames. In this processand
in additionto chemicalkineticsdata,parameterslike the dropletsizeandits distribution have important
impacts.The ignition of a reactive mixture in simulationsis often obtainedby unphysical methods.Here
a realistic sparkplug modelhasbeenimplementedin AVBP, wherethe energy depositiondue to spark
discharge is modeledby a sourceterm addedto the total energy equation.A comprehensive theoretical

FIG. 2.4– Typicaltemporalvariationof gastemperatureatthecenterof the�ame kernel.t d is thedeposition
timeandtsat is thetimeatwhich theliquid dropletsreachthesaturationtemperature.

and numericalstudy of ignition in a one-dimensionalcon�guration hasbeenperformed,starting from
the sparkenergy depositionwithin the sprayto the �ame stabilisation.Figure 2.4 shows a typical time
evolution of temperatureat thecenterof the �ame kernel.Threestagescanbe identi�ed : in a �rst stage,
the energy depositionresultsin a fast temperatureincrease; then energy depositionis stoppedand the
mainphenomenonof thefollowing stageis thepreheatingof thedroplets; �nally in thelaststage,starting
whenthedropletshavereachedtheirstaturationtemperature,ignition occurs,leadingto asharpincreaseof
temperatureandasubsequentstabilisationonavaluecloseto the�ame temperature.
Two ignition criteria weredetermined,basedon global parametersof the two-phase�o w andthe spark,
thatcanthereforebecalculateda priori . Therelevanceof thesecriteriahas�nally beenevaluatedagainsta
seriesof one-dimensionalignition simulations[1].

[1] N. Lamarque,G. Boudier, B. CuenotandT. Poinsot,"NumericalStudyof Two-phaseFlameIgnition by
aSparkPlug",submittedto Proc.of theCombustionInstitute, 31 (2006).

2.2 LES of two-phasereacting¯ows

Most aeronauticalcombustorsburn liquid fuel usinginjectorswhich atomisetheliquid jet or �lm in small
dropletsof size 10 ¡ 200 ¹m . Thesedropletsare dispersedby the turbulent �o w, partially vaporised
and�nally mixed with air. Modelling the liquid phasein a LES solver is a dif�cult issuefor which two
main classesof methodsare available : the Euler framework (EF) and the Lagrangeframework (LF).
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The LF describesthe liquid phaseas a large but �nite numberof dropletswith their own trajectory,
velocity, temperatureanddiameterwhile theEF considersthedispersedphaseasa continuous�eld whose
characteristicsaredeterminedthrougha setof conservation equationsfor the liquid volumefraction, the
liquid phasevelocity andtemperature,andthe�rst/secondordermomentsof thesizedistribution.Because
it is easierto implement,paralleliseandcouplewith the gas�o w solver, the EF hasbeen�rst chosento
studyturbulenttwo-phasecombustionwith AVBP.
A �rst EF prototype(AVBP-TPF)hasbeenvalidatedin 2004andallowed to demonstratethe feasability
of two-phasereacting�o w LES in industrial gas turbines.The potentialof LES for thesesystemswas
particularly highlightedby the simulationof ignition sequencesin helicopterand aircraft engines.In a
secondphaseof development,a new versionof AVBP-TPFhasbeenwritten that includesa numberof
improved models,in particular for particle dispersionand polydispersesprays,and a bettercontrol of
numericalerror. In 2005thedevelopmentof a LF solver hasalsobeenstartedwith thePhDof M. Garcia,
in collaborationwith StanfordUniversity.

2.2.1 Turbulent dispersion of particles (E. Riber, O. Simonin, B. Cuenot,
T. Poinsot)

Large-EddySimulations(LES) of turbulenttwo-phase�o ws in combustionchamberswith AVBP-TPFare
basedon theMesoscopicformalism[1]. This approachuses�rst conditionalensembleaveragingandthen
volume�ltering. It leadsto a transportequationfor the so-calledMesoscopicEulerianParticle Velocity
(MEPV) which representsthelocal instantaneousvelocity �eld sharedby all thedropletsor particlesat the
samespatiallocation.Theremainingpartof eachsingleparticlevelocity, calledtheRandomUncorrelated

FIG. 2.5– Instantaneous�elds of axial gasvelocity andparticlevolumefraction,con�gurationof Hishida
etal. [2] (collaborationwith IMF Toulouse).

Velocity (RUV), leadsto a stressterm in the MEPV equationwhich needsto be modelled.The volume
�ltering addsstandardsubgridstress(SGS)terms,closedwith a Smagorinsky-like modelwhich provedto
be successfulin a priori testingon HomogeneousIsotropicTurbulence.Specialcareis requiredto solve
the Eulerianequationsbecausethe dispersedphaseimplies the resolutionof sharpparticleconcentration
gradients.3rd order accurateschemes(TTGC,TTG4A) have beenimplementedand testedin the code
AVBP for thedispersedphase,while arti�cial dissipativetermshavebeenadapted,to dampspuriousmodes
in regionscontainingsharpgradients.
In collaborationwith IMF Toulouse,two experimentalcon�gurationshave beenselectedto studydroplets
dispersionand validate its modeling.One is the gas-solidturbulent con�ned round jet experimentally
investigated by Hishida et al. [2]. The other con�guration is a 'bluf f body' type �o w experimentally
investigated by Boree et al. [3] which is closer to combustion chamberdevices. Results are very
encouraging: the particle mass �ux and radial velocity �uctuation predicted pro�les are used to
characterizethe effect and the accuracy of the particleRUV and subgridstressmodelling.Besides,the
predictionsarefoundto bevery sensitive to particleinlet conditionsandspecialcarehasbeendevotedto
improve them. In particular, a turbulent velocity component,partially correlatedwith the �uid one,has
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beenaddedto themeaninlet MEPV.

[1] Février, P., Simonin,O. & Squires,K. D. , "Partitioning of particle velocitiesin gas-solidturbulent
�o ws into a continuous�eld anda spatially-uncorrelatedrandomdistribution : theoreticalformalismand
numericalstudy",J. Fluid Mech., in press(2006).
[2] Hishida,K., Takemoto,K. & Maeda,M., "Turbulent characteristicsof gas-solidstwophasecon�ned
jet", JapaneseJournalof MultiphaseFlow, 1(1) :56-69(1987).
[3] Borée,J., Ishima, T. & Flour, I., "The effect of massloading and inter-particle collisions on the
developmentof the polydispersedtwo-phase�o w downstreamof a con�ned bluff body", J. Fluid.Mech.,
443:129-165(2001).

2.2.2 LES of turb ulent two-phase�ames in aeronautical combustors (M. Boileau,
S.Pascaud,B. Cuenot, T.Poinsot)

Dependingonthedropletsdiameters,the�ames observedin liquid-fueledcombustorsmaybeeitherpurely
gaseous(for small droplets)or non-homogeneous,in which casedropletsmay burn in clustersor even
individually. But evenin thesimplestcaseof gaseous�ames,thepresenceof adispersedphaseleadsto very
high local variationof thefuel vaporandthereforeof equivalenceratio.To evaluatethecapacityof AVBP
to captureall thesephenomena,a two-phasereactingLES of an industrialcombustionchamberhasbeen
performed.Figure2.6 shows theresultof a calculationof thereacting�o w insideonesectorof a realistic
aircraft combustor, fed with liquid kerosene.Like in the true geometry, air is enteringthroughswirling
inlets,cooling �lms anddilution holes.Resultsshow that the overall shapeof the �ame is captured.The
gaseous�ame structure,behindtheevaporationzone,is very similar to theclassicalgaseous�ame found
in a swirledburner. Themaindifferenceis in thestabilisationmechanism,controlledby theevaporationin
thetwo-phase�ame.

2.2.3 Ignition of two-phase combustors (M. Boileau, S. Pascaud, B. Cuenot,
T.Poinsot)

In the performanceof an aeronauticalgas turbine, the capability of ignition and altitude re-ignition
is a crucial criteria. For a helicopteror an aircraft engine,a fast and reliable lightup is requiredfor
variousaltitudes,i.e. different atmosphericalconditionsof pressureand temperature.In that context, a
comprehensive understandingof thephysicsinvolvedin theignition processis a usefulgain for combustor
designers.Theprincipleof ignition is to give aninitial input of energy, ableto initiate thecombustionand
setastable�ame. Thisenergy canbeprovidedeitherby asparkplugor by theuseof anadditionalignition
injector. In both cases,ignition sequencesaretransientphenomenathat canbe computedby LES. To be
accurate,suchsimulationshave to take into accounttheeffectsof thepresenceof liquid fuel asadispersed
phase.AVBP hasbeenusedto computetwo-phaseignition in realistic combustors.Figure 2.7 shows a
snapshotof the ignition sequencecalculationin oneperiodicsectorof a helicopterannularcombustor. In
thissimulation,theignitionburnerinjectshotgasesontheleft andrightperiodicplanesof thecomputational
domain.After a certaininductiontime, themaininjectorignitesandhot gasesappearin this zonetoo.The
completeignition sequencelastsapproximately50ms.

2.2.4 Polydispersesprays(J. Lav�drine , J.-B. Mossa, B. Cuenot)

Spraysissuedfrom the injectors usedin gas turbinesor in piston enginesare not monodisperseand
presentdiameterdistributionsof differentshapes,dependingon theatomisationprocess.Thepolydisperse
characteristicof a sprayhasa greatin�uence on all the variablesdescribingthe liquid phase,asthe drag

CERFACSACTIVITY REPORT 39



COMBUSTION

FIG. 2.6– Steadytwo-phasecombustionin aSNECMAcombustor.

FIG. 2.7– Snapshotof theignition sequencein aTurbomecacombustor.

forceandtheevaporationarestronglylinkedto thesizeof thedroplets.
In theeulerianframework describedin theprevioussections,therearetwo mainwaysto take into account
a sizedistribution in a spray: eitherthrougha seriesof classesof dropletsof thesamesize,or throughthe
computationof evolutionof thelocalsizedistribution.For compatibilityandfeasabilityreasons,thesecond
approachhasbeenretained(Thesisof J.-B. Mossa),assuminga presumedshapefor the sizedistribution
andcomputingits moments.
Themethodologyhasbeenvalidatedon thesimplecaseof a liquid jet in a transversegas�o w, for which
analyticalresultsareavailable.It hasbeenthenappliedto a full burner, which allowed to demonstrateits
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capabilityto capturethe main effectsof polydispersion.With this model,the implementationof droplets
break-down andcoalescenceis straightforward.

2.3 LES of unsteadycombustion

Unsteadycombustion is now a major �eld of applicationfor Large Eddy Simulations(LES) of reacting
�o ws.Theseapplicationsincludepredictionsof combustioninstabilitiesbut alsoof ignition or quenching.
In 2004and2005,CERFACShasleadmultiple investigationsaroundthesetopicsanddevelopedadditional
toolswhichareneededfor thesestudies: LES toolsbut alsoacousticanalysisandsometimesRANStools.
Con�gurationscomputedat CERFACSweretestedexperimentallyat thesametime elsewherein Europe,
providing CERFACSwith auniquedatabasefor validationof theAVBP code.As a result,multiplepapers
have beenproducedsince2004 [CFD19, CFD20, CFD9, CFD15, CFD22] and the studieson unsteady
combustionareavery importantpartof theteam's work.
LES alone is not suf�cient to understandturbulent combustion in con�ned chambers: theory and
experimentsshow that acousticsplay a very important role in many cases,especially in triggering
combustion instabilities. Thereforewriting codesable to describethe structureof acousticmodesin
combustion chambersand their coupling with combustion is required: this is doneat CERFACS and
discussedin Section2.3.4and2.3.5.In May 2005,CERFACS hasorganizeda workshopin Toulouseon
combustioninstabilitiesandLES(with thesupportof theEuropeanCommission)whichgathereredalmost
100scientistsfrom 10countriescon�rming theimportanceof this topic.
Section2.3.1recallsthesubmodelsusedfor LES andSection2.3.2shows oneexampleof LES validations
for non-reacting�o ws wheretheCERFACScodeAVBP wascomparedto experimentsperformedin DLR
andwith anLES codedevelopedat Stanford.Acousticsarediscussedin Sections2.3.3to 2.3.5.Ignition,
quenchingand�ashbackarediscussedin Section2.3.6while multiburnercomputationsarepresentedin
Section2.3.7.Effectsof radiationand instability on NOx formationarediscussedin a stagedburner in
Section2.3.8.A ramjetLES is �nally discussedin Section2.3.9beforepresentingLES applicationsin
pistonengines(Section2.3.10).

2.3.1 LES modelsfor combustion at CERFACS

Building an ef�cient LES tool in complex geometrychambersrequiresa compromisebetweenprecision
andcomplexity : all submodelsfor turbulence,boundaryconditions,turbulence/ �ame interaction,ignition,
�ame / wall interaction...arechosento offerhomogeneousperformanceandimplementationcostswhichare
compatiblewith theuseof acompressibleexplicit solveronverylargegridsandlargenumberof processors.
Mostmodelsdevelopedby CERFACSjointly with InstitutFrancaisduPétrolehavebeenalreadypublished
by CERFACSandaredescribedin theliterature.
The DTF (DynamicallyThickenedFlame)model initially written by Colin et al (Phys. Fluids 12, 2000)
continuesto performvery well in thenew con�gurationsandhasbeenusedwith virtually no modi�cation
[CFD20, CFD15, CFD4]. Thismodelinitially written for premixed�ames is now usedfor diffusion�ames
with success.Note however, that many �ames studiedat CERFACS arecategorizedasdiffusion �ames
becausethe fuel is injectedthroughholesinsidethechamber. However resultsshow that these�ames are
usuallylifted with signi�cant mixing upstreamof the�ame sothatvery few diffusion�ameletsarefound.
An importantsubmodelis the chemicalscheme: initially many computationswith the DTF modelwere
performedwith one-stepschemes.Now two-stepand four-stepschemesare usedand the DTF model
hasbeenmodi�ed to accomodatethesemultistepschemes[CFD35]. The constructionof theseschemes
is performedby comparingtheir resultson simple laminarpremixed �ames andusinggeneticalgorithm
techniquesdevelopedby C. Martin in his PhD[CFD29] to �t the resultsof the reducedschemeswith the
dataobtainedwith full schemes.This wasdonefor methane,propane,heptane,JP10andkerosene.These
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schemeshavealsobeenextendedto includeNOx in certaincases.For thesecases,simpleradiationmodels
have alsobeendevelopedin AVBP [CFD61, CFD33].
Boundaryconditionsandacousticwave managementof boundariesarestill key issuesfor LES codesin
which any errorcreatedat boundarywill generallyamplify in thedomain.Selle[CFD18] hasshown that
thetruere�ection coef�cient of a 'non-re�ecting' boundarycouldbepredictedanalyticallyandthatcorrect
scalingsfor relaxationcoef�cients onnon-re�ectingboundarieshavebeenproposed.
Important work was also required to extend LES from academiccon�gurations to real combustion
chambers.Beingableto modelmultiperforatedplatesfor exampleis mandatoryfor many chamberswhere
multiperforationis usedonalargeportionof thechamberwalls[CFD53]. Cooling�lms alsoraiseadditional
dif�culties. In mostcases,modelsfor thesephenomenaarebasedonseparateDNS(seeSection2.1).

2.3.2 A small gasturbine burner (G. Lartigue, S.Roux, T. Poinsot)

During thePRECCINSTA ECprogramme,theaccuracy of LESwastestedfor swirled�o wsby comparing
LES velocity �elds with measurementsperformedat DLR in a swirledpremixedinjector(Fig. 2.8) where
swirl is producedby tangentialinjection downstreamof a plenum.A central hub is usedto stabilize
the �ame. Experimentsinclude velocity measurementsfor the cold �o w as well as a study of various
combustionregimes.

X=  5  mm

X= 1,5  mm

X= 25 mm

X=   15   mm

X= 35  mm

FROM 
SWIRLER

TO OUTLET

FIG. 2.8– Con�guration(left). Locationof cutsfor velocitypro�les (right).

Coldandreactingpremixed�o wswerecomputedsuccessfullyandpublishedin Comb. andFlame[CFD15].
In 2004and2005,this studywasusedasa benchmarkby StanfordandCERFACSto comparetheir LES
codes.A typicalexampleof resultfor non-reacting�o w resultsis givenin Fig. 2.9.TheRMSaxialvelocity
�elds show verygoodagreementbetweentheLEScodesandtheexperiment.Eventhoughsmalldifferences
areobserved (nearwalls for example),it is quite interestingto seethat fully differentcodesleadto very
similaraccuracy on thiscon�guration.

2.3.3 System identi®cation of combustors (L. Selle, A. Giauque, A. Sengissen,
K. Truf®n , G. Staffelbach, Y. Sommerer, F. Nicoud, M. Brear, T. Poinsot)

Systemidenti�cation by forcing is a normal procedureduring investigations of combustorsstability :
burnersareforcedin orderto examinetheirresponseto acousticwavesenteringtheair or thefuel inlet.This
identi�cation canbeperformedexperimentallyor numericallyusingLES.But thecostof suchexperiments
is highandLESarebeingdevelopedto replaceexperimentsfor this task.At CERFACS,multiplestudiesof
this typeweredevotedto systemidenti�cationsin 2004and2005:
– A theoreticalstudy of how forcing shouldbe performedand postprocessedwas doneby Truf�n and

Poinsot[CFD22] ona laminarpremixed�ame for whichexperimentalresultsof theEM2Claboratoryin
EM2CPariswereavailable.
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FIG. 2.9– Cold �o w : RMS axial velocity pro�les. Circles: LDV ; solid line : LES (AVBP); dottedline :
LES(Stanford).

– ChamberB : forcedresponseof a large scaleindustrialgasturbine[CFD4] mountedin a squarecross
sectionchamberin KarlsruheUniversity(bilateralwork with Siemens).

– ChamberC : anexperimentbuilt at TwenteUniv. in theDESIREEC project.Thecomputationincludes
bothmixing from themethanejetsandcombustionin thechamber. Fluid structureinteractionbetween
theoscillatingcombustionandthechamberwall is onegoalof thiswork [CFD62] wherewall vibrations
canbemonitored.

Studying the theoreticalaspectsof combustor forcing using a simple laminar �ame proved to be a
usefulanalysis[CFD22] which demonstratedthat many similar studies(experimentalor numerical)lack
consistency andmay leadto erroneousresultswhenthe point usedto measurethe �uctuating velocity is
locatedtoo farupstreamfrom thechamber.

FIG. 2.10– ChamberB : burner(left) andcombustionchamberat ITS Karlsruhe(right).
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Applying LESto measure�ame responsein ChamberB wasadif�cult challengebecauseit is ahigh-power
swirledburner. It is installedin two differentinstitutesin Karlsruhe,eitherin a square(ITS) or a circular
(EBI) combustionchamber. Fig. 2.10shows themain featuresof theburnerin which this identi�cation is
performed: a centralaxial swirler (coloredin dark) is usedto inject andswirl a mixture of naturalgas
andpreheatedair. The main part of the combustionair aswell asfuel is injectedby the diagonalswirler
throughholeslocatedon bothsidesof thevanesin orderto achieve swirling. Perfectlymixedgasesenter
thediagonalswirler while pureair enterstheaxial swirler : the �ame insidethechamberis in a partially
premixedregime.

FIG. 2.11– ChamberB (Fig.2.10)with pilot �ameson,forcedby acousticexcitation.Snapshotof the�ame
visualizedby anisosurfaceof temperatureat T = 1000K. Theleft andright resultscorrespondto different
geometriesof theswirler.

This burner and many of its evolutions have beenanalyzedin the PhD thesisof L. Selle (2004), G.
Staffelbachand A. Giauque(2006).Comparisonsof LES resultswith other methodsand experimental
resultsare given in [CFD4]. An exampleof resultsis presentedhereto illustrate the power of LES in
predictingeffectsof geometricalchangeson the �ame response.For this study, the �ame is pulsatedat
various frequenciesby modulatingthe inlet velocity. Two con�gurations are computedto evaluatethe
responseof theburnerasa functionof thegeometryof theswirler. This responseis thebuilding block of
acousticsolversthatpredictthestabilityof combustors(seeSection2.3.4).Fig.2.11showsaninstantaneous
view of the�ame front for a piloted�ame duringforcing for two differentswirler geometries.Theimpact
of thissmallgeometricalmodi�cation on the�ame responseandshapeis verystrong.

The geometryof burner C (designedfor the EC Desireproject, PhD of A. Sengissen)is displayedin
Fig. 2.12 : for this �ame the computationmust describeboth mixing from the four methanejets with
air andcombustionin the chamber. This experimentwasdesignedfor LES validation: the setup canbe
meshedandcomputedentirelywith LES. Anotherspeci�city of theTwenterig is that forcing is achieved
by modulatingthefuel �o w rateandnot theair. LESresultspredictthemean�o w �eld with greataccuracy
aswell as the �ame transferfunction over a wide rangeof forcing amplitudes[CFD62]. Unsteadywall
pressure�elds measuredin theLES have alsobeencomparedwith Twentemeasurementsandshown good
agreement,allowing to predictthevibrationintensitiesof thechamberwalls.
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FIG. 2.12 – Combustor C. Left : geometry: the whole shadedareais meshedand computed.Right :
isosurfacesof YC H 4 = 0:1 andisosurfaceof temperatureT = 1000K.

2.3.4 Acoustic / combustion numerical tools (A. Kaufmann, L. Benoit, C. Sensiau,
F. Nicoud , T. Poinsot)

Acousticsplayakey rolein combustionandmustbeaccountedfor bothexperimentallyandnumerically. To
understandcon�ned �ames, developingacousticcodessolving the wave equationin complex geometries
for reacting�o ws is thereforeanecessarystep.CERFACSis developingsuchtools(PhDsof A. Kaufmann,
L. BenoitandC. Sensiau).
The �rst tool calledSoundtubeprovidesthe low-frequency longitudinal resonantmodesin a network of
interconnectedductswith variablesectionsandtemperatures.The secondtool is a full three-dimensional
Helmholtzsolver (calledAVSP)solvingtheHelmholtzequationin thefrequency domain.It is coupledto
theLES codeAVBP : they usethesamegrids; themeantemperatureandmassfraction�elds requiredby
AVSP(to know thesoundspeed)andthe�ame transferfunction(to know theacoustic/ �ame coupling,see
Section2.3.3)areprovidedby AVBP.

FIG. 2.13 – Acousticanalysisin a gas turbineannularchamber. Left : typical geometryfor oneburner
Right : AVSPresultfor the2ndannularmode(RMSpressuremodulusonwalls).

As anexample,Fig. 2.13shows a geometryof a singlegasturbineburnerandthestructureof thesecond
annularmodeevidencedby AVSPin afull annularchamberwith 18burners.Thesemodesareoftencrucial
for thestabilityof thecombustor.
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2.3.5 Acoustic / combustion theoretical tools (C. Martin , A. Giauque, F. Nicoud ,
T. Poinsot, M. Brear )

At themoment,predictingat thedesignstagewhethera givencombustorwill oscillateis still a challenge.
If andwhenit oscillates,measurementsandcomputationssometimesgive indicationsof thereasonsof the
problembut it is usuallytoo late.Beingableto predictthesephenomenarequiresthedevelopmentof anew
approachin which LES andacousticstools arecoupled: the joint usageof LES andHelmholtzsolvers
offers a new andpowerful approachfor suchphenomenaandhasbeenexploited for variousgeometries
in the last two years.In a Siemenscase[CFD4], AVBP andAVSP wereusedtogetherto understandthe
responseof achamberto forcing.
Section2.3.4 hasshown how acousticcodeswere developedat CERFACS. In parallel,new theoretical
toolsmustbebuilt to analyzeresults: oneapproachis to look for proper'energies' to analyzethegrowth
of modesandto examineall termsin the budgetof theseenergy equations.This methodgeneralizesthe
usualRayleighcriterionandwasexposedin 2005in a theoreticalpaperby NicoudandPoinsot[CFD10]
following initial ideasproposedby B.T. Chu in 1965.Among all possibleenergies testedat CERFACS,
a classicalchoiceis the acousticenergy e1 (PoinsotVeynante,RT Edwards,Chapter8) which follows a
budgetequationgivenby :

@e1
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wherethe 0 subscriptrefersto meanquantitiesandthe 1 to acousticvalues.If integratedover the whole
volumeV of thecombustorboundedby thesurfaceA, it yields:
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where~n is the surface normal vector. The surface A consistsof walls, inlet and outlet sections.The
RHS sourceterm

R
V s1dV correspondsto the well-known Rayleighcriterion and is the sourceof the

oscillations.But thereareother termslike acoustic�ux eson outletsandinlets
R

A p1~u1:~ndA which also
have a very strongeffect on the instabilities: thesetermscannot be measuredexperimentallyandmost
studiesconsideronly the term they canquantify (the Rayleighterm) which is clearly just onepart of the
problem[CFD50]. LES offersa new approachby giving accessto all termsof Eq. (2.2). In thePhDof C.
Martin [CFD50, CFD29], a full closureof the acousticenergy equationfor a burnerdevelopedby Ecole
Centralewithin theFuelchiefprojectwasperformedfor the�rst time (AIAA J.2006in press).In thesame
studyLESwasusedto computetheself-excitedunstablemodesof thedeviceandAVSPwasableto recover
thesemodesandto predicttheir occurrence.In 2005,Pr M. Brear(MelbourneUn.) hasspent5 monthsat
CERFACS to studyenergy equationsfor combustionstability. This studyshouldbe continuedin 2006at
StanfordduringtheSummerProgram.

2.3.6 Ignition, quenchingand �ashback (Y. Sommerer, G. Staffelbach, M. Boileau,
T. Poinsot)

Unsteadycombustionis amajor�eld of researchfor applications.Igniting acombustoris acentralissuefor
helicopteroraircraftengines.Predictingquenchingor �ashbackisanotherimportantissueduringtransients.
By improving mixing upstreamof the combustion chamber, many devices usedto reducepollution by
increasingmixing can also createthe possibility for the �ames to propagate upstreamof their normal
stabilizationzone,therebyrisking thedestructionof theinjectoror a partof it. Predictingsuchphenomena
is alsoa challengefor modellingbecause,during �ashback,the �ame regime changesconsiderablyfrom
partially premixed to almostpurely non premixed �ames. CERFACS and EM2C Paris have developed
a joint experimental/ numericalproject which lead to the demonstrationthat LES can indeedpredict
quenchingand�ashbackin swirledburners.Resultswerepublishedin J.of Turb. [CFD20].
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FIG. 2.14– Effectsof pilot �ame �o w rateon �ame stabilizationin ChamberC. Whenthepilot fuel �o w
rateis notadequate(right picture),the�ame lifts from thecentralhubandoscillates.

This studywasextendedto morecomplex casesin 2005: Fig. 2.14shows anexamplewheretheeffectsof
piloting on �ame stabilizationwerestudiedin ChamberB (Fig. 2.10).For this burner, decreasingthefuel
�o w rategoingthroughthepilot injection(left pictureto right picture)leadsto a lossof stabilizationwhich
is amajorproblemfor operability.
Additionalstudiesof ignitionhavebeenperformedin helicopterenginesfor full con�gurations(Section2.5)
and in spark-ignitedpiston engines(Section2.3.10).For thesestudies,the thickened�ame model was
coupledto a sparkmodel. At the sametime, other modelsfor spark ignition (basedon �ame surface
approaches)have alsobeencodedby IFP in AVBP (PhDof S.Richard),leadingto similar results.

2.3.7 Multib urner computations(Y. Sommerer, M. Boileau, G. Staffelbach)

Most academicstudiesof combustionin gasturbinesareperformedusinga singlegasturbineburnerand
installingit into a laboratorycombustionchamber. However realgasturbinesuse16 to 24burnersinstalled
in thesameannularchamber. In suchsituationscouplingmayoccurbetweenburners: in regionswherethe
issuing�amesfromneighbouringburnersmeet,strongturbulenceandheatreleasecantakeplaceandleadto
instabilitieswhichcannotbeobservedin singleburnerscon�gurations.In cooperationwith SiemensPGand
DLR, within theEC projectDESIRE,CERFACSis studyinga chamberequipedwith threeburners(PhD
of G. Staffelbach).This LES hasbeenperformedfor threeburners(5 million cells)andstartedfor thefull
machine(40 million cells : seeSection2.5). It is thelargestcomputationever performedwith combustion
in suchageometry. It requirestypically 64to 128processorsto runef�ciently for the3 burnerrig andit was
performedwith up to 5000processorson thefull geometryonaBlueGenearchitecture.Fig. 2.15showsan
instantaneousisosurfaceof temperature.

2.3.8 Radiation, instability and pollutants (P. Schmitt, T. Poinsot)

Nitric oxide formation in gas turbinecombustiondependson four key factors: �ame stabilisation,heat
transfer, fuel-air mixing and combustion instability. The designof moderngas turbine burnersrequires
delicatecompromisesbetweenfuel ef�ciency, emissionsof oxidesof nitrogen(N OX ) and combustion
stability. Burnerdesignsallowing substantialN OX reductionareoften proneto combustionoscillations.
TheseoscillationsalsochangetheN OX �elds. Beingableto predictnot only themainspecies�eld in a
burnerbut alsothepollutantandtheoscillationlevelsis now a majorchallengefor combustionmodelling.
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FIG. 2.15– Three-burnercombustionchamberof DLR. Isosurfaceof temperatureT=1000K.

Thismustincludearealistictreatmentof unsteadyacousticphenomena(whichcreateinstabilities)but also
of heattransfermechanisms(convectionandradiation)whichcontrolN OX generation.
In this study, LES was appliedto a realistic gas turbine combustion chambercon�guration wherepure
methaneis injectedthroughmultiple holesin a cone-shapedburner. Mixing andcombustionarehandled
simultaneouslyusingtheDTF modelanda two-stepchemicalscheme.Simulationshave shown theimpact
of cooling air andheattransferon nitric oxide emissionsaswell asthe effectsof combustioninstability
on nitric oxide emissions.Additionally, the combustion instability is analysedin detail, including the
evaluationof the termsin the acousticenergy equationand the identi�cation of the mechanismdriving
theoscillation.Fig. 2.16shows thegeometryof theburneranda typical �o w snapshotduringcombustion
instabilitydisplayinganisosurfaceof fuel massfraction(0:1) (showing themethanejets)andanisosurface
of reactionrate(showing the�ame position).Thisregimecorrespondsto apulsating�ame. Thecomparison
of the LES datawith experimentsis alsogoodasshown in Fig. 2.17 (J. Fluid Mech.2006; paperunder
revision).

2.3.9 Ramjet (Y. Sommerer, L. Gicquel, A. Roux, T. Poinsot)

Combustioninstabilitiesarecommonin ramjetengines: they canleadto vehicledamageandstill remain
a dif�cult problemto solve at the designstages.The LES tools of CERFACS allow to investigate �ame
dynamicsandpredictcombustioninstabilitiesfor highly compressible�o wsasfoundin ramjetengines.The
researchramjetstudiedfor MBDA is a two-inlet side-dumpramjetcombustorexperimentallyinvestigated
by ONERA and the �ight casecorrespondsto a high-altitude�ight condition.Boundaryconditionsare
'exact' becausethe inlet is perfectlynon-re�ectingandtheoutlet is a chokednozzle.Fig. 2.18shows the
complexity of the �ame topology. Two distinct �ames areobservedandstabilizedby differentprocesses:
the�rst �ame is locatedin thehead-endandanchoredby therecirculationzonedueto jet impingementwhile
thesecond�ame is locatedin thecombustionchamberandfed by hot rich burnedgasescomingfrom the
headendandfreshgasesdirectly comingfrom theair intakes.ComparisonsbetweenLES andLDV �elds
aregoodbothfor meanandRMS �elds. LES revealsa high frequency 'screech-like' modeoftenobserved
in suchside-dumpcon�gurations.Thefrequency observedby LES matchesexactly thesecondtransverse
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FIG. 2.16– LESof combustionin astagedburner.

FIG. 2.17 – Comparisonof LES andexperiment: meanaxial (left) and radial (right) velocity �elds on
transverseaxisfor variousdistancesto inlet. Circles: experiments(DLR), solid line : LES.

modeof thechamberpredictedby AVSPsuggestingthatthis oscillationis probalydueto thermo-acoustic
resonances.

2.3.10 LES in piston engines(L. Thobois, O. Vermorel, T. Poinsot)

Another �eld whereLES is developingfast is �o w in pistonengines.Togetherwith IFP, CERFACS has
extendedits LES tools to pistonengines.Two main directionshave beenpursued: computingmultiple
successive cyclesandcomputingsteady�o w with LES throughvalves.Of course,beingableto develop
high-�delity computationson moving gridsandmanaginggrid displacementsin complex geometrieswere
themajordif�culties in thistask: AVBPwasmodi�ed in depthto allow movingmeshcomputationsandnew
numericaltechniqueswererequiredto handletheseproblems.Solutionsusednow in AVBP aredescribed
in aJCPpaperpublishedin 2005[CFD9].
With this tool, for the �rst time, CERFACS andIFP have producedin 2005a computationof all phases
of combustionin engines(intake, compression,combustionandexhaust)over multiple cycleswith LES.
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FIG. 2.18– Ramjetcon�gurationandinstantaneousvisualizationof the�ame (white iso-surface).x-plane:
fuel massfraction; z-plane: pressure�eld.

Resultsopenapathwhichhasneverbeenfollowedbefore: investigatecycle-to-cyclevariationsin engines.
Fig. 2.19 shows an exampleof the �ame front position in an engineat the samecrank angle for four
successive cycles.ObviouslyLESdoescapturevariationsbetweencycles.

FIG. 2.19– Fieldsof reactionrate(markingthe�ame position)in a planenormalto cylinder axisfor four
cyclesat thesamecrankangle: all cyclesaredifferent(LESwith AVBP).

LESwasalsousedto predictpressurelossesand�o w structureduringintake in a joint studywith PSAand
Ford(Fig.2.20).It wasshown to bemuchmoreaccuratethanRANSfor this typeof �o w [CFD64, CFD21].
This con�guration wasrun on CERFACS computersbut wasalsotestedwith a 20 million cell grid on a
BlueGenecon�guration(Section2.5).

2.4 AdvancedRANS tools for combustion

Despitethe progressof LES, many industrialapplicationsarestill easierto handlewith classicalRANS
(Reynolds AveragedNavier-Stokes) methods.CERFACS develops activities in this �eld along three
directions: (1) hybrid numericalmethodsfor RANS combustioncodes,(2) couplingtools for shapeand
regimeoptimizationusingRANS toolsand(3) crosscomparisonof RANS andLES codes.RANS codes
canbeusedto initialize LESfor exampleor in anintegrateddesignchain: thiscanbedoneef�ciently only
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FIG. 2.20– LESof the�o w �eld in asteadybenchfor 4 valve enginetests.

if bothapproachesgive suf�ciently closeresults.Thereforeunderstandingthe limits of RANS andLES is
important.

2.4.1 Hybrid numerical methodsfor RANS (V. Auffray , L. Gicquel, G. Puigt)

The RANS code usedby SAFRAN for RANS computationsis N3S-Natur (developpedby INCKA-
SIMULOG). It is routinelyemployedfor theevaluationof thenext generationof aeronauticalgasturbines.
However, currentN3S-Naturversionsarelimited to triangularandtetrahedriccell topologies.In aneffort
to reducethe associatedcomputationalcostwhenappliedto ever morecomplex geometries,CERFACS
participatesin the developmentof advancednumericalschemesto handlevariouscell topologies.This
work constitutesthe bulk work of the PhD dissertationof ValérieAuffray conductedin conjunctionwith
the INCKA specialistsandunderthesupervisionof theSAFRAN group.A stronglink with themethods
usedatCERFACSfor LES in AVBP is favoredfor futureinteractionbetweenthetwo codes.

2.4.2 Shapeand regimeoptimization for reacting�o ws (F. Duchaine, L. Gicquel)

Presentoperatingconditionsof combustion chambersare essentiallydictatedby mechanicallimits of
the componentslocateddownstreamof the chamber; the chamberdesignmustbe tunedso asto satisfy
pre-requisiteson the temperaturepro�le at the outlet of the chamberfor example.The aim of this work
(performedwithin the EC projectINTELLECT DM) is to apply to combustion,closedloop optimisation
methodsalreadydevelopedand validatedin other �elds (aircraft, structuresand antennadesigns).The
couplingdevice PALM (develop within CERFACS by the Algo team)is usedto develop an optimisation
loop basedon RANS calculations: N3S-Natur- SAFRAN's productioncode.Suitabletestcon�gurations
have alreadybeenevaluatedto assesstheautomaticchainandtheoptimisationalgorithmsimplementedat
CERFACS.Differentcostfunctionsandoptimizationmethodsareavailable[CFD44] and3D optimization
testson realcombustorsarecurrentlyconducted.

2.4.3 Comparisonof RANSandLES (F. Duchaine, A. Roux, L. Gicquel, T. Poinsot)

ComparingRANS andLES resultson thesameburneris an interestingexercice.A direct comparisonof
the time averagedsolutionsobtainedwith the two approachedandfor the samecon�guration constitutes
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(a) (b)

FIG. 2.21– Comparisonsof (a) meantemperatureand(b) meanaxial velocity obtainedwith N3S-Natur
andAVBP for anaircraftburner.

a �rst steptowardtheproperuseof bothmethodsby industry. Figure2.21presentssolutionsfrom RANS
andLEScomputations(N3S-NaturandAVBP respectively) for anindustrialgasturbineof SAFRAN.Such
anassessmentallowsgaugingof eachapproachwhencomparedwith theexperimentbut alsoevidencesthe
necessityof apropertreatmentif RANS is to beconsideredasaninitial solutionfor LES.

2.5 Softwareengineering

DevelopingandusinglargeLESandDNScodesrequiresspeci�c efforts : thecodesbut alsotheassociated
preandpost-processingtoolsrequiredto prepareLESrunsandexamineresultsmakesoftwareengineering
acritical taskatCERFACS.Multiple actionstookplacein thelasttwo years.

2.5.1 Sourcemanagement(Y. Sommerer)

AVBP is developedjointly by CERFACSandInstitutFrancaisduPetrole(IFP)andusedby many European
institutions.Multiple laboratoriesalsobring speci�c submodelsto the code.The sourcemanagementis
performedby CERFACSusingCVSin orderto managethismulti-sitesandmulti-developersenvironment.
A softwarequality practiceis establishedto minimizethedevelopmentrisks.Regularmeetingstake place
betweenIFP andCERFACSto de�ne theversionsevolutions.Two levelsof non-regressiontestcasesare
used:
– CTEA (AutomaticElementaryTestCases)runonaweeklybasisduringdevelopment,
– QPF(QualityProgramForm)performedfor eachnew version(everyninemonths).
Anotherspeci�c benchmarkis run frequentlyon variouscomputationalarchitecturesto verify bothsingle-
processoref�ciency andparallelperformances.TheAVBP documentation(User's ManualandHandbook)
evolves in parallel with the sourcecode and is available for the usersvia a web site maintainedby
CERFACS.This is a signi�cant taskfor CERFACS : CTEA, QPFsandinformationmanagementrequire
morethan5 manyearsfor theCFDteameveryyear.

2.5.2 Sourceoptimisation (Y. Sommerer, M. Garcia, G. Staffelbach)

Theprevioussectionshaveshown anincreaseof problemssizeandcomplexity of mostLESatCERFACS.
Simultaneously, thenew generationof supercomputersopensthepathfor studieswhich werenot possible
up to now, suchasignition sequencesor completeannularchamberscomputations.The recentevolution
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of massively parallel clusters(up to thousandsprocessors)reinforcesthe importanceof sustaininghigh
performancelevelson thousandsof processors:
– CPUandMessagepassing: optimization,usingthemostmodernpro�ling tools,is donejointly with the

CERFACSParallelalgorithmteamto usethemostef�cient MPI functionsandminimizeCPUcost.This
work is akey to reachlinearspeedupsup to 5000processors.

– Domain decomposition: the algorithm used for domain decompositioncontrols the speedup for
massively parallel cases.AVBP is linked with the most moderndecompositiondomainalgorithmsin
order to minimize the frontier interfacebetweenneighborsdomains(i.e. minimize the point-to-point
communications).

2.5.3 Frontier computations(Y. Sommerer, G. Staffelbach)

CERFACS collaborationswith computercompaniesand computing centersallow to extend LES to
'frontier' simulations,therebytestingthesesupercomputersandanticipatingtheproblemslinked to very
largecomputationsin termsof memory, parallelismandpre/post-processing.Two application�elds were
usedin 2005for thesetests:
– Pistonengines
– Full gasturbines(aeronauticalandindustrial)

FIG. 2.22– LES of ignition in a helicoptergasturbineusingjetsof hot gases.Computationwith AVBP on
2048processors(BlueGenecon�guration).

High-resolutionLES of turbulent �o ws in Diesel intake pipes(10 millions cells; 1024processors)were
performedon an IBM eServer Blue Genemadeavailable to CERFACS by IBM. test casesdatawere
provided by PSA. In DI enginesaerodynamicsplay a key role : the designof intake pipes is crucial,
requestingsigni�cant optimizationsandespeciallywith CFD.For such�o ws,classicalturbulencemethods
lackfor accuracy : therevolution introducedby LargeEddySimulation(LES)methodsin thelasttenyears,
allows now a precisecomputationof the�o ws but thesizeof themodelsmakesthemimpossibleto berun
onmostof thecomputerswith classicalarchitectures.
In 2005,AVBP wasportedon a BlueGenemachineandLES wasrun on a high-resolutionmesh,in order
to computea typical Diesel intake geometry(seeFig. 2.20). Instantaneousvelocity �elds exhibit many
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structureson thevalve jetsandshow that thehigh-resolutionLES reveals�o w featureswhich werenever
computedbefore.
In the�eld of aeronauticgasturbines,afull combustionchamberwascomputedwith LESonBlueGeneand
CINEScomputers(20 millions cells cases,2048processorsIBM BG/L and32 to 128processorsCINES
SGI O3800in a joint CINES/CERFACS project).Computingcombustion in a full combustionchamber
hadlong beenout of reachof ComputationalFluid Dynamictools.In 2005,AVBP wasusedon BlueGene
on high-resolutionmeshes,in order to computeignition and �ame propagation in the combustor of an
helicopterturboshaftenginefrom Turbomeca(Safrangroup).In thisgeometry(Fig. 2.22),all fuel injectors
(18)anddilution jets(108)areincludedandafull ignition sequencestartingfrom two ignitersis computed.
Industrial gas turbine (40 millions cells; 1000 to 5120 processorsIBM BG/L) were also computedas
test casesfor massively parallel machines.For such turbines,recentCERFACS LES studiesshow the
importanceof burner - burner interactionand azimuthalacousticmodesto accuratelypredict the �ame
stability. This requiresfull chambercomputationswith all burners(24usually)andhugeCPUcapacities.A
SiemensPGcon�gurationwasrun on IBM BlueGene/L(ThomasWatsonResearchCenterandRochester
respectively 2d and22th in the26thtop500list) andlinearspeedupup to 5000processorsweremeasured
(Fig. 2.23).Typically, aspeedupof 4078on4096processorswasobtained.
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FIG. 2.23– Speed-upsobtainedwith AVBP onBlueGene(ThomasWatsonResearchCenter)

2.5.4 Collaboration with French national computing centers (CINES and CEA)
and computer companies(Y. Sommerer)

CERFACS continuesto collaboratewith FrenchnationalcomputingcentersCINES, IDRIS and CEA.
Becauseof theirexcellentparallelscalability, AVBP and/orNTMIX areoftenusedto benchmarkmachines
for thosethreeinstitutionsin order to stressthe whole con�guration machine.In parallel,a joint effort
with constructorslike IBM [1] or Crayasbeendonein 2005to optimizeAVBP on speci�c processorsand
interconnectionnetworks: PowerPC440- IBM BlueGene/LandOpteron- CrayXD1.
[1] IBM RedBook (Chapter8.4) : http ://www.redbooks.ibm.com/abstracts/sg246686.html?Open
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Thecoreactivity of theAAM (AerodynamicandApplied Methods)teamis concentratedon developping
aerodynamicsnumericaltools thatarein usedeitherin industryor in researchlaboratories.Thecloselink
with researchlaboratoriesallows to rapidly transferadvancedtechnologiesto the industrialworld. Most
of theeffort is dedicatedto improve themultibloc structuredsolver calledelsA. This solver is anONERA
projectwhich aimsto gatheraerodynamicsmethodsandalgorithmsin anObjectOrientedframewok. Due
to an of�cial agreementwith ONERA, CERFACS is involved in the elsAdevelopementsince2001.This
codeis now daily usedin an industrial environmentsuchas Airbus and SNECMA, which implies that
the majority of developmentsis now dedicatedto increasethe computingperformances(this activity is
describedin Section3.3andSection3.4).

BesideselsA, theCERFACShastheopportunityto work with numerousotherssolverseitheronstructured
approach(in-housecartesiancode: NTMIX) or unstructuredones(TrioU from CEA, Tau from DLR,
AVBP from CERFACS). Sucha diversity of tools enablesto study different applicationsrangingfrom
wakevortex to aerothermalsimulation(work presentedin Section3.1).

During the pasttwo years,CERFACS hasstarteda new activity in the �eld of optimization(detailedin
Section3.2).Thework donecanbesplittedin two mainbranches.Firstly, theconstructionof metamodel
for A/C designandinterdisciplinarydataexchangehasbeendevelopedmakinguseof POD,Kriging and
Neural Networks. Secondly, different optimizationalgorithmshave beenevaluatedin order to build an
ef�cient optimizationloop.

All the works describein the following sectionshave beendonein collaborationwith industrialssuch
asAirbus andSNECMA andalsoresearchcentersamongwhich : ONERA, DLR (throughMIRACLE),
IRPHE,ParisVI andtheuniversityof Montpellier.

3.1 Modelling

3.1.1 Wakevortex simulation (L. Nybelen)

CERFACS hasdevelopeda strongexpertiseon the topic of wake vortex dynamics,which is now widely
recognizedin thescienti�c community. Numerousstudieshave beenconductedinvestigating thestability
of differentvortex systemsby meansof Direct NumericalSimulations(DNS) or Large-EddySimulations
(LES). Thesestudiesarebotha meanof characterizingthewake of anaircraft in thenear-�eld anda way
to determinethedecayin thefar-�eld, which is importantin predictingthebehaviour of thewake for large
transportaircraft.A PhDstudentat CERFACSinvestigateswake vortex dynamicsthrougha collaboration
with Airbus -DeustchlandandIMFT (Instituteof FluidsMechanicof Toulouse).CERFACSis alsoactive
in theframework of EuropeanprogramssuchasAWIATOR(FP5)andFAR-Wake (FP6).
CERFACS hasbeeninvolved in studyingthe merging processof two co-rotatingvortex, which governed
principallythewakevortex dynamicin thenear- extended�eld (1 < x=B < 10). Theseco-rotatingvortices
correspondto the vorticesshedby the �ap andthe wing tip. In certaincasesdependingon the Reynolds
numberand the position of the vortices,the systemmay be subjectto the developmentof a very short
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wavelength/ellipticinstability (¸ i = 0(r cor e)) which ampli�es rapidly within the innervortices.Thus,the
mergingprocessbecomesunstable.Thedevelopmentof elliptic instability is characterizedby anoscillation
of thevortex coreposition.Thevortices�nally exchangetheir vorticity andlosetheir structurecoherence,
leadingto themerging by a reorganizationof turbulent structures.Theunstablemerging processis faster
thanthestablemerging[CFD120]. Unstableandstablemergingmechanismshavebeenanalyzedusingtwo
analyticalvortex models,namelythe Lamb-Oseenandthe JacquinVM2 modelwhich describesbettera
realisticvortex in theextendednear-�eld.

FIG. 3.1– Isocontoursof vorticity magnitudejj~! jj : thedynamic�o w of theunstablemergingwith Lamb-
Oseenvortex modelasinitial condition.Left to right : t¤ = t=(2¼2b2=¡) » 1:95; 2:45; 3:25.

Thephenomenacausedby thegenerationandpropagationof pressurewavesin vortex coreshavealsobeen
investigatedwith DNS and LES approaches[CFD8]. The propagation of pressurewaves is responsible
for the generationof axial velocity, which undercertainconditionsleadsto the developmentof helical
instabilitiesandto anabruptchangeof �o w topologyin thevortex core.Involveddynamicsmayexplain
vortex burstingandend-effects,whicharephenomenaobservedin smokevisualizationof realaircraftwakes
aswell asin small-sacleexperimentsthatarenotwell understood.
Numerousanalyzeshave beenmadeof the interactionbetweenan exhaustjet andtrailing vortex in two
phases,thejet regimethentheentrainmentcase.

3.1.2 Aerothermal Simulations

3.1.2.1 Impr ovementof k ¡ " v2 ¡ f turb ulencemodel simulations (A. Celic)

Durbin's k ¡ " v2 ¡ f turbulencemodel theoreticalbasis[1] consistsin a constructionof the turbulent
eddyviscosityin orderto reproducemoreaccuratelythebehavior of ¹ t in theboundarylayer. Themodel
containsthreetransportequationscoupledwith anelliptic one(for f ). At CERFACS,theactivity beganwith
comparisonsof turbulencemodelsbehaviors for severalapplications(includingDurbinoriginal turbulence
model)andleadto theimplementationof anew variantof Durbin'sk ¡ " v2 ¡ f turbulencemodelin elsA.
Thismodelcontains[CFD88] :
– anew versionof therealizabilityconditionwhich is adaptedfrom Durbin's one,
– anextrasourcetermon f equationfor abetterconditionningof f wall boundarycondition,
– adissipationtermfor v2 constructedfrom Sveningssonone.
Thisnew versionof Durbin's turbulencemodelwas�rst validatedovera �at plate[2] (Fig. 3.2)andleadto
interestingresultsfor thecomputationof cold jets impingingon a hot wall [3], asshown on Fig. 3.3.This
work hasbeendonein theframework of MAEVA project('AerothermalModellingof Fluidsfor Ventilation
of Planes').
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FIG. 3.2 – Flat plate: nondimensionvelocity asfunctionof thenondimensiondistanceto thewall. The
experimentaldataandthetestcaseareproposedin [2].
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FIG. 3.3 – Jet impinging on a plate : comparisonof turbulent kinetic energy distribution for Durbin's
modi�ed and JonesLaunder turbulence models; Nusselt coef�cient computedon the �at plate and
experimentaldata.

[1] P. A. Durbin, (1991), Near-Wall Turbulence Closure Modeling Without “Damping Functions”,
Theoretical andComputationalFluid Dynamics, 3, 1-13.

[2] D.B. DeGraaff andJ.K.Eaton,(2000),Reynolds-NumberScalingof theFlat-PlateTurbulentBoundary
Layer, Journalof Fluid Mechanics, 422, 319-346.

[3] J. Baughn,A. Hechanova andX. Yan, (1991),An experimentalStudyof EntrainmentEffectson the
Heat Transferfrom a Flat Surfaceto a HeatedCircular Impinging Jet, Journal of Heat Transfer, 113,
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1023-1025.

3.1.2.2 Jet in cross¯ow (J.C. Jouhaud)

The'Jet in CrossFlow' topic representsfor CERFACSaninitiative to strengthenthefundamentalscienti�c
aspectin the�eld of turbulencemodellingfor aerothermalapplications[CFD13]. Moreprecisely, this topic
concernsherethedevelopmentof a reliablesimulationtool for thecomputationof industrialcon�gurations
which involveswarm jetsexhaustingin cold cross-�ows, i.e. turbojetanti-iceexhaust�o ws. This typeof
aerothermal�o w is amajorstake for AIRBUSFrance.

FIG. 3.4– SquareJetin Cross-Flow Producedby aScoop- InstantlyTemperatureField (Y=0 plane).

In theMAEVA framework ('AerothermalModelling of Fluids for Ventilationof Planes'),our recentLES
computationswith AVBP solver (seeFig. 3.4) have shown that LES appearslike an ef�cient tool for
aerothermalpredictions[CFD102]. In fact,only thesetypesof computationsareabletodayto predictvery
preciselytheright thermalpro�les (seeFig.3.5)comparedto U-RANSmethods,withoutanexcessiveCPU
cost(goodturnover). In the future our objective could be to develop hybrid LES/U-RANSmethodsin a
productioncodededicatedto AIRBUSaerothermalcomputations.

3.1.2.3 Wall modeling for unsteadydilatable ¯ows (A. Devesa, F. Nicoud)

This researchtopic correspondsto A. Devesa's on-goingPhD thesisthat startedat the endof 2003.It is
theresultof a collaborationbetweenthreeentities: CEA, theFrenchAgency for NuclearEnergy basedat
Grenoble(France),UniversityMontpellierII hostingF. Nicoud(PhDadvisor)andCERFACS.Theobjective
is to modelaccuratelyandreliably the �uid / solid interactionin energetical industrialapplications,e.g.
nuclearreactorsafety, wherestrongtemperaturegradientsexist. For those�o ws, thecorrectpredictionof
thermal�ux esat thewall is acrucialproblem,becausematerialscanbesubjectto contraction,to dilatation
andto ablationphenomena,leadingto a possibledestruction.In this study, theCEA in-houseTrio_U CFD
codeis used,as well as Matlab. Crossedcomparisonswere systematicallyundertaken betweenthe two
numericalapproaches.
First, the studywas limited to a steadystateapproach.Under the classicallaw-of-the-wall assumptions,
densitychangesin theboundarylayer, virtually dueto strongtemperaturegradientsweretakeninto account
in a new non-isothermalwall law. The analytic derivation of this new wall function was deducedfrom
VanDriest's transform[1]. Implementationin Trio_U codewascarriedout andresultsshowedsigni�cant
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FIG. 3.5– ComparisonsbetweenLES,U-RANSandMAEVA Experiment- AverageTemperatureCurves.

improvementcomparedto the standardlaw-of-the-wall (logarithmic law for the velocity and Kader's
formulafor thetemperature)[CFD42].

The following stepwas to adoptan unsteadyapproachin the wall modeling,using a two-layer model,
namelytheTBLE (Thin BoundaryLayerEquation)model[2]. Theconceptof this modellies on solvinga
setof simpli�ed equationsin aonedimensional�ne meshembeddedbetweenthe�rst off-wall pointandthe
wall. Thework consistedin adaptingthis model,previously validatedin incompressiblecases,to dilatable
�uid casesandin implementingit into Trio_U software.At theendof 2005,thevalidationprocesswasstill
underprogress,but showed(Fig. 3.6) that,for steadystatequasi-isothermal�o w, the“dilatableversion”of
theTBLE modelrecoveredthestandardlaw-of-the-wall, while in non-isothermalcase,it behavedlike the
non-isothermalwall functionpreviouslydescribed[CFD42].
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Finally, the problemof unsteadyeffects in wall modelingwas adressed.Even if two-layer modelsare
developedfor unsteadyturbulent �o ws, theremustexist a critical frequency beyondwhich themodelcan
notbeusedin anaccurateway. To answerthisquestion,aDirestNumericalSimulation(DNS)of turbulent
channel�o w with 6 passivescalarssubmittedto a temporalvaryingforcing termwassetup.
[1] E.R. Van Driest, 1951, Turbulent boundarylayers in compressible�uids, Journal of Aeronautical
Sciences, 18(3).
[2] E. Balaras,C. BenocciandU. Piomelli, (1996),Two-layerapproximateboundaryconditionsfor Large-
EddySimulations,AIAAJournal, 34(6), 1111-1119.

3.1.3 Detachededdysimulation

3.1.3.1 DetachedEddy Simulation with k ¡ ! turb ulence model (J.-C. Jouhaud, X. Toussaint, P.
Sagaut)

Since2004,theaerodynamicteamis involved in thedevelopmentof hybrid U-RANS/LEStechniquesfor
complex aeronauticalcon�gurations.In fact,thesetechniqueswhencombinedwith wall functionsandgrid
strategies(automaticmeshre�nement,non-coincidentinterfaceboundaryconditions...) couldpushfurther
away theactuallimits of unsteadycomputationsby optimizingthe'precision/costcomputations'ratio.

FIG. 3.7– Buffet phenomenonover theOAT15A airfoil - View of themesharoundtheairfoil andzoomon
thenon-coincidentpart.

Our �rst subjectof investigation hasconcernedthe developmentof a turbulencemodel that exploits the
conceptof DetachedEddySimulation(DES)[1]. Moreprecisely, theformulationproposedby H. Bushand
M. Mani [2] with a primaryinspirationfrom Strelets[3] hasbeenconsidered.In this formulation,thenear
wall boundarylayerpredictive capabilitiesof the Wilcox k ¡ ! turbulencemodelis combinedwith LES
behaviour for largescaleseparatedregionsof the�o w. This is doneby comparingthelengthscalesof the
turbulencewith theresolvedscalesof thegrid.
To evaluatethis DES with k ¡ ! turbulencemodel, we have focusedon aerodynamicsbuffet on the
rigid OAT15A airfoil that is characterisedby a periodic motion of the shock over the airfoil (see
Fig. 3.7 andFig. 3.8). In orderto decreasethecomputationalcosts,two strategieswereconsidered: wall
functionsandconservativenon-coincidentinterfaceboundaryconditions[4]. Thiscomputationis still under
investigations.
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FIG. 3.8 – Buffet phenomenonover the OAT15A airfoil (M = 0:15 and ® = 3:4 deg) - Rising and
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[1] P.R.Spalart,W.H. Jou,M. StreletsandS.R.Allmaras,(1997),Commentson theFeasabilityof LES for
Wings,andon a Hybrid RANS/LESApproach,1st AFOSRInternationalConferenceon DNS/LES, Aug.
4-8,Ruston,LA.

[2] R.H. BushandM. Mani, (2001),A Two-EquationLargeEddyStressModel for High Sub-GridShear,
15th AIAA ComputationalFluid DynamicsConference,11-14June,AIAA paper2001-2561, Anaheim,
CA.

[3] M. Strelets,(2001),DetachedEddySimulationof Massively SeparatedFlows. 39thAIAA Aerospace
SciencesMeetingandExhibit, 8-11January, AIAApaper2001-0879,Reno,Nevada.

[4] A. Benkenidaand J. BohbotandJ.-C. Jouhaud,(2002),Patchedgrid andadaptive meshre�nement
strategiesfor Vorticiestransportcalculation,InternationalJournalNumericalMethodsin FluidsDynamics,
40, 855-873.

3.1.3.2 Zonal DetachedEddy Simulation (J.-F. Boussuge, V. Brunet, S.Deck)

In addition to the work donein section3.1.3.1,the buffet phenomenonhasbeenstudiedwith a zonal
DetachedEddy Simulation approachbasedon the Spalart-Allmarasmodel [1]. The zonal approach
decouplesthe determinationof LES zonefrom the meshcharacteristics.The usercande�ne the RANS
andLES zones,so the attachedboundarylayer regionsareexplicitly treatedin RANS moderegardless
of thegrid resolutionwhich avoidsgrid inducedseparation.Thismethodhasbeenimplementedin elsAin
collaborationwith theAppliedAerodynamicsDepartmentfromONERA.Moreover, in ordertooptimizethe
computationalcost,astudyhasbeendoneon time integrationschemes.TheDualTimeSteppingtechnique
andtheGEAR schemewereevaluatedin termof CPUcoston a 2,5D supercriticalairfoil. Both schemes
wereableto capturethebuffet phenomenonwith theright frequency andat theright experimentalangle.In
termof CPUcost,theGEARschemeappearedto bemoreef�cient thantheDTS.

[1] S.Deck,(2005),Numericalsimulationof transonicbuffet overasupercriticalairfoil,AIAAJournal, Vol
43,No 7
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3.2 Optimization

3.2.1 Meta Models

Aerodynamicmodelsarelargely usedin a lot of applicationsin A/C designandinterdisciplinaryprocess
(loads,MDO, Identi�cation). In thatcontext, CFD basedmetamodelsaredevelopedat Cerfacsmakinguse
of ProperOrthogonalDecomposition(POD),Kriging andNeuronalNetworks.Thesemodelsaredesigned
to givequickly themainfeaturesof aerodynamicsystemandarewell adaptedto interdisciplinaryexchange.

3.2.1.1 AerodynamicMetamodelusingProper Orthogonal Decomposition(POD) (J.-Ph.Boin)

TheProperOrthogonalDecompositionhasbeenappliedto a setof CFD computationsin orderto extract
globalinformationandbuild ametamodel.Accordingto oneor severalparameters(timefor unsteady�o ws
or �ight parametersfor steady�o ws), a set of CFD computationsareperformed,calledsnapshots.The
PODdecompositionis appliedto thesesnapshots,solving theeigenvalueproblemof theauto-correlation
matrix. The propermodesof this problemare orthogonaland build up the POD basis.The POD basis
couldbeunderstoodasanoptimalbasiswhich containsmoreinformationthanany otherones.Eachmode
representsa characteristicof thesetof snapshots.For unsteadyturbulent �o ws, it representsthecoherent
structures.With thatbasis,it is alsopossibleto reconstructall thesnapshotsandto extrapolatesolutionsfor
adifferentsetof parameters(metamodel).Introducedin FluidsMechanicby Lumley [1], thePODis mainly
appliedonexperimentaldatafor unsteady�o w analysis,Delville andal. [2]. Morerecentapplicationshave
beendonefor numericalsteady�o ws in Optimization,Bui-Thanhandal [3].
CERFACS hasdevelopeda basicfunctioningPOD modulein Python.This modulehasbeenappliedto
the analysisof a turbulent �o w in a combustion chamberon unstructuredmeshesin collaborationwith
the CERFACS Combustion-CFDteamand in the reconstructionof pressuredistribution on a high lift
con�gurationin apolarcomputationcontext onmulti-blockstructuredmeshes(Fig. 3.9).
Thequalityof thePOD-basedmetamodelis �rst linkedto thegoodchoiceof thesnapshotdistribution (for
steadyproblem).We aimedat putting forwardsystematicstrategiesto achieve theoptimaldistribution of
CFDevaluation,usingsamplingmethodsanddesignof experiments.Anotheraspectis theuseof anef�cient
interpolationprocessfor the reconstructionstepsuchaslinear andquadraticinterpolation,RadialBased
Function(RBF) andNeuronalNetwork (NN). For thetwo latesttopics,collaborationswith theCERFACS
Algo teamhave started.

FIG. 3.9– POD: Turbulent�o w analysisin acombustionchamber(left),datareconstructionof Cp (right).

[1] Lumley J., (1967),Thestructureof inhomogeneousturbulent �o ws,AtmosphericTurbulentandRadio
WavePropagation, 166-178.
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[2] Delville J., Ukeiley L.,Cordier L., Bonnet J. and GlauserM., (1999), Examinationof large-scale
structuresin a turbulent planemixing layer. part1. properorthogonaldecomposition,Journal of Fluid
Mechanics, 391, 92-122.
[3] Bui-ThanhT., DamodaranM. andWillcox K.,(2004),AerodynamicDataReconstructionandInverse
DesignusingProperOrthogonalDecomposition,AIAAJournal, 42(8), 1505-1516.

3.2.1.2 Kriging surrogate-model(J.C. Jouhaud, M. Montagnac, J. Laur enceau, P. Sagaut)

The term"Kriging" denotesa family of interpolationmethodswhereweightingcoef�cients arechosento
minimize the varianceof the error [1]. First appliedin geologicalanalysis,it hasbeenextendedto many
�elds of application,includingagriculture,humangeography, epidemiology, biostatisticsor archelogy. The
Kriging methodis a linear interpolationmethodthat predictsvaluesat unknown locations(i.e. response
surfaceconstruction)from dataobservedat known locations(controlpoints).
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FIG. 3.10– NACA (m,p,16) pro�le - Samplepointsin theparameterspacewith two levelsof re�nement
(left part)andcorrespondingisolinesof thecostfunction(right part).

Recently, aKriging methodhasbeenimplementedin aKriging ComputationalSuitewhich is coupledwith
elsAsolver. Thissuiteis dividedin four stages:

1. De�nition of thefollowing data:
² Rangeof variationof theuncertainparameters.
² Samplingin theselectedsubspacefor uncertainparameters.

2. CFDComputationswith elsA :
² Realizationof thesimulationsfor eachsamplingpoint in theuncertainparameterspace.

3. DataProcessing:
² Computationsof thevaluestakenat samplingpointsby thefunctionto beinterpolated.
² Creationof data�les for Kriging method.

4. Kriging Method:
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² Reconstructionof theResponseSurface.
² Computationof theMeanSquare Error of Kriging method.
² Visualizationof theResponseSurface.
² Determinationof thezoneto bere�ned in theuncertainparameterspace.

5. Returnto the�rst stage.
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FIG. 3.11– NACA (m,p,16) pro�le - Robust solutionof the shapeoptimization(solid line) comparedto
symmetricshape(dashedline).

Firstly, Kriging computationalsuitewasconsideredto computethecorrectionsneededto recoverequivalent
free-�ight conditionsfrom wind-tunnel experiments.Using this approach,optimal correctedvaluesof
the free-streamMach numberand the angleof attackfrom the compressibleturbulent �o w aroundthe
RAE2822 wing were computed[2]. It appearedthat such a tool makes possibleto computeoptimal
correctionsfor wind-tunnelparameters.

Secondly, thecomputationalsuitehasbeenappliedto thecaseof themultidisciplinaryshapeoptimization
of a 2D NACA airfoil [3]. The cost function is designedso that both the far-�eld radiatednoiseandthe
aerodynamicforcesarecontrolled.In order to increasethe ef�ciency of the method,a dynamicKriging
methodhasbeendeveloped,which can be interpretedas an Adaptive Mesh Re�nementmethodin the
shapeoptimizationparameters(seeFig. 3.10andFig. 3.11).

[1] D. G. Krige, (1951), A Statistical Approach to some Basic Mine Valuations Problemson the
Witwatersrand,Journalof Chemistry, Metal.andMining Soc.of SouthAfrica, 52, 119-139.
[2] J.C. Jouhaud,P. Sagaut and B. Labeyrie, (2006), A Kriking approachfor CFD/Wind Tunnel Data
Comparion,Journalof FluidsEngineering, in press.
[3] J.C. Jouhaud,P. Sagaut, M. Montagnacand J. Laurenceau,(2005),A surrogate-modelbasedmulti-
disciplinaryshapeoptimizationmethodwith applicationto a2D subsonicairfoil, Submittedfor publication
to Computers andFluids.

3.2.1.3 Neural networks (F. Blanc)

Neuralnetworks,basedonasampling,arewidely usedin the�eld of statisticsto automaticallybuild models
descibingcomplex relationsbetweeninputsandoutputswith a low computationalcost.Thebasicprinciple
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FIG. 3.12– Representationof a radialbasisneuralnetwork

of neuralnetworks is to createan approximationof a complex functionby combiningsimpleelementary
functions— calledneurons— throughanetwork.
There's a lot of differentstructuresof neuralnetworks, eachhaving its own advantagesanddrawbacks.
Among thesestructures,theRadialBasisFunctionsNetwork[CFD83] hasbeenchosenafter comparative
tests,becauseof its simplicity andits robustness.A RadialBasisFunctionsNetworkis basedon a layerof
elementaryradial functions.Theoutputof eachradialbasisfunctiondependson thedistancebetweenan
inputdataof theneuralnetwork anda list of elementscalledcenterswhicharede�ned for eachelementary
function.Outputsof theneuralnetwork arecomputedusingaweightedsumof elementaryoutputfunctions.

To createan approximationof a function, someparametersof the network (numberand type of radial
functions,positionof theircenters,coef�cients of theweightedsum)haveto becomputedthroughaprocess
calledlearningof theneuralnetwork. A completelyautomaticlearningalgorithmhasbeencreated: given
asetof samplesof a function,it buildsaneuralnetwork whichapproximatesthis function.
In order to reducethe costof a geneticoptimizationprocess,neuralnetworks have beenusedto predict
airfoil aerodynamiccoef�cients (lift anddrag).Theneuralnetwork inputswere6 parametersde�ning the
shapeof theairfoil.

3.2.2 Optimization algorithms

Ef�cient optimizationalgorithmsarethe key featuresto managecomputationalcostsinceeachobjective
evaluationcalledoptimizeriteratesis acfd calculationsometimesinvolving gradientscomputation.Thatis
why optimizermustbeadaptedto eachtypeof optimizationproblem: DOT or CONMIN whengradients
areavailable,trustregionor patternsearchfor localgradient-freeoptimization,geneticalgorithmfor global
gradient-freeoptimization.

3.2.2.1 CONMIN/DO T (J. Laur enceau)

DOT (DesignOptimizationToolsfrom VanderplaatsR&D) or CONMIN (thefreeversion)arethegradient-
basedoptimizersusedto drive theadjointmethodof elsAandallow �nding localminimain aconstraigned
designspace.The process,using discreteadjoint stateof NS equationsand quasi-Newton optimization
algorithm,is very ef�cient andprecise.Theseoptimizersarealsoableto computegradients'internally' by
�nite differences.
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FIG. 3.13– Paretofront achievedby solving themulti objective problem: Optimizinganairfoil shapeto
minimizeits dragandmaximizeits lift

3.2.2.2 Gradient-fr eelocal optimization (J. Laur enceau)

Whenlocalminimumfoundby aquasi-Newtonmethodis notsatisfyingor gradientcannotbecomputedby
anadjointmethod,trustregion(CerfacsAlgorithm Team)or patternsearch(Sandia'sAsynchronousParallel
PatternSearch)algorithmscan be more suited.Despitetheir higher numberof evaluationsto achieve
convergence,theseoptimizersarelesssensitivesto localminima.Moreover, APPSis aparallelalgorithm.

3.2.2.3 Geneticalgorithms (F. Blanc)

Duringspringandsummer2005,someworkongeneticalgorithmshasbeendonetoevaluatetheirsuitability
for solvingoptimizationproblemsin aerodynamics.A multi objective geneticalgorithmhasbeenusedas
a basisfor thesetests.This algorithmis anevolution of thefamousgeneticalgorithmGADO [1] (Genetic
Algorithm for DesignOptimization).It hasbeencoupledwith the softwareelsA to solve multi objective
problems.Experimentshave beenperformedon a testcasewhich consistsin theoptimizationshapeof an
airfoil shapeto maximizeits lift andminimizeits drag.
This testhasshown that thegeneticalgorithmcoupledwith elsA wasableto �nd thePareto's front which
is thesolutionof this problem,seeFig. 3.13.But thecomputationalcostof this optimizationprocesswas
too hight, even by usingall possibilitiesofferedby parallelcomputation.It wasthendecidedto test two
techniquesto improve the computationalef�ciency of the geneticalgorithm: the useof variable �delity
andtheuseof surrogates[CFD83].
– Variable �delity : With this technique,elsA is not usedto evaluatethe performancesof all designs.

Someperformancesareevaluatedby a low costandlow �delity software.Thetechniquekey point is the
indicator that is neededto determinewhich softwareto usefor evaluatingthe performanceof a given
design.For theairfoil testcase,a singularitymethodwasusedfor thelow �delity method.Thevariable
�delity techniqueallowedto solvethisoptimizationproblemroughly5 timesfasterthanwith theoriginal
geneticalgorithm.
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– Useof a surrogate: Theoriginalgeneticalgorithmhasbeenmodi�ed to solvetheoptimizationproblems
by usinga neuralnetwork to performrapidevaluationsof theperformancesof somedesigns.This new
versionof thegeneticalgorithmis ableto automaticallybuild theneuralnetwork. It canaddsamplesto
databaseof theneuralnetwork to increaseits accuracy whennecessary. This geneticalgorithmenabled
to solve theairfoil optimizationproblem2 timesfasterthanwith theoriginalone.

[1]KhaledMohamedRasheed,(1998),Gado: A GeneticAlgorithmFor ContinuousDesignOptimization,
PhD.thesis,New Brunswick.

3.3 Numerical aerodynamics

3.3.1 Numerical methods

3.3.1.1 Coupling turb ulenceand multigrid methods(J.-F. Boussuge)

Initially, elsAwasdeveloppedfor solvingsteadyRANS equationswith classicalconvergenceacceleration
methodssuchaslocal time steppingandmultigrid. However, the lattermethodwasappliedto mean�o w
equationonly which impliesaconvergenceshift betweenturbulenceandmean�o w. Thisshift
To correctthis behaviour, a moreef�cient implicit methodcanbeusedon turbulenceonly (work desribed
in Section3.3.1.2)or theFAS algorithmcanbeextendedto thesetof turbulenceequations.
A work hasbeendonein thatdirectionandendsupto asigni�cant improvementof theturbulencequantities
convergencewithout improving theconvergenceof mean�o w �eld. In fact,this techniqueappearedto be
usefullonly whenthemeshpresentsa very high degreeof anisotropy in thedirectionperpendicularto the
�o w. For suchacon�gurationturbulentinformationsdoesnotpropagateeasilyandturbulencemultigrid can
overcomethis problem.More over, differentbehaviourshasbeenobservedwith respectto the turbulence
model.Theoneequationtransportmodelfrom Spalart-Allmarasbeingthemorerobust.

3.3.1.2 GaussSeidelline (F. Lör cher, M. Montagnac, C. Gacherieu,J.-F. Boussuge)

In elsA software, the linear systemcoming from the time integration implicit methodcan be solved
by different techniquesamongwhich the Lower-Upper SymmetricSuccessive OverRelaxation(lussor)
method.In this method,the solutionis updatedpoint by point asin a point Gauss-Seidelmethod.Many
otheralgorithmscanbestateddependingon theorderin which grid pointsareupdated.On anotherhand,
convergenceaccelerationthroughamultigridalgorithmisonly triggeredfor themean�o w partof equations.
Therefore,the propagation of informationis slower for turbulenceequationsthat do not bene�t from the
multigrid method.On top of that, industrialcon�gurationsleadto complex meshesthat includemostof
the time hugeanisotropiczones.In thesepart, stretchedcells prevent a goodconvergenceon turbulence
equationssinceinformation can not propagate easily and quickly in the direction correspondingto the
smallestcell dimension.
In this context, a line lussormethodhasbeenimplementedandvalidatedon several con�gurations.The
principleof this methodconsistsin usinga line relaxationin thedirectionof thesmallestcell dimension.
For eachline of pointsto beupdated,atridiagonallinearsystemhasto besolvedin thescalarlussorversion.
In the matrix lussorversion,the linear systemcan be block tridiagonalor pentadiagonal.In industrial
applications,it is toohardto de�ne auniquefavoreddirectionandall directionsarealternatedin theprocess.
Fig. 3.14shows the convergenceof global coef�cients for an AS28 con�guration at a Reynoldsnumber
Re = 1:4106, a Mach numberM 1 = 0:8 andan angleof attack® = 2:2. Turbulenceis modeledby
Spalart-Allmarasequations.The dottedline is the convergenceof the line lussorappliedon turbulence
equationsonly. Theplain line is theconvergenceof thereferencecomputation.
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FIG. 3.14– Convergenceof lift (left) anddrag(right) coef�cients for anAS28wing con�guration.

3.3.1.3 Preconditioning for low-speed̄ ows (Y. Colin)

Preconditioningtechniquesinvolve the alterationof the time-derivatives used in time-marchingCFD
methodswith the objective of enhancingtheir convergenceandaccuracy. The original motivation for the
developmentof thesetechniquesarosefrom theneedto computelow speedcompressible�o ws ef�ciently .
At low Machnumbers,theperformancesof traditionaltime-marchingalgorithmssuffer becauseof thewide
disparity that exists betweenthe particle and acousticwave speeds.Preconditioningmethodsintroduce
arti�cial time-derivativeswhichaltertheacousticwavessothatthey travel atspeedsthatarecomparablein
magnitudeto theparticlewaves.Therebygoodconvergencecharacteristicsmaybeobtainedat all speeds.
One of the major problemsconcerninglow-Mach preconditionersis that they loose robustnessin the
neighborhoodof stagnationpointsor in boundarylayers[1].
The Weiss-Smithpreconditioner[2]is theoreticallythe most robust preconditionerdueto its eigenvector
structure[3]and it hasbeenimplementedandvalidatedin elsA. Besides,it turnsout that the low Mach
numberpreconditioningdoesnot only improve theconvergenceof thesystem,but is alsoresponsiblefor
maintainingaccuracy at low speeds.Thus the RoeandJamesonschemeshave beenmodi�ed to have a
correctconditioningof thearti�cial dissipationtermsandto ensurereliableaccuracy atall speeds.

[1] E. Turkel, (1999),PreconditioningTechniquesin ComputationalFluid Dynamics,AnnualReview in
Fluid Mechanics, 31, 385-416.

[2] J.M. WeissandW.A. Smith,(1995),PreconditioningApplied to VariableandConstantDensityFlows,
AIAAJournal, 33.

[3] D.L. Darmofal andP.J.Schmid,(1995),Theimportanceof eigenvectorsfor localpreconditioningof the
Eulerequations,AIAApaper, AIAA-95-1655.
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3.3.2 Meshing technics

3.3.2.1 Nomatchboundary conditions (M. Montagnac)

Grid generationis a crucialproblemfor thecomputationof complex aircraftcon�gurationsusinga body-
�tted structured-blocksolver. A key point is the typeof interfacebetweentwo zonesor gridsusedduring
thegeometrymeshing.In caseof one-to-oneabutting or matchinginterface,local re�nementsaroundthe
geometryand �o w regions of specialinterest(boundarylayers,stagnationlines, wakes) tend to spread
throughthewholecon�gurationdomaineven in zoneswheregradientsareexpectedto beweak.This can
leadto verylargegrids,especiallyfor complex geometries.CERFACShasdevelopedtheef�cient technique
of conservative noncoincidentadjacentinterfaceboundaryconditionor mismatchedabutting interfacesto
simplify thegrid generation.Two domainsmusthave a commonadjacentinterface,but grid pointsof both
interfacesdo not have to beat thesamelocationor coincident.Grid linesthroughtheinterfacemaybenot
continuous.Therefore,this approachpreventsmeshpointsfrom spreadingfrom a block to others.It is also
possibleto meshindependentlytwo partsof a geometryandjust to abut the two resultingmeshesto get
thewholemesh.This meshingtechniquehasalreadybeenimplementedandvalidatedin theelsA software
andAirbusfully exploits thisnumericalfeaturein its productionenvironment.Nearlyall theirmeshesnow
includesnon-matchinginterfaces.CERFACSnow improvesandsupportsthis approachto still helpAirbus
in decreasingsimulationturn-aroundtimes.
Thenoncoincidentinterfaceboundaryconditionis thecoreof thesliding meshfeature.This functionality
could be helpful in turbomachineryactivities or in aerodynamicsaroundadvancedhigh-speedpropellers
for aeroelasticanalysis.Theactuatordisk boundaryconditionoftenusedto modela propellercanthenbe
replacedby themeshof apropelleritself.

3.3.2.2 Compatibility of wall-laws with other numerical methods(J.-Ph.Boin)

Wall laws appearto beusefulfor global costreductionof high ReynoldsRANS computations.Their use
is moreandmorecurrentin complex CFD con�gurationandthey aresystematicallyassociatedwith other
numericalmethodsandmeshingtechnics.A validationwork hasbeendoneat CERFACSaroundthewall
law implementationin the elsA code[CFD87]. The testedwall laws areHoudeville' s onesbasedon an
aprioriagglomerationof near-wall cells[1]. Compatibilitieswith low speedpreconditioning,with Adaptive
MeshRe�nementandwith no-matchboundaryconditionshave beenlook into.
Low speedpreconditioninghave beenalreadystudiedand validatedfor a 3D pro�le in a wind tunnel,
ONERA test-caseAG29. To usewall laws, a speci�c meshis built from the �ne low-Reynoldsmeshes
using Airbus Francetools damas, EDM and Quickview. The 24 �rst cells are concatenatedfor wall
adjacentblocks. Comparisonsare madewith and without wall laws for local quantities,pressureand
friction coef�cients. Wall laws run smoothlywith thepreconditioningeven if somedifferencesappearfor
thefriction coef�cient.
Compatibility of wall laws with AMR has beentestedon wing-body con�guration AS28G_WB. An
anisotropicAMR block is usedontheextradosof thewing to capturetheshock.This test-caseputsforward
somelimitationsof theelsAsolverregardingto theuseof AMR in parallel.Neverthelesstheseproblemsare
not relatedto thewall laws andresultswith andwithout wall laws aresimilar. During thatwork, no-match
boundaryconditionshave beentested.Indeedthatkind of boundaryconditionshave lesslimitationsboth
for meshgenerationandfor multi-processorcomputations.
This studyhasbeencarriedon with anothertest-casewing-bodyandnacelleAS28G_NCT. Herethe no
matchboundaryconditionsarestrictly aroundthe nacelle.Figure3.15shows the isocontoursof ½E in a
slicenormalto thespanwise.Thenomatchboundaryarerepresentedwith bold line. Wehave checkedthat
theseboundaryintroducefew perturbations.For thesethreeapproaches,the compatibilitywith wall laws
is guaranteed.Furtherstudiesshouldbedoneto valid wall laws with othernumericalmethodssuchasgrid
sequencing,ALE formulationandChimera.

CERFACSACTIVITY REPORT 69



AERODYNAMICS

[1] E.Goncalves,(2001),Implantationetvalidationdelois deparoi dansuncodeNavier-Stokes, PhDthesis,
EcoleNationaleSupérieuredel'Aéronautiqueetdel'Espace.

FIG. 3.15– No matchBC - Wall laws, isocontoursof ½E

3.3.2.3 Wall functions (S.Champagneux)

It is well-known that turbulent �o ws computationsfor 3D multi-blocscon�gurationsneedan important
effort, sinceglobalquantitiessuchasdistanceto thewall,...aregenerallyneededby theturbulencemodels.
In theframework of DTP ModèlesdeDonnéesAérodynamiques(modelsfor aerodynamicdata)[CFD80],
andin orderto decreasethenumericalcostof turbulent3D computations,theaerodynamicteamhasbeen
involved in the implementationandin the validationof a wall function approachfor ReynoldsAveraged
Navier-Stokes(RANS) computationsin elsA.Theprincipleof wall functionsis to decreasethenumerical
costof thecomputations,replacingtheclassicalnon-slipboundaryconditionbymoresophisticatedrelations
betweenthe variablesand their derivatives.The wall function model is coupledwith the high-Reynolds
reductionof the turbulencemodels,which generallydoesnot needthe distanceto the wall. Contrarily to
classicalimplementationsbasedon a largecell above thewall, our implementationis basedon a �ctitious
wall, translatedfrom therealone.Wechoosethis techniquebecauseit is easyto couplewith computational
costdecreasingtechniques,suchasmultigrid schemes,andwith methodsto increasethe precisionof the
computation(AutomaticMeshRe�nement-AMR- for instance).Our formulationis only sensitive to one
parameter: thedistancebetweenrealand�ctitious walls.
In practice,thereis no differencebetweenthe real wall andthe computationalone.To constructa mesh
adaptedfor wall functioncomputations,weneedthesamemeshtopologyasfor low-Reynoldscomputations
(upto thewall). Theformulationimpactonthemeshgenerationappearsonly in thechoiceof thecell height
h for the�rst row above thewall : we typically choosefor wall-laws computationsa non-dimensionedcell
heighth+ suchthath+ ' 50. Themeshobtainedis lessre�ned thanfor low-Reynoldscomputationand
containsabout20%cell fewer.

3.3.3 Applications

3.3.3.1 Fluid/Structur e interactions (J. Delbove)

The�eld of aeroelasticitystudiestheinteractionbetweeninertial,elasticandaerodynamicforcesactingon
a �ight vehicle.Industrialpartnersmake signi�cant efforts to introducethis �eld in anearlyphaseof the
designprocessin orderto minimizecostsandproductiondelays.CFDsimulationsplayamajorrole in this
objective.Thisactivity is oftendividedin two sub-domains: staticanddynamicaeroelasticity.
The �rst areaof interestis the static �uid-structure interaction.In steady�ight condition, the shapesof
aircraftwingsaredeformedby theconstraintof aerodynamicloads.CERFACS[CFD26], in collaboration
with Airbus,hasdevelopedanalgorithmwhich,for agiven�e xibility matrixrepresentingthewing structure
andfor a setof �ight conditions,computesthe deformedwing shapeandthe �uid �o w. It implies that a
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robustmeshdeformationalgorithmmustbeavailablein elsA. An analyticaldeformationmethodcoupled
with a trans�nite interpolationmethodhasbeensuccessfullydeveloped(seeFig. 3.16 for an exampleof
meshdeformation).

FIG. 3.16– Wing bendingof anAS28Gcon�guration.

The secondareaof interestis the dynamicaeroelasticityand direct industrial applicationis the �utter
prediction.Flutteris adestructive �uid-structureinteractiondueto a transferof energy from the�uid to the
aircraftstructure.It is characterizedby agrowing oscillationwhichcanleadto thedestructionof theaircraft.
It canbepredictedeitherwith theuseof unsteadyaerodynamicloadsprovidedby unsteadysimulationsor
with adirecttemporal�uid structuresimulation.CERFACShasimprovednumericalmethodsfor unsteady
simulationsin theelsAsoftwareto getreliableloadsin nonlinearregions.Theseloadsarethenusedby the
PK method[1] to predictthe�utter phenomena.Fig. 3.17shows a goodagreementbetween�utter results
obtainedwith thePK methodanddirectaeroelasticsimulations.However, thelatteraretooexpensive to be
affordablein anindustrialenvironment.
[1] C. A. Irwin andP. R. Guyett,(1965),Thesubcriticalresponseand�utter of asweptwing model,Royal
Aircraft Establishment, August1965,Rept65186,Farnborough,England,U.K.

3.3.3.2 Air intakecomputations(Y. Colin)

Nacellesdesignmustful�ll geometricalconstraintsandenginerequirements.Oneof theenginerequirement
is focusednotablyon the homogeneityof the �o w in front of the compressorwhich is quanti�ed by the
distortion levels of the total pressurein the fan plane.Planeon the groundwith crosswindinlet �o ws is
a critical casefor thenacelle: it occursa subsonicor supersonicseparationin the inlet dependingon the
enginemass�o w. The resultingheterogeneityof the �o w may accountfor the outbreakof aerodynamic
instabilitiesof the fan blades.CERFACS, in collaborationwith Snecma,is working on the numerical
simulationof suchcrosswindinlet �o ws in orderto predictdistortionlevels.This applicationis featured
by the cohabitationof incompressibleand transsonicareasalongwith turbulent stagnationareason the
inlet lip. Thenumericalissuedueto low Machnumbercrosswind�o ws maybesolvedby preconditioning
techniquesandan accuratedescriptionof the separationrequiresturbulencemodelinvestigations.Figure
3.18 shows a preconditionedRANS computationon the Lara nacelleusing the Spalart-Allmarasmodel.
Thecrosswindspeedis setto 35kt (correspondingto Machnumbersof 0.05)andtheenginemass�o w rate
is about750kg:s¡ 1. It turnsout thatthesubsonicseparationis prettywell predictedby themodelandgives
levelsof distortioncloseto theexperiment.

CERFACSACTIVITY REPORT 71



AERODYNAMICS

0.65 0.70 0.75 0.80 0.85 0.90 0.95 1.00
Mach number

0.0

1.0

2.0

3.0

4.0

V
*

Flutter condition
Damped condition
P�K method

FIG. 3.17 – Flutter boundarycomputedby the P-K methodand direct aeroelasticsimulationson a 2D
con�guration.
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FIG. 3.18– PreconditionedRANSLaranacellecomputations: (a)Machand(b) total pressureisocontours

3.3.3.3 Dynamic derivativesof full Air craft Con®guration(J.-Ph. Boin)

Theuseof advancedCFD computationto determineaerodynamicfeaturesof a full aircraft con�guration
hasbeencarriedon within the EuropeanprogramAWIATOR(FP5)[CFD109]. Predictionof full set of
aerodynamiccoef�cients including dynamicderivativesis of greatinterestfor �ight mechanicsproblems
suchasstability, maneuverabilityandglobalbehavior of anAircraft Con�guration(A/C).
elsA-RANScomputationshave beendoneon full A340 grids with �nite fuselageandengineinstallation
(seeFig. 3.19).Resultsof ®-effect andpitchingeffect have beencomparedto wind tunneldatafrom our
project partnerAirbus-EGAG. In order to deal with non-symmetriccon�gurations(¯ -effect), wall laws
have beenusedon 12 million nodesgrid. As a conclusion,theadvancedCFD hasgivengoodresultssince
viscosityeffectsaretaken into account.The next stepwill be to matchef�cient wall laws with Arbitrary
LagrangianEulerian(ALE) formulationandto takeadvantageof Full Multi-Grid Sequencing(FMG).
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FIG. 3.19– A340A/C : Flight Mechanicsaxisde�nition (left) andpressuredistribution,®=2 (right).

FIG. 3.20– Meshof a low noiseexhaustnozzle

3.3.3.4 VITAL project (F. Blanc)

VITAL project is an Europeanproject which began at the beginning of 2005. The goal is to reduce
commercialaircraftenginesnoiseandemissions.UsingtheRANSsoftwareelsA,CERFACSis involvedin
thecomputationof severaljetsondifferentcomplex con�gurationsof bypassjet enginenozzles.
Among the challengesraisedby the computations,one is meshsizesrequiredto preciselycomputejets
(more than11 millions of cells), seeFig. 3.20. In order to decreasethe numericalcost,we �rst extract
coarsermeshesfrom theoriginaloneandcomputethe�o w onthecoarsermeshusingmulti-grid technique,
andthen,we usethe solutionobtainedon the coarsemeshto initialize the �o w on the re�ned one.This
is what we call the Full Multi-Grid Technique. Thanksto this technique,high convergencelevels canbe
achievedatalow numericalcost.VITAL projectis anopportunityto useelsAonnew andrealisticindustrial
con�gurations.

3.4 Softwareengineering

3.4.1 Managementand Support (M. Montagnac, J.-F. Boussuge, S.Champagneux)

CERFACSindustrialpartnersrequirenotonly performance,reliability androbustnessof softwaresbut also
high turnaroundtime responsein thesoftwaredevelopmentprocess.Furthermore,CERFACSresearchers
also ask for code simplicity and clearnessas well as for a highly-tunableand scalablecode. As a
consequence,software managementand codeengineeringare topics of the primary importanceboth in
a researchandanindustrialworkingenvironment.
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FIG. 3.21– Evolutionsof CPUtime.

Therefore,the aerodynamicsgroup takes in charge a lot of suchactivities mainly in the ONERA elsA
software.This softwareis jointly developedby ONERA andCERFACSbut is deployedin many european
researchandindustrialpartners.It comesalongwith proceduresto enhanceproductivity in amulti-userand
multi-platformenvironment: cvsmanagementtools,softwarequalityprogram,documentation,unitarytest
cases,nonregressionandvalidationdatabases,trainingsessions.
Commonworks include checkingsof new version compliancewith the non regressionand validation
databases,integrationof new developmentsin thecvsrepository, contributionsto debuggingandto quality
reviews andthewriting of user'sanddeveloper's guidesandtheoreticalmanuals.
Portabilitytests,optimizationandbenchmarkingactionsarealsofrequentactivities to ensurethereliability
and the ef�ciency of the codeon many different computerplatforms,and to enablesmoothtransitions
whenever industrialpartnersrenew their computingfacilities.
Finally, theinstallationatCERFACSby theteammembersof theindustrialenvironmentdeliveredbyAirbus
leadsto a realsynergy betweenthetwo partners.

3.4.2 Codeperformance(J. Tournier, M. Montagnac)

Theperformanceimprovementof theelsAsoftwarehasbeenanimportantobjective. In thecurrentproject,
a reorganizationof the memorymanagementon the entirecodewascarriedout. The resultsareexposed
onFig. 3.21.This �gure presentstheevolutionof theCPUtime (Y-coordinate)andthenumberof cellsper
direction(X-coordinate)for thestudyof isotropicblocks.
This modi�cation of thecodecompletelyremovesthepeaksof CPUtime for the two computerswith the
Dec Alpha processorandthe Opteronprocessor. On the otherhand,the behavior is differentaway from
thepeaks.With theDecAlphaprocessor, a CPUtime increaseof 20%is notedbetweentheelsA reference
version(NO SWAP) andtheelsamodi�ed version(SWAP). With theOpteronprocessor, an improvement
of 5%to 30%is obtained.
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This differencecomesfrom thebettermemorymanagementof DEC Alpha compilerin versionNOSWAP
thanin versionSWAP. For example,vectorizationcannotbecarriedout in versionSWAP. Thisremarkdoes
notapplyto thepgi compileron theOpteronmachine.
A secondtest-casewasstudiedon the S3Chcon�guration (wing+pylon+nacelle).On this case,the DEC
Alpha processorsprovide an improvementof the performanceby 5%. An improvementof 17% with the
Opteronprocessorsis obtained.
Theseresultsarevery dependenton the architectureof the computingplatform.The positive point is the
removal of CPUtime peaks,which remainsdesirable,but otherstechniquessuchaspaddingarepossible.
In conclusion,it appearsdif�cult to statede�niti vely on theneedfor applyingthis memoryreorganization
in theelsAsoftware.

3.4.3 Software architecture (M. Montagnac, J.-P. Boin, J.-F. Boussuge,
S.Champagneux)

As co-developerof theelsAsoftware,CERFACSmaintainsaconstanteffort to ensureits improvementand
evolution. Indeed,many speci�c actionshave beenconductedthroughprojectsto enhance,upgradeand
providenew numericalfeaturesandmethods.Theseactivitiesaredescribedall alongsection3.3.
In an industrial context, the aerodynamicnumerical simulation tool is only a component in a
whole multidisciplinary designand dataprocessthat includesmany different tools as post-processing,
visualization,meshgenerator, meshdeformation...Airbus has de�ned a proprietarycommonsoftware
architecturefor its numerical simulation needs. This �o w simulation system should ful�ll many
requirementsas performingfully parallel simulationsandscenariosin a reliableand ef�cient way with
a high-level of automation.With this approach,it would alsoenableto couplesolversto performmulti-
physicssimulations.A commondatamanagerimplementedin langagePythonwill held all information
concerningthesimulationandwill dispatchthemto third-partytools.
In this topic,CERFACScooperateswith ONERAto write speci�cationsin orderto adapttheelsAsoftware
to thisnew �o w simulationarchitecture.With thesespeci�cations,thecommondatamanagercouldprovide
the�uid solverwith thecorrectinformationneededby theelsA interface.
CERFACS is also involved in a project that aims at building a component-orientedversionof the elsA
software.Indeed,many numericalfunctionalitiescodedin thissolverareindependentof theNavier-Stokes
solver itself. By example,somegrid deformationalgorithmsareimplementedbut they could be usedby
other solvers if they were available througha public interface.Other examplesinclude computationof
connectivity coef�cients in chimeramethodor for non abutting adjacentzonal boundariesand distance
calculation.The major work consiststhen in analyzingthe different partsof the software that can be
gatheredandredesigntheelsA architectureto form coherentandindependentcomponentsusableby other
solversor tools.
TheprevioustaskwaspartlybegunthroughanONERA-DLRcollaborationin whichCERFACSwasinvited
to participate.Thegoalwasto introducea commonsharedview betweentheelsA softwareandtheTAU
code.
Lastly, the increasingavailability of massively parallelprocessingsystemswith relatively small memory
for eachprocessorleadsCERFACSto beparticularlyinvolvedin thereductionof theelsasoftwarememory
requirement.Indeed,this softwarehandlesreally memoryintensive applicationsandmustrun on a broad
rangeof computersystems.Therefore,refactoringwork hasbeeninitiated to decreasememorystoragein
thesoftware.

3.4.4 Parallelism (M. Montagnac)

On multi-processorcomputerarchitectureswith sharedmemory(SMP), two main parallelprogramming
modelsareavailableto increasetheparallelperformanceof acode: OpenMPandMPI.
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OpenMPprovidesasimpleand�e xible interfacefor developingparallelapplications.In collaborationwith
the CERFACS "Parallel Algorithms" team,a strategy hasbeenelaboratedto parallelizeelsA ef�ciently
with OpenMP. It hasbeenimplementedon someof themostCPU-timeconsumingfunctionsof theelsA
software,especiallythe implicit time integrationmethod.Even if performancesobtainedcould not reach
a perfectspeedup,this approachis still worth consideringsinceit couldavoid anextensive meshsplitting
thatcoulddegradeconvergenceandrobustnessof computations.
Using the MPI messagepassinglibrary needsa deeperknowledgeof the codethanwith OpenMPbut it
is alsooftenmoreef�cient. To adaptthecodeto run on massively parallelprocessingsystems,CERFACS
hasproposedto ONERA sometechnicalsolutionsthat needto be implementedin order to increasethe
scalabilityof theelsAsoftware.Consequently, somedesignrefactoringsareunderinvestigationsin orderto
reducethenumberof synchronouscommunicationsandthesizeof messagesto decreasesigni�cantly the
datatraf�c over thecommunicationnetwork. Theuseof asynchronouscommunicationsandthereduction
of collective paralleloperationsshouldalsobepromisingto avoid processoridle time.
Thesehigh performancecomputingactivities are carried out with the CERFACS internal computing
facilities but alsowith externalcomputingresourcesassupercomputersfrom the Frenchnationalcenters
CINESandCCRT.
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1 Overview Presentation

Let us�rst recallthemainobjectivesof the“ComputationalElectromagnetismProject” :
– dealwith thelargesizeproblemsrelatedto propagationandscatteringof time-harmonicelectromagnetic

wavesarisingin realworld industrialapplications,
– facethedemandin fast,reliableandaccuratealgorithmscomingfrom thisareaof activities.
This demandis expressedin a concretemannerthrough the following collaborationswith industrial
partners:
– scatteringof electromagneticwavesbyalargemetallicstructurewith anelectricallydeepcavity : MBDA-

EADS;
– interactionof asatellitewith aninboardantenna: CNES– AntennaDepartment;
– treatmentof generalgeometricaland/orphysical symetrieswith generalsources: CNES – Antenna

Department;
– scatteringby imperfectlyconductingsurfacesmodelledby animpedanceboundarycondition: Dassault-

Aviation;
– coupling of a Finite ElementMethod with a BoundaryElementSolution by meansof the adaptive

radiationcondition: CEA-CESTA ;
– electromagneticcompatibility of a wind turbinewith a civil aviation antenna: DGAC. This studywas

carriedout in collaborationwith ENAC.
The�rst two itemsanswerademandof CERFACSshareholders.The�rst topichasbene�tedfrom agrant,
jointly supportedby MBDA-EADS andANRT, for thePh.D.thesisof N. Balin. Similarly thesecondtopic
hasbene�ted from a joint supportof CNESandCERFACS for the Ph.D.thesisof N. Zerbib. Thesetwo
thesesarenow �nished.
Besidesthe approachesspeci�cally developedfor the above topics,somemorefundamentalstudieshave
beenconducted.They concern
– sometheoreticalaspectsof DomainDecompositionMethods(DDM),
– hybridizationof differentsolutionprocedures,
– theresonancephenomena,
– numericalmicrolocalanalysisof harmonic�elds,
– Shapereconstructionof buriedobjectsin collaborationwith INRIA-Rocquencourt,
– constructionof preconditionnersby meansof analyticaltools.
As well-known, themethodologydevelopedfor theelectromagneticwavescanapply, with generallysome
slight modi�cations,to acousticwaves.Moreover, becauseacousticwavescanbemerelycharacterizedby
a scalarunknown, the methodsdevelopedfor themcanbe consideredasa �rst stepbeforehandlingthe
electromagneticcase.Thisexplainswhy someof thestudiesconductedduringthetwo lastyearshavebeen
dedicatedto acousticproblems.
Apart from somevery basictheoreticalstudieslike theabove �rst andlast item, oneof themainconcern
of theteamis to translatetheactivities in termsof new functionalitiesof theCERFACSElectromagnetism
Solver Code(CESC).Recall that CESCis highly tunedto fully take advantagefrom the capabilitiesof
High PerformanceComputing(HPC)parallelplatforms.In this respect,two otherfunctionalitieshavebeen
addedto CESC.The �rst oneconcernsthe possibility to hybridize a Finite ElementMethod(FEM) and
a BoundaryElementMethod(BEM) with several couplingproceduresdevelopedto dealasef�ciently as
possiblewith variouspracticalcases.Thesecondfunctionalityis relatedto thepossibilityto takeadvantage
of generalgeometricalandphysicalsymetries,with or withoutsymetricexcitations,to signi�cantly reduce
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the amountof computations.The study on the wind turbine bene�ted from this new functionality in a
essentialmanner.
The Multi Level Fast Multipole Method (MLFMM) is the most advancedtechniquefor solving the
formulationof thebasicequationsof electromagnetismin termsof BoundaryIntegralEquations(BIE). The
teamhasgainedagreatexpertisein this technique,particularlyin its implementationwithin theframework
of HPC platforms.The advancesachieved in this domainconcernthe hybridizationwith a FEM andthe
particularizationto the cavity problem.The new challengeis now to extendthis solving techniqueto the
caseof animpedanceboundarycondition.
Thestudiesundertakenthelast threeyearson thescatteringby a largestructurewith a deepcavity canbe
consideredas�nished for thecaseof aperfectlyconductingcavity.
The membersof “ComputationalElectromagnetismProject” madecreditableefforts to reconciletheir
obligationsas regardsdevelopmentof codesand cooperationwith the industrial sectorwith a constant
policy of publicationandcommunication.
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2 Domain Decomposition and Hybridation
Methods

2.1 Electrically deepcavity (N. Balin, A. Bendali)

Air intakessigni�cantly contributeto theoverallRadarCrossSection(RCS)of aircrafts.Thedetermination
of suchakind of RCSis reducedto thecomputationof theelectromagnetic�eld scatteredby anelectrically
large structurewith a deepcavity. This importantissuein stealthtechnologyis characterizedby several
dif�culties preventingto addressit by standardtechniqueseven theMLFMM which is themostpowerful
of them.

In collaborationwith MBDA-EADS, theteamhasconductedin thelastyearsasystematicstudyto develop
appropriatemethodsfor solvingthis kind of problems.In somemeaning,thedefenceof N. Balin's Ph.D.
thesishasconcretelyexpressedtheendof a�rst signi�cant step: thecaseof ametalcavity canbeconsidered
ascompletelysolved.

We reportto N. Balin's Ph.D. thesis[CEM7] for the detailleddescriptionof the variousmethodswhich
have beendevisedandimplemented.Let usonly mentionthat

– theinteriorof thecavity is treatedby asubstructuringapproachsolvedby aBIE methodin orderto avoid
theusualdispersive �a ws of FEM,

– anoverlappingdecompositionmethodis usedfor couplinganexactmethodfor a limited areacontaining
theopeningof thecavity with ahigh-frequency asymptoticmethodto handletherestof thestructure.

Figure FIG. 2.1 gives a side view of a “COBRA” cavity within a large fuselage.It constitutesa case-
test specially designedto benchmarkthe performancesreachedby methodsand codesdedicatedto
electromagneticscatteringproblemsfor this kind of scatterers.

FigureFIG. 2.2depictesaschematicview of thedecompositionsof thecavity andof theexteriorboundary
whichareusedin theframework of thehybrid method.

At a frequency of 10 GHz andfor approximately5 pointsby wavelength,the numericalsolutionof this
problem has requiredabout 230,000degreesof freedom.The plot in FIG. 2.3 shows that the hybrid
procedurewell agreeswith anexactsolving.

The hybrid approachcan be comparedto a standardMLFMM solving in terms of the respective
computationalcostof thesemethods:

– The Multi Level FastMultipole Method
– Computationof thenearinteractionsmatrix : 2 h
– Computationof theRadarCrossfor oneincidence: 9.5h
– TotalCPUtime : 1723h

– The Hybrid Method
– Eliminationof thedegreesof freedomat theintrior of thecavity : 1 h 20mns
– Raytracing: 272h
– TotalCPUtime : 343h
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FIG. 2.1– Cobracavity within a largefuselage

FIG. 2.2– Schematicview of thevariousdecompositionsinvolvedin thehybrid method.
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FIG. 2.3– RadarCrosssectionof the“COBRA” cavity within a fuselagecomputedby thehybrid andthe
exactmethod.

2.2 Domain Decomposition Method and Hybridation of a Finite
Element and an Integral Equation Method (A. Bendali,
M. Fares)

The problemthat is addressedconcernsthe numericalcomputation,using the FEM, of a radiatedor a
scatteredtime-harmonicacoustic�eld in the presenceof a rigid obstaclesurroundedby a �nite region
inhomogeneoulsy�lled with penetrablematerials.A secondcharacteristicof theproblemis thatit is related
to relatively high-frequency situations,sothatit becomesnecessaryto resortto HPCon massively parallel
platformsto beableto performtheactualcomputations.
Themain issueherein,arguably, is to �nd a suitableway to ef�ciently treattheunboundedregion beyond
the�nite elementmesh.Two classesof suchtreatmentshave beendevelopedandintensively used.
The�rst classcanbecalled“approximatemethods”in thesensethat,aninherenterrorremainspresenteven
without any errorof discretization.Themainadvantageof thesemethodslies in thefactthatthey leadto a
linearsystemwith a purelysparsematrix (e.g.,[9]). However, thesemethodshave amajordisadvantage.It
is notpossiblein generalto controltheaccuracy of thesolutionthey deliver in theend.
For thesecondclassof methods,theonly errorsarecomingfrom thediscretization.They arehencecalled
“exact methods”andaregenerallybasedon a couplingof a FEM with a BEM (e.g.,[8]) like it is done
in this study. A majordisadvantageof thesemethods,in thecontext of HPC,is that they leadto a matrix
which is partlydense,dueto thepartof thediscreteequationsrelatedto theFEM, andpartlysparse,for the
onesconcerningthediscretizationby a BEM. More preciselythegenerallinearsystemsolversin theHPC
context aretailoredfor eitheroneof thesetwo typesof matrices.To the bestof our knowledge,it seems
thatto-datethereis neitherasuitablemethodnoraHPCcodespeciallyadaptedto dealwith amatrixpartly
denseandpartly sparse.
To overcomethisdif�culty , aquiteobviousapproachis to useaDDM to uncouplethepartof theequations
relatedto theBEM from thatconcerningthediscretizationby theFEM by meansof aniterative procedure
asthis is donein (e.g.,[11, 3]). However, asexplainedbelow, themostnaturalprocedureswhichconsistof
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transmittingeitherDirichlet or Neumanndatafrom onedomainto theother, do notwork in theframework
of problemswith weakcoercivenesspropertieslike thoserelatedto wavespropagation.The correctway
to dealwith this kind of problemswasintroducedby Després[6]. In this study, we followed this way to
proceedsince,at leastat thelevel of thecontinuousproblem,thatis, withoutconsideringany discretization
error, the convergenceof the algorithmcanbe establishedtheoretically[6, 5, 3]. However, we departed
from thispreviouswork in two fundamentaldirections:

1. Only standardBEM areusedinsteadof thosedoublingtheunknownsbasedonanotherprinciplethan
theutilizationof theusualGreenkernel[4, 2] ;

2. Theprocedurewedevelopis aFETI-likemethodin thesensethattheDDM canbeinterpretedexactly
asanef�cient iterativeprocessto solve thecouplingof theFEM andtheBEM formulation.

A detailleddescriptionof the approachcan be found [CEM13] which will appearin a specialissueof
Computers & Structures.

Anotherissuewhich wasaddressedconcernstheuseof a DDM oncemorefor solving thesparsesystem
relatedto theFEM insteadof theparallellibrary MUMPS. A new approachhasbeendeveloppedto overcome
thewell-known dif�culty metin this context for degreesof freedomsharedby morethantwo subdomains.
A theoreticalstudyestablishingconvergenceandstability of the approachis reportedin [CEM12] which
hasbeenacceptedfor publication.Somepreliminarypromisingresultsfor the couplingwith a BIE are
alreadyavailablefor the2D case,the3D onebeingpresentlyin progress.

2.3 Extensionof the far-to-near transformation to an antennaclose
or posedon a structur e (A. Bendali)

The radiatingpropertiesof an antennacanbe sometimesdocumentedonly by measurementsin the far-
�eld zone.Is it possibleneverthelessto obtainthe �eld that it radiatesin thepresenceof a largestructure
like a satellite.In collaborationwith CNES,theteamhaspreviously publisheda study[CEM2] which has
completelyansweredthis issuewhen the antennais separatedfrom the structureby at leasta quaterof
wavelength.

The next issuewasto determineif it would be possibleto extendthe procedureso that it candealwith
an antennadirectly posedon the structure.This questionwastackledin a prospective study in the two-
dimensionnalcase.

The �rst conclusionthatcanbedrawn is that it is not possibleeven to assumethat thestructuredoesnot
modify the �eld emittedby the antenna.Figure FIG. 2.4 depictesthe far-�eld patternfor a completely
coupledformulationandthatobtainedby assumingthat thestructureonly re�ects the�eld emittedby the
antennabut doesnotmodify its radiationcharacteristicswhentheantennais separatedby adistanceof one
wavelengthfrom thestructure.Clearly, theapproximationis valid in thiscase.

If now theantennais placedat a distanceof a tenthof a wavelength,�gure FIG. 2.5 shows thateven the
effectof thestructureon the�eld emittedby theantennacanno longerbeneglected.

We have then tried the following setup.We have placedthe antennaon periodicallydistributedslotsas
depictedin �gure FIG. 2.6whoserole is to trapthenear�eld energy of theantenna.

It wasnext possiblefor the numericalsimulationto �ctitiously move away the trapsat a distanceof ¸= 4
from theantennaandto useonly the far �eld emittedby theantennawithout any signi�cant modi�cation
of the�eld obtainedfor theexactsetupwith anexactsolvingasindicatedin FIG. 2.7.
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FIG. 2.4– Far �eld patternof anantennaseparatedby ¸ from astructure: exactandapproximatemodeling.
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FIG. 2.5– Far �eld of anantennaseparatedby ¸= 10 from astructure: exactandapproximatemodelling
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FIG. 2.6– Antennamountedon traps

0 20 40 60 80 100 120 140 160 180
�12

�10

�8

�6

�4

�2

0

2

4

6
s multipole
s non isolee
sap

FIG. 2.7– Far �eld patterncomputedin anexactway(point/dashedcurve),assumingthatthe�eld radiated
by the antennais not modi�ed by the structure(dashedline) and�ctitiously moving away the trapsand
usingonly thefar �eld of theantenna(continuousline).

94 Jan.2004– Dec.2005



ELECTROMAGNETISMTEAM

2.4 Coupling FEM and BIE solutions with an Adaptive Absorbing
Boundary Condition (N. Zerbib)

We considera large perfectlyconductingstructureon which is posedan inhomogeneousdielectric in a
restrictedzoneasdepictedin FIG. 2.8a.To solveelectromagneticscatteringandradiationproblemsfor this
kind of con�guration, an ef�cient hybridizationof a FEM with a BIE basedon an Adaptive Absorbing
BoundaryCondition (AABC) was developped.The standardapproachpresentedin [1, 10, 7] consists
in truncatingthe computationaldomainby usingan �ctitious surfaceon which is setan AABC derived
from a BIE asdepictedin FIG. 2.8b. Unlike thestandardFEM-BIE approach,this FEM-AABC coupling
constitutesa reallypowerful method:
– Theproposedmethodis freeof interior resonance;
– It producesapurelysparselinearsystemmatrix.
– Only theright-handsideof thelinearsystemis changedfrom oneiterationto anotherone.
– All the integrals involved in the formulation are not singular and thereforecan be determinedby

quadratureformulasonly ;
– Finally, the radiationcondition,seton anarbitrarily shaped�ctitious surfacewhich canbeplacedvery

closeto thescatterer/antenna,is exactly satis�edasfor standardFEM-BIE approachesat convergence.
However, despitethesevery attractive properties,the dispersionerrors inherently attachedto a FEM
approximationof a wave phenomenoncanbecomeprohibitive : even if the �ctitious surfacecanbe set
closeto thescatterer/antenna,it mustwrapupall thestructure.

As depictedin FIG. 2.8c, the formulationdesignedin [12], is typically characteristicof an overlapping
DDM. It enablesfor the reductionof the FEM discretizationto a localizedzoneonly while the exterior
computationaldomainis dealtwith by a BIE. Thereis a dif�culty in theabove extensioncomparatively to
the initial method,asthis is mentionnedin [7, 10]. TheFEM allows for thedeterminationof thecurrents
only inside the dielectrics.In the rest of the structure,it is the Electric Field Integral Equation(EFIE)
whichhasto beusedto thispurpose.However, thisBIE thenbecomesexpressedby meansof hypersingular
integrals. This dif�culty is overcomeby performingan integration by parts to remove all the integrals
that do not converge in the usualmeaning.While keepingthe main attractive propertiesof the FEM-
AABC approach,the FEM-BIE-AABC methodreducesthe computationaldomainattachedto the FEM
approximationandalsothenumberof iterationsof thestandardFEM-AABC. The requiredevaluationof
boundaryintegralsin thecalculationof theAABC andtheresolutionof theexteriorBIE canbecarriedout
usingtheMLFMA. UnlikethestandardFEM-BIE approach,it only requiresthesolutionof two completely
uncoupledsystems: one purely sparseand the secondpurely dense.The capabilitiesof the FEM-BIE-
AABC procedureareillustratedin FIG. 2.9whichdepictstheresultsobtainedfrom thestandardFEM-BIE,
thestandardFEM-AABC andthis approachfor thedeterminationof the �eld radiatedby a circularpatch
antennamountedona largeperfectlyconductingstructure.

2.5 Using the MLFMM algorithm to computethe scattered �elds by
an electrically deepcavity (N. Zerbib)

It is well-known that the internal resonancesinsidea cavity severely slow down the convergenceof the
iterative processcoupledwith theMLFMM despitetheuseof high performingpreconditioners.Thanksto
the aforementionnedsubstructuringprocessto dealwith the equationsandthe degreesof freedominside
the cavity, the scatteringproblemis now seton a closedsurfaceconsistingof the exterior boundaryand
the apertureof the cavity. This makes it possibleto usea CombinedField Integral Equation(CFIE) for
an ef�cient determinationof the exterior �eld [12]. More particularly, the problemsetat the exterior of
thecavity canbesolved by meansof a Krylov methodusingtheMLFMM to speedup the matrix vector
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FIG. 2.8– Descriptionof themodelproblemandthetwo approaches.

product.Theeliminationof theunknownsinsidethecavity signi�cantly improvestheiterativeprocess.For
example,�gure FIG. 2.10indicatesthat themethodis scalablein thesensethat thenumberof iterations
remainsapproximatelyindependentof thedepthof thecavity whereasit growsalmostlinearly for theusual
CFIE.

2.6 Domain Decomposition Method versus Liu-Jin Method
(F. Collino)

In the framework of a collaborationwith CEA-CESTA, we have developeda 2-D codeto comparetwo
methodsfor thesolutionof harmonicscatteringproblemsin unboundeddomains.The�rst onemimicsthe
algorithmusedby theCEA-CESTA codeODYSSEE, which couplesa FEM with someBIE ; thesolution
is obtainediteratively via theDDM proposedby B. Despres; its maindrawbackis that it requiresto solve
at eachiteration a large complex linear systemassociatedto the integral equation.The secondmethod
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(a) Mesh of a circular patchantennaposedon a large
perfectlyconductingstructure.
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FIG. 2.9– Comparisonbetweenthreeapproachesfor thedeterminationof theradiationpatternof acircular
patchantennaposedona largeperfectlyconductingstructure.
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FIG. 2.10 – Coupling a substructuringmethodwith a FMM to to solve the scatteringproblem by a
rectangularperfectlyconductingcavity.

wasintroducedby Liu-Jin. It consistsin determiningiteratively someimpedantboundaryconditionof a
scatteringproblemposedin a boundeddomainenclosingthe obstacles.At eachiteration, the impedant
problemis �rst solved by meansof FEM, then,a new impedantconditionis simply constructedthrough
anexplicit formulawhich canbecomputedin a fastway by techniquesfrom theMLFMM. Theresultswe
haveobtainedonexamplesof large2-D obstaclesclearlydemonstratetheadvantageof thesecondmethod:
thesolutionis obtainedmuchfasterwith no lossof accuracy (see[CEM20]).
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3 Integral equations and Fast Multipole
Method

3.1 Symmetriesin CESC(F. Collino, M. Fares)

It is well known that it is possibleto take advantageof symmetriesto put thematrix of the linearsystems
associatedto BIE in a block diagonalizeform and consequentlyreducethe computationalcost of the
solution.In an industrialcontext, many situationscanbeencountered: antennascomposedwith different
piecesof dielectricsor conductorspossiblyincludingwiresandjunctions.De�ning a practicalmethodfor
taking into accountall kinds of symmetries(planesymmetries,invarianceby rotation and composition
of several of them) in such a generalcontext is a challengingproblem.The abstracttheory of linear
representationsof �nite groupsis theappropriatetool to adequatelysolve thisproblem.
Assumethat the objectunderconsderationis invariantby a groupof symmetries.We have proposedan
algorithmthat �rst consistsin constructinga meshof a partP of theobject,P beinggenericin thesense
that it is possibleto reconstructthewholeobjectby thegroupof symmetries.Whenthemeshconnection
is proceeded,we transformthe meshof P by the symmetries,thusobtaininga meshof the whole object
which,by construction,is invariantby eachof thesesymmetries; we constructtheusualconnectivity table
of the developedmeshandeitherconstructtwo integer arrays¾(d) andD(d) indexed by the degreesof
freedomd of thedevelopedmesh1. This informationis thenenoughto carryout theassemblyprocessand
to solve, for eachrepresentationof thegroup,a linearsystemandits right-handsideof size' N=G where
N is thenumberof degreesof freedomof thewholemeshandG is thenumberof representations(which is
thenumberof elementsof thegroupof symmetriesfor commutative groups).It is theneasyto recover the
wholesolutionon thedevelopedmeshthroughsimplesumsover therepresentations.
The programwe wrote (CESC4.1) works with an abstractnotion of groupthat allows us to treata large
numberof situations: invarianceby asingle,two or threesymmetriesor by arotationof angle2¼=Garound
anaxisor compositionof this rotationwith a symmetrywith respectto a planeperpendicularto theaxis...)
It hasbeenparallelized,optimizedandvalidatedon a largenumberof examples.A documentedversionof
thecodewasdeliveredto CNES.

3.2 InverseScatteringSolution via the
Linear Sampling Method (F. Collino, M. Fares, H. Haddar
(INRIA), F.Cakoni (DelawareUniv.))

We have continuedour investigation of the linear samplingmethod(LSM) for solving scatteringinverse
problemsat resonantfrequencies.Theobjectreconstructionby theLSM is carriedout in severalsteps:
– From the collection of some scatteringdata, a matrix M is constructedand its singular value

decompositioncomputed;

1Themeaningof thetwo arraysis asfollows : a degreeof freedomd of thewholemeshis obtainedby theactionof thesymmetry
number¾(d) on thedegreeof freedomD (d) on P (thereis anadditionalsignin D (d) to take into accountorientationproblemsbut
it is justamatterof details).
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– At eachpointx of theinvestigateddomain,a linearsystemof theform M ux = gx is solvedby meansof
regularizationtechniques;

– Thenormof thesolutionskux k providesa criterionto distinguishthepointsx locatedinsidetheobject
from thoseoutside.

H. HaddarandF. Cakoni have proposedandanalyzedtwo methodstheoretically, relatedto theLSM, for
determiningtheshapeof a perfectlyconductingobjectburiedin a conductinggroundfrom theknowledge
of scatteringdata.Thedataaretheobservations,recordedat pointslocatedon a line above theground,to
point sourceslocatedalongthesameline.
We have extendedthe �e xibility of CESCto handleobjectsembeddedin a conductingground,the main
dif�culty beingto computein a fastway the relatedGreenfunction.Both the performanceof CESCand
theparallelizationof theLSM codehaveallowedusto testandcomparethosemethodson largesigni�cant
examples.Fig 3.5 presentsa comparisonbetweenthetrueobjectandits reconstitutionobtainedby oneof
thetwo methods.

3.3 Comparison of two feed models of a patch antenna fed by a
coaxial cable.(M. Fares, N. Zerbib)

The mostcritical anddif�cult part in the numericalsimulationof the functionningof a patchantennais
relatedto thedeterminationof its impedance,especiallyat a resonancefrequency. Insidethecoaxialcable
and far enoughfrom its junction with the patch,only the fundamentalTEM modeis propagating. The
determinationof there�ection coef�cient of thismodedirectlyyieldstheimpedanceof theantenna.

For a hybrid methodcoupling a FEM with a BEM, an impedanceboundarycondition can be usedto
truncatethecoaxialcableasameshterminatingbooundarycondition.However, suchaboundarycondition
resultsin harddif�culties in thecontext of aBIE solution.Anotherapproachbasedontheexpressionof the
boundaryconditionin termsof thefundamentalTEM modehasbeendevelopedto overcomethisdif�culty .
Figure FIG. 3.6b depictsthe impedanceobtainedfrom measurementsand from the two previous feed
modelsin thecaseof thecircularpatchantennarepresentedin FIG. 3.6a.
Electromagneticscatteringsolutionsby BIE methodsleadto densesystemsof linearequations.Whenthe
characteristicsizeof theobstacleis aboutsix timesthewavelength,thesolutionscanbecomputedby direct
methodswith high performanceandmassively parallelcodes.However, for lagersizes,the solutionscan
only beobtainedby meansof someiterative methods.Thecomputationof thematrix-vectorproductthen
becomesthebasicpartof theiterative algorithm.It canbedoneef�ciently by meansof theMLFMM. This
methodreducesthe complexity of the matrix vectorproductfrom O(N 2) to O(N logN ) whereN is the
numberof unknowns.

3.4 Parallelization of the MLFMM code(F. Millot )

Advancesin computinghavedemonstratedthatthefutureof HPClies in parallelcomputing.It is clearthat
a parallelversionof the MLFMM algorithmmustbe built. It usesthe MessagePassingInterface(MPI)
for communication.We shall brie�y describethe parallelversion.During the MLFMM algorithm,some
quantitiescalledthenearandthe far �elds areneeded.They arede�ned for all thedirectionsof theunity
sphere.Their computationscanbe doneindependentlyexceptduring the interpolationandanterpolation
phases.Theselastphasesconsistin a FFT operationplusa matrix-vectorproductandat theendaninverse
FFT operation.So, it may be possibleto distribute this matrix-vectorproducton the processes.We have
implementthis distribution and testedon somecases[CEM16, CEM9]. We observed a goodscalability
whichdoesn't dependon thetypeof themachine(seeTab3.1).
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machine 2 processes 4 processes 8 processes
compaq 7 min 35s96 4 min 47s 24 3 min 55s 46
PCcluster 21min 10s34 10min 38s44 7 min 26s 20

TAB. 3.1– CPUtimeneededto solve thescatteringby aspherewith 100; 000unknowns

3.5 A MLFMM algorithm for solving imperfectly conducting
problems(F. Collino, F. Millot and S.Pernet)

A BEM is usedto solve electromagneticscatteringproblemsin the frequency domain relative to an
impedanceboundarycondition.This impedanceconditionwas�rst proposedby Leontovich. It is usedfor
exampleto addressscatteringproblemsby an imperfectlyconductingobstacleor a obstaclecoveredby a
thin layerof dielectricmaterials.Theimpedancerelationcanbewrittenin form n £ (E £ n) = Z0´ (n £ H )
whereE andH aretheelectricandmagnetic�elds respectively, n is theunit normalto thesurfaceof the
object,Z0 is theintrinsic impedanceof vacuumand´ is theimpedanceoperatornotnecessarilyconstant.
Thetotalelectromagnetic�eld is expressedin termsof theequivalentelectricandmagneticcurrentson the
scatterersurfaceandcompelledto satisfytheboundarycondition.Severalboundaryintegral formulations
can be built for this purpose.Most representatives are the formulation using one currentas unknowns
proposedby A. Bendali.,M. FaresandJ.Gay[13], thesystemof integralequations(FDESPRES)basedon
theminimisationof a quadraticfunctionalproposedby B. DespresandF. Collino [14] anda formulation
keepingthetwo currentsasunknowns(FBACHL) obtained,in particular, by Bachelot,GayandLange[15].
It is the last formulationwhich seemsto have the bestassetsfor solving a big sizeproblems(in term of
thenumberof unknowns)bringing into play a impedanceboundarycondition.Section3.5.1is devotedto
this formulation.In particular, an ef�cient MLFMM calculationanda thoroughstudyof its behavior are
presented.
However, it hasbeenobserved that for variousreasonsall theseformulationsleadto a linearsystemwith
a condition numbervery sensitive to the variationsof the impedancevalues.We have beenled to seek
somecureto curbthisphenomenon.Section3.5.2,is devotedto this investigation.Weproposethereseveral
solutionsandcomparethemto determinethemostef�cient one.

3.5.1 Two unknowns formulation (F. Millot )

Onepossibility to solve the scatteringproblemwith an impedancecondition is to keepthe two currents
asunknowns.Theequivalentcurrentsarediscretizedby a BEM built asusualon a triangularmeshof the
surface.In theend,theproblemis reducedto thesolutionof a denselinearsystem.Themainadvantages
are that the BIE formulation involvesonly “classical” integral operatorsand the dif�culty relatedto the
conservationof boththeelectricandmagneticchargesassociatedto theequivalentcurrentsis avoided.The
impedanceconditionis prescribedin an implicit manner. The main drawbackof this approachis that the
orderof the linear systemis twice larger thanfor the perfectconductorcase.Moreover, this formulation
is sensitive to the variationsof the impedanceoperator. The condition numberdeterioratesand for an
impedanceoperatorequalto zero,theequationdegeneratesinto theEFIE.
Whenthecharacteristicsizeof theobstacleis aboutsix timesthewavelength,thecurrentscanbecomputed
bydirectmethodswith HPCparallelcodes.Thismethodwasimplementedanditsaccuracy tested[CEM19].
Its validationwascarriedout from availableanalyticalsolutions.
However, for obstaclesof largersize,thesolutionscanonly beobtainedby meansof someiterativemethods
coupledwith the MLFMM. For the impedantproblems,the matrix-vector product is doneby applying
eight timesthe MLFMM algorithmin the usualimplementation(four timesfor eachunknown). Another
implementationof theMLFMM for thecomputationof thematrix-vectorproductcanbebuilt. In fact,froma
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suitablecombinationof theunknowns,thematrixcanbeput in adiagonalform.By changingthenumerical
integrationformulae,it is possibleto dothematrix-vectorproductusingonly twicetheMLFMM algorithm
[CEM17]. This methodwasimplemented.We have testedthe accuracy of the product.We comparedits
performancesrelatively to the standardsolutionof the perfectlyconductingcasesolved by meansof the
EFIE formulation.TheCPUtimesfor performinga matrix-vectorproductarenearlythesamefor thetwo
methods.Therequiredmemoryfor thenearinteractionsmatrix is twice larger.

3.5.2 Comparison of various formulations for the impedanceboundary condition.
(S.Pernet)

TheBIE methodsleadto thesolutionof a linearsystemwith adensematrix.Onehashenceto resortto the
useof an iterative solver for largesizeproblems.It is well-known that therateof convergenceof mostof
theiterative methodsdependsamongotherthings,of theconditionnumberof thelinearsystemmatrixand
ontheclusteringof its eigenvalues.Wehaveobservedthattheimpedanceoperator, especiallyif it is varing,
producesadispersionof theeigenvalues(seethe�gure of left-handsideof 3.7)hencedeterioratingtherate
of convergencesigni�cantly.

We �rst madea comparative studyof several formulationsclassicallyusedto solve impedanceproblems.
Theguiding line of this studyconcernedtheaccuracy, eachof theseformulationsdeliver, aswell astheir
robustnessand their adaptationrelatively to an iterative solving. We highlighted,both analytically for
sphericalgeometryand numericallywith 3D codes,that the presenceof a variableimpedanceoperator
mostlyresultsin asigni�cant deteriorationof theperformancesof thesemethodsandthisevenfor problems
of small sizes.In particular, this can lead to very low ratesof convergence.Moreover, we cometo the
conclusionthat theformulationwith two currentsstudiedin theprevioussubsectionseemsto bethemost
accurate.

In order to improve the ef�ciency of the iterative solving, we have studiedtwo possibilities.First, we
proposedseveraltechniquesbasedon boththeintroductionof anoperatorof re�exion coef�cient typeand
theuseof a doubleiterative processto solve systemswhicharewell conditionedfor all thepossiblevalues
of theimpedanceoperator. Morepreciselyweproposeformulationsleadingto asystemin theform :

(I + A ¡ 1
0 NR )u = A ¡ 1

0 b

whereA0 is thematrixassociatedeitherto FBACHL or FDESPRESfor animpedanceequalto 1 andNR is
a matrix taking into accounttherealsurfaceimpedance.So,oneneedsaninternalloop to solve A ¡ 1

0 NR u
andanexternalloop to computeu. Theinternalloop is aniterative solvingof a pivot problemrelatedto a
constantimpedanceboundarycondition,relatively well-conditioned.Regardingtheexternalloop,weshow
that its eigenvaluesaregatheredaroundthe point 1 in the complex plan andis containedin the window
[0; 2]£ [¡ 1; 1] (seethe�gure of right-handsideof 3.7)for all impedanceoperators.For this loopweobtain
alsoagooditerativebehavior.

Wehavenext studiedaformulationwith onecurrent.Moreprecisely, wehaveintroducedaCFIEfor solving
the electromagneticscatteringproblemsrelative to an impedanceboundarycondition.We have proposed
several ef�cient techniquesto remove oneof the currentsduring the iterative process,aswell asto treat
the compositionof the EFIE integral operatorwith the rotation aroundthe unit normal to the surface.
Thanksto that,weremainwithin a traditionalfunctionalframework for theelectromagnetism.Weleadto a
systemwhich is betterconditionedthanfor FBACHL. Moreover it is lesssensitive to thevariationsof the
impedance.

A partof thesestudiesarereportedin [16].
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3.6 Resonances(F. Millot )

In the frequency domain,the responseof the antennato someexcitation is proportionalto the inverse
of the impedancematrix and also dependson the wavenumberin vacuum.At somefrequenciesFc, a
sharpvariationof this responsecanbe observed. Thesefrequenciesarecalled the resonantfrequencies.
Closeto thesefrequencies,the responseof theantennais sensitive to theperturbations.In fact, the linear
systembecomescloseto benot invertibleandhasa badconditionnumber. Thepurposeof this studyis to
computethe resonantfrequencieswith a goodaccuracy. The �rst ideais to sweepover k andto evaluate
the responseof the antennawith the help of for examplea direct computation.Plotting the impedance
versusthewavenumberk enablesfor thedeterminationof the resonantfrequenciesexpressedaspeaksin
theplot. If thepeakis toosharpor/andif thesweepingsteptoo large,it is notpossibleto beensuredthatno
resonancefrequency wasmissed.Moreover, evenwhenonesucceedsin localizinga resonancefrequency,
theaccuracy of its determinationdependson thesweepingstepandcannoteasilybeimproved.
The secondidea is to usethe de�nition of the resonantpolesin the complex plane.The real part of the
resonantpole determinesthe value of the resonantfrequency and the imaginarypart is linked with the
quality factorof theantenna.We proposeto computetheseresonantpolesfollowing ideasof Poissonand
Labreuche.Theresonantpolesareobtainedby searchingthezerosof thedeterminantof thematrix related
to the underlyingscatteringor radiationproblem.In this way, the modescontainingthe main part of the
informationon thescatteringor the radiationproblemcanbealsorecovered.This methodwasappliedto
thecaseof two platesin front of eachother(seeFig 3.8).Theresonantfrequenciesareobtainedwith agood
accuracy. However for setupsinvolving dielectrics,thedeterminationof the resonantfrequenciesis more
complicatedandrequiresmoreinvestigations.

3.7 Panelsand Satellite interaction (F. Millot )

The problemunderconsiderationis to determinethe in�ence of a satelliteon the far-�eld emittedby an
inboardantenna.Wewantto do thisasquickly aspossible.Thesatelliteis composedby metallicstructures
andsolarpanels.Thesepanelscanbeconsideredasplateswith a zerothickness.Thestructureaswell as
thepanelsareconsideredasperfectlyconductingscatterers.Varioustypesof surfaceintegralequationscan
beconsideredfor solvingthis scatteringproblem.We canusetheEFIE.However this kind of formulation
suffers from two main �a ws. First, for somevaluesof the wavenumber(relatedto the so-calledinterior
resonancefrequencies),theuniquenessof thesolutionis lost.Next, if thesolutionis carriedout by means
of an iterative process,the presenceof the panelswhich are opensurfacesdrasticallyslows down the
convergence.In orderto avoid this drawback,we canchoosetheCFIE for solvingour scatteringproblem.
It is well known that this equationhasa betterconditionnumberandtherateof the iterative convergence
is faster. But this kind of equationis valid for closedsurfacesonly. A possiblecureis to assumethat the
solarpanelshave a small �ctitious thickness.A �rst consequenceof this handlingof thepanelsis that the
numberof degreesof freedomis increased,thusaugmentingthecomputingtime andthememorystorage.
Thepurposeof thisstudyis to write asuitableequationcombiningtheadvantagesof thetwo formulations.
Thenew formulationcanbesolvedby a iterative processvery quickly. Somehypothesesareneededto be
ableto apply this formulation.First, thepanelsareassumedto beseparatedfrom therestof thestructure.
Thesurfaceof thescattereris next decomposedinto two surfaces: oneon which theEFIE is setandthe
otherdealtwith by theCFIE.Now thesystemto besolvedis undertheform

2

4
Z CFIE

CFIE Z EFIE
CFIE

Z CFIE
EFIE Z EFIE

EFIE

3

5

2

4
I CFIE

I EFIE

3

5 =

2

4
UCFIE

UEFIE

3

5 : (3.1)

TheunknownsI EFIE andI CFIE representthedegreesof freedomfor thecurrents,andUEFIE UCFIE arelinked
to theincident�eld.
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Only theI CFIE is keptafterI CFIE wasremovedfrom for (3.1)by meansof aSchurcomplementtechnique.

A GMRESsolver is �nally usedto obtain I CFIE. The numberof iterationsis practically identical to this
observed when the satellitehasno panel. It is smaller than this one obtainedfor panelswith a small
thickness.A good accuracy on the current and the far-�eld is obtained( seeTab 3.2 and [CEM11],
[CEM10]).

EFIE CFIE - EFIE
GMRES Schur-GMRES

Numberof iterations 43 12
Errorobtainedon thecurrent 0:22% 5:83%
Errorobtainedon theRCS 0:04% 3:85%

TAB. 3.2– Relative errorsobtainedfor thedifferentformulations

3.8 Electromagnetic Compatibility of large wind turbine blades
(M. Fares)

Theprocessof obtainingplanningpermissionto build a wind turbinesfarminvolvesmany considerations,
includingconsultationwith variousaviation stakeholders.Thesepartiesmayraiseobjectionsfor a variety
of reasons,with a known sourceof objectionsbeingthat thewind turbinefarmmayappearon thedisplay
of air traf�c controlradar.

So,thereis a strongneedto predictelectromagneticperturbationcausedby wind turbinesfarmover traf�c
controlradarandonVOR(VHF OmnidirectionnelRadio)antennas.

DGAC haslauncheda �rst initiative with CERFACSandENAC to developa �rst studyon thenumerical
simulationof theelectromagneticperturbationsdueto the implementationof wind turbinebladescloseto
anairport.

This studyis focusedon thedevelopmentandvalidationof a computermodelthatcanbeusedto predict
the radarre�ection characteristics(RadarCrossSection)of wind turbinesand understandthe complex
interactionbetweenradarandwind turbines.

Themostsigni�cant parametersthatin�uence theRCSof awind turbinecanbelistedasfollows :

– Bladedesign(shape,sizeandconstructionmaterials);
– Towerdesign;
– Nacelledesign.

FigureFIG. 3.9andFigureFIG. 3.10show theCAD modelof theblade.

Nowadays,thehighly parallelcodesmake it possibleto determinetheperturbationof the�eld emittedby a
VORantenna(300MHz) by awind turbinebladecomposedof ametallicmastof 65m andthreedielectric
bladesof 30 m. Actually, evenfor this case,it wasnecessaryto uncoupledtheeffect of themastandeach
of thebladesto beableto carryout thecomputation.Therealchallengeis to performa completecoupled
computationfor amastof 100m bladesof 75m atafrequency of afew GHz.Thiswouldrequireanincrease
by a factor1000to 10000of thecomputingpower.

Our plannedobjective is to performa completecoupledformulationfor a wind turbinebladesdevice at a
frequency 1 Ghz.
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3.9 Numerical Micr olocal Analysis of harmonic wave�elds
(J.D. Benamou(INRIA), F. Collino, O. Runborg (KTH))

We have presentedandtesteda numericalmethodwhich, givenananalyticalor numericalsolutionof the
Helmholtzequationin aneighborhoodof a�x edobservationpointandassumingthatthegeometricaloptics
approximationis relevant,determinesat thispoint thenumberof crossingraysandcomputetheirdirections
andassociatedcomplex amplitudes.Obtainingour solutionis cheap: O(M logM ) operationsis needed,
whereM is thenumberof samplepointson a small circle aroundtheobservationpoint. Theaccuracy of
themethodincreaseswith thefrequency. It is easyto implementandcanbeappliedbothfor heterogeneous
mediaandhomogeneousmedia.A remarkablefeasibilityis its ability to capturescatteredrays.Theseresults
arereportedin thejournalpaper[CEM3].

[13] A. Bendali, M. Fares,and J. Gay, (1999), A Boundary-ElementSolution of the Leontovitch Problem,IEEE
Transactiononantennasandpropagation, 47.
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[16] S. PERNET, F. COLLINO, M. FARES, andF. M ILLOT, (2006),Comparaisondeformulationsint�grales adapt�es
à la r�solution desproblèmesde diffraction d'ondes�lectromagn�tiquesavec conditiond'imp�dance,Tech.Rep.
CR/EMC/06/06,C.E.R.F.A.C.S,42,av. G. Coriolis,31057ToulouseCedex France.
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FIG. 3.1 – mesh of the
generic part of a septet
of candles. The left part
correspondsto the candle
in the middle, the shifted
candleproducessix candles
around the central axis by
symetry.

FIG. 3.2 – developped
mesh : it is obtained by
applying the group of
rotationalsymetriesof angle
2¼=6 around the vertical
axis
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FIG. 3.3– RCSof thecandle
obtainedby CESC.4

FIG. 3.4 – Exact geometry of the perfect
conductorin the secondexample.The interface
earth-air is at z3 = 0. The box indicatesthe
boundaryof theprobedregion.

FIG. 3.5 – Reconstructedgeometriesfor n =
2+ 0:5i andanadded1%randomnoise(seeexact
geometryin Figure3.4). The wave length in the
air is ¸ = 1. LSM : left 4 �gures ; RG-LSM :
right 4 �gures. Each 3-D plot correspondsto a
differentchoiceof the isosurfacevalue.The 2-D
plot correspondsto ahorizontalcrosssectionof G
atz3 = ¡ 1:2.
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(a) The circular
patchantenna.
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FIG. 3.6– Comparisonbetweentwo modelsof thefeedingof acircularpatchantennaby acoaxialcable.
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FIG. 3.7 – Left : spectrumof FBACHL for a variableimpedanceoperatoron a box. Right : exampleof
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FIG. 3.9– CAO of theBlade FIG. 3.10– Meshof theBlade

FIG. 3.11– Determinationof raysnearacausticin astrati�ed media
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Climate Modelling and Global Change





1 Introduction

Olivier Thual

Nine projects,active for the“Climate Modelling andGlobalChangeTeam”(GLOBC) duringat leastpart
of the2004-2005two yearperiod,aredescribedin this report.

The�rst threeprojectshave beensustainedby the“Climate” Groupmadeof two researchers(L. TERRAY
andC. CASSOU),two reasearchengineers(S. VALCKE andE. MAISONNAVE) andseveralpost-docor
PhDstudents.Therearedescribedin thethreefollowing sectionsandareentitled:
– Climatevariability andpredictability
– Climatechangeandrelatedimpacts
– TheOASIScouplerandits applications
This groupof projectsis characterizedby a high level researchon a largescopeof actualtopicson climate
modelling.Thecontinueddevelopmenteffort of theOASIS coupleris pursuedthroughthePRISMproject
whichhasbecomeaEuropeanplatformfor climatemodelling.

The following four projects have been sustainedby the “Data Assimilation” Group, made of three
researchers(A. WEAVER, Ph. ROGEL and S. MASSART), threeresearchengineers(Th. MOREL, S.
BUIS andN. DAGET) andseveral shortterm engineersor PhD students.Therearedescribedin the four
following sectionsandareentitled:
– Oceanicdataassimilationfor climatestudiesandseasonalprediction
– Dataassimilationfor atmosphericchemistry
– Dataassimilationfor nuclearplantmodelling
– ThePALM coupler
Duringthe2004-2005period,the�rst projecthasfocusedontheoceanicdataassimilationaspectswhile the
seasonalpredictiontopichasbeenmergedwithin the“Climat Group”.Recently, theprojecton“atmospheric
chemistry”hasmoved to the new “Aviation andEnvironnement”teamsinceit wasmaturefor a further
expansion.Thus,the“DataAssimilationGroup”is now combiningahighlevel scienti�c activity onoceanic
modelling,involvementwith theapplicationof dataassimilationapproachesin severaldomains(neutronics,
hydrology, ...) anddevelopmentof genericsoftware(PALM).
Therearestrongconnectionsbetweenthesetwo groupsof projects.TheClimategroupusesandvalidates
theoceanicanalysisof theDataAssimilationgroupthroughseveralexperiences,which, in return,provide
usefulfeed-backs.Bothgroupsalsointeractstronglywith thesoftwaredevelopmentprojectfrom whichthe
PALM andOASIScouplersservea largecommunityof usersin theworld.

Until recently, aprojecton“SyntheticApertureImaging”hasbeenhostedin theframework of theGLOBC
team.It is describedin asectionentitled:
– SMOSmission
Interestingexchangesbetweenthisprojectandtheotheroneshavehappens,suchabetterknowledgeof the
seasurfacesalinitydatawhichwill beproducedby theSMOSmission.

The last project correspondsto developmentactivities which are directly includedin the MERCATOR
projectwhichdealswith operationaloceanography. TheCERFACScontribution to thisprojectis described
in thelastsectionandis entitled:
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– TheCERFACScontribution to theMERCATOR project
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2 Climate variability and predictability

2.1 Intr oduction

The Earthclimate is rapidly changingin responseto a wide rangeof anthropogenicforcings.To assess
con�dencein thedetection,attribution andpredictionof this globalandregionalchange(SeeChapter3),
deeperunderstandingof the intrinsic variability and stability propertiesof the main climate variability
modesis needed.The analysisof the physical mechanismsassociatedwith seasonalto decadalnatural
climate�uctuationsalsoappearsasa prerequisitestepto improve seasonalforecastsandto understandthe
shortcomingsof currentpredictionsystems.

Within thisglobalframework, thescienti�c objectivesof theClimateVariability andPredictabilityproject,
in veryclosecollaborationwith theClimatechangeandrelatedimpactproject,areasfollows :

– To advanceunderstandingof climateprocessesunderlyingthe naturalvariability of the main climate
modes,suchas the North Atlantic Oscillation (NAO), the decadalAtlantic interhemispherictropical
oceanicmode etc. Emphasisis laid on spatio-temporalscale interaction from synoptic dynamical
entities(weatherregimesfor instance)to multi-decadalpatterns(rainfall �uctuationsof theWestAfrican
Monsoonetc.).

– To explore the multiple sourcesof low frequency predictabilitywith a speci�c focus on an extended
Europeandomain.A specialattentionis devoted to the tropical-extratropicalconnections,sincemost
of the predictability is expectedto rise from a broadtropical bandat leastat seasonalto interannual
timescales.

– To participatetp theevaluationof therepresentationin modelsof themechanismsunderlyingpotential
long rangeforecastsor responsiblefor observedlow frequency variability.

– To provide a solid physicalbackgroundin the interpretationof any climatechangesignalsattributedto
anthropogenicforcings.

– To assesstherisk of abruptclimatechange,with emphasisuponthepossiblecollapseof thethermohaline
circulationdueto its own naturalvariability.

Over the past two years,the main activity hasbeendevoted to the analysisand the understandingof
the tropical-extratropicalconnectionassociatedwith the exceptionallyhot summerof 2003 in Europe.
Observationsandmodelexperimentshavebeencombinedto extractarobustforcingof thetropicalAtlantic
climate on the variability of the Europeanheatwaves occurrence.The low frequency variability of the
WestAfrican monsoon(WAM) systemhasbeenalsostudiedto betterunderstandthe steadydecreaseof
the Sahelianprecipitationfrom the 1960's to the mid-1990's, and its recentrecover. The low-frequency
variability of the NAO has�nally beeninvestigated.The oceanicre-emergenceprocessesat work at the
beginningof winter is found to contribute to thewinter-to-winterpersistenceof thesameNAO phase.At
longertimescale,a connectionis foundbetweenthesteadywarmingof the IndianOceanandtheupward
NAO trend.
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2.2 Tropical ¡ Extratr opical connections(C. Cassou, L. Terray, A.
Phillips, E. Sanchez, M. Minvielle, E. Maisonnave)

2.2.1 Tropical Atlantic in�uence on Europeanheatwaves(C. Cassou, L. Terray, A.
Phillips, E. Sanchez)

TheNorth Atlantic-Europeandynamicalsignatureof thesummertimeatmosphericvariability is examined
through a non-linearapproachknown as cluster analysis(Cassouet al 2004). This methodbasedon
classi�cationtechniquesseekspreferredand/orrecurrentquasi-stationaryatmosphericpatternsor weather
regimesthat arespatiallywell de�ned andlimited in number. The partition algorithmwe appliedhereto
NCEPreanalysisdataidenti�es four summertimeregimesthat areaboutequallyexcited (Fig. 2.1). The
relationshipsbetweenstation-basedtemperaturedatafor 1950-2003andregime occurrenceindicatethat
Europeanheatwavescanbeassociatedwith theBlocking andAtl.Lowregimes.Thesetwo regimesclearly
favor extremewarmdays,whereasNAO¡ andAtl.Ridgeclearlyinhibit their occurrence.

We then analyze the possible driving impact of the alteration of the 2003 Atlantic Inter Tropical
ConvergenceZone upon the frequency of the North Atlantic regimes using the NCAR CAM2/CLM2
atmospheric/landmodels, coupled to a simple mixed layer oceanic component.Convective heating
anomaliesderived from the observed 2003 anomalousOutgoing Longwave Radiation (proxy for
convection)areimposedin theatmosphericmodelin the thesoletropicalAtlantic band.Basedon model
outputs,we presentevidencethatduring the recordwarmsummerof 2003,theexcitationof theblocking
and Atl.Low regimes was signi�cantly favored by the anomaloustropical Atlantic heating related to
wetter-than-averageconditionsin boththeCaribbeanbasinandtheSahel.

Given the persistenceof tropical Atlantic climate anomalies,their seasonalityand their associated
predictability, thesuggestedtropical-extratropicalAtlantic connectionis encouragingfor theprospectsof
long-rangeforecastingof extremeweatherin Europe.Theknowledgeof suchaphysicalmechanismandthe
strongsimilaritiesbetweenconditionsof latespringof 2003andlatespringof 2005in thetropicalAtlantic
helpeduspredictingawarmer-than-averagesummerfor 2005,in collaborationwith Météo-France.

2.2.2 Indian Ocean warming in�uence on the upward tr end of the NAO
(M. Minvielle, C. Cassou, L. Terray, E. Maisonnave)

Thelow-frequency wintertimeNAO is characterizedby a signi�cant upwardtrend,especiallyover thelast
two decades.Preliminaryresultsfrom literaturehave suggesteda possibleconnectionbetweenthesteady
warmingof the Indian Oceanandthe NAO trend.Several mechanismshave beenproposedbut noneof
themwerecarefullytested.

Within theVIMA PNEDCproject,we usedtheARPEGEmodelandconductedtwo ensemblesof 20-year
forcedsimulations.Thoseonly differ by their SST forcing over the Indian Oceancorresponding,in the
�rst set,to theclimatologicalconditionsover the1950-1975period(cold Indian),and,in thesecondset,to
thoseover 1976-2001(warmIndian).Contrastingthetwo periods,themodelresponsestronglyprojectson
thepositive phaseof theNAO in theNorthernHemispherein winter andcon�rms thehypothesisobtained
from observationsfor thetrend.

We show that the tropical-extratropicalconnectionis explainedin themodelby thealterationof the local
Paci�c Hadley cell leadingto changesin the jet position and stormtrackactivity over the entire North
Paci�c. The latter is associatedwith a planetaryanomalousRossbywave extendingdownstreamup to the
NorthAtlantic following theupper-troposphericjet waveguide.TheNorthhemisphericchangesassociated
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with the Indian Oceanwarmingthereforeleadsto the strengtheningof the wintertimesubtropicalHighs
andto thedeepeningof abroadIcelandicLow.

Whencomparingmodelresultsfrom theforcedidealizedexperimentswith thosefrom IPCCscenarios,we
suggestthattheobservedIndianOceanwarmingcouldbeasignatureof theanthropogenicforcingover the
lastcenturyor so.Projectionsfor thecurrentcenturybasedonclassicalscenarioshow acontinuationof the
IndianOceanwarmingandconsistently, a cleardominanceof thepositive phaseof theNAO. Note thata
carefulinvestigationof thecoupledmodelsshowsaclearinteractionbetweenthemodelmeanbiasesandits
simulatedvariability. TheIndian-northernhemisphereconnectionis intrinsically dependenton thetropical
meanstate,whichappearscrucialto correctlysimulatethemidlatitudechanges.Sucharemarkhasastrong
impactfor decadaltime-scaleprediction,whoseskill will clearlydependon theability of themodelto get
acorrectmeanclimatestatefor goodreasons.

2.3 Role of the re-emerging SST anomalieson the winter-to-winter
persistenceof the NAO (C. Cassou, C. Deser,M. Alexander)

In the extratropics,thermal anomaliesstoredin the deepwinter oceanicmixed layer persistat depth
through summerwhere they are insulatedfrom surface fuxes. They becomereentrainedback in the
deepeningmixed layer during the following winter andtheir reemergenceexplainspart of the winter-to-
winter persistenceof the extratropicalSeaSurfaceTemperatureanomalies.The forcing of the oceanic
reemergenceon theatmosphereis investigatedherein theNorthAtlantic usinga simpli�ed coupledmodel
(AtmosphericGlobalCirculationModelcoupledto aMixedLayerOceanModelandto athermodynamical
icecomponent).Suchamodelcon�gurationtakestheverticaloceanicprocessesinto accountandcorrectly
representsthe physics of the ocean-atmosphereinteractionat the interface.Estimationof the thermal
anomaliescreatedby late-winter/earlyspringatmosphereandstoredbelow the hightly strati�ed summer
thermoclineare obtainedfrom a long control simulation.They strongly project on the so-calledNorth
Atlantic tripoleassociatedwith thephaseof theNAO.

Thesethermal anomaliesare applied below 40meterdepth and north of 25N, in the oceanicinitial
conditionsof a60-memberensembleof 1yr integrationstartingin August.Weshow thattheir reemergence
occursin November/Decemberandhasa signi�cant impacton themodelatmosphere.The reentrainment
of thesubsurfaceoceanicanomaliestendsto favor thesamephaseof theNAO which createdthemduring
the previous winter. The simulatedatmosphericresponsewould con�rm the hypothesizedrole of the
oceanicreemergencein the weakbut signi�cant year-to-yearpersistenceof the wintertimeNAO. Model
resultssuggesta probablerole of the high-frequency atmosphericeddies.Storminessis clearly modify
in the perturbedensembleandeddy-mean�o w interactionswould explain the large-scaleandpersistent
atmosphericresponseto theextratropicalNorthAtlantic reemergence.

In termsof seasonalto interannualpredictability, our study suggeststhat the model shouldbe able to
correctly simulatethe reemergenceof the midlatitudeSST anomalies.It highlights the needfor decent
oceanicassimilationbothin theTropicsasknown for a few yearsnow, but alsofor themidlatitudes.
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2.4 In¯uence of global oceanSST forcing upon the low fr equency
variability of the West African Monsoon (C. Caminade,
L. Terray, E. Maisonnave, C.Cassou)

The low frequency variability of the WAM is studiedusing a new ensembleof SST-forced ARPEGE
simulationsintegratedfrom 1901 to 1999.The simulatedvariability of the WAM is �rst separatedinto
internal(noise)andexternalparts(signalforcedby SST)usingthetraditionalanalysisof variancemethod.
At interannualtimescale,theSST-forcedfractionof variability capturesabout30%in averageandslightly
morefor decadal�uctuations. The modelexhibits a goodskill at decadalscaleasit correctlyreproduces
theobservedshift betweenthewet periodin the1950¡ 60's andthevery dry onein the1970¡ 90's.The
associatedSSTpatternis remarkablysimilar to theonededucedfrom theobserveddata.It is very closeto
theso-calledGlobalExtratropicalmode,which capturesthemultidecadalbalancein SSTbetweenthetwo
hemispheres,with maximumloadingin theIndianandSouthernAtlantic basins.

At interannualtimescale,laggedsingularvaluedecompositionanalysisfurtherallows us to documentthe
dominantin�uence of El Niño SouthernOscillation.Theroleof themediterraneanSSTsis alsosuggested:
warmconditionsthereareassociatedwith strongermonsoondueto a signi�cant increaseof themoisture
advectionby the Etesiannortherlywind. A signi�cant link betweenthe so calledAtlantic Niño andthe
guineancoastincreasehasbeenhighlightedfor precipitation.The latter however appearsoverestimated
in the model.It might be relatedto the arti�cial decouplingsimulatedin the modelbetweenthe Western
African Monsoonsystemandits easward extension(EthiopianandSoudanregions).Rainfall over these
areasseemsto be too muchconnectedto thebroadIndianMonsoonsystem.Again, themeanbiasof the
modelinteractwith its variability andvery likely degradeits forecastskill at low frequency.
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FIG. 2.1– (abcd)Summerweatherregimesof anomalousgeopotentialheightat500hPa (Z500)estimated
from theNationalCentersfor EnvironmentalPrediction-NationalCenterfor AtmosphericResearch(NCEP-
NCAR) reanalysisproductover 1950-2003.Daily summermaps(from June1st to August31st ) areused
for decompositionandthe geographicaldomainis limited to [90oW-30oE/20oN-80oN]. Contourinterval
is 15m. (efgh) Relative changes(%) in the frequency of extremewarm daysfor eachindividual regime.
Color interval is 25%from -100%to 200%,redabove (maximumequalto 233%).As anexample,100%
correspondshereto themultiplicationby 2 of thelikelihoodfor extremewarmdaysto happen.
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3 Climate change and related impacts

3.1 Intr oduction

The world climate is currently changing due to the human-inducedincrease in the atmospheric
concentrationsof CO2 and other greenhousegases.In order to optimally de�ne the adaptationand
mitigation strategiesneededto copewith the potentialimpactsof this expectedclimatechange,a deeper
understandingof the intrinsic variability of the climate systemis neededto assesscon�dence in the
detection,attributionandpredictionof globalandregionalclimatechangedueto anthropogeniccauses.
Within this global framework, thescienti�c objectivesof theClimateChangeandRelatedImpactsproject
areasfollows :
– To detect,attributeanddescribeanthropogenicclimatechangeon global to regionalscaleswith a focus

uponEuropeandWestAfrica, usinghigh resolutionatmosphericmodelsand long-term,high quality,
observations.

– To assessthe impactsof anthropogenicclimate changeat regional scalewith speci�c interestin the
changesof extremeeventsdistribution andhydrologicalcycle properties,with a focusuponEuropeand
WestAfrica, andto provideuncertaintyboundsin futureclimateprojections.

– To assesstherisk of abruptclimatechange,with emphasisuponthepossiblecollapseof thethermohaline
circulationdueto anthropogenicforcingandits regionalimpactsparticularlyover Europe.

For thepasttwo years,work hasconcernedessentiallythe�rst two objectives.Themainactivity hasbeen
devoted to the developmentof the methodologicalandnumericalframework relatedto the DISCENDO
projecton DetectionandAttribution studiesat the regional scale.Anothermajor activity was the study
of extremeeventsdistribution andits potentialchangesin the future climateperturbedby anthropogenic
forcing. This work is part of the GICC IMFREX project. Somepreliminary assessmentof the mean
and seasonalchangesto the West African Monsoonsystemdue to the anthropogenicforcing hasbeen
performed.Finally somepreliminarywork hasalsostartedto developa new downscalingapproachfor the
studiesof hydrologicalcyclechangesat theregionalandsub-regionalscale.

3.2 Detectionand Attrib ution of Climate Changeat the Global and
Regional Scale : the DISCENDO project(M. Allen, C. Cassou,
J.M. Epitalon, V. Lorant , E. Maisonnave, D. Stone,L. Terray)

Themainobjective of theDISCENDOprojectis to developandvalidateanoriginal methodologyto carry
out detectionand attribution studiesat the regional scale.The impact of global warming on society is
largely determinedby spatialscalesfar smallerthanthoseconsideredin currentdetectionandattribution
studies.It is thusvery importantto begin to focuson sub-globalto regionalscales.Theapproachfollowed
in DISCENDOto assesstheregionalin�uence of externalforcingsis to applythedetectionandattribution
formalism(basedon the optimal �ngerprint methodology, which canbe seenasa simplemultiple linear
regressionscheme)to observationsin speci�c regions(on continentalscale,EuropeandWestAfrica ; on
smallerscale,France).This choiceis basedon the existenceof high-qualityandhomogenizedobserved
datasetsfor theseregions in termsof temperatureandprecipitation.The next ingredientin the detection
processis theestimationof thesignaldueto theexternalforcing. In DISCENDO,thedifferentsignalsare
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estimatedwith ensemblesof simulationsperformedwith avariableresolutionof theARPEGEatmospheric
generalcirculationmodel(AGCM) with high horizontalresolutionover theregion of interest.This allows
for abetterrepresentationof theregionalclimateandits sensitivity. Thesevariousensemblesof simulations
are all forced with observed SST for the 1950-2000period,but differ in termsof the appliedexternal
forcings.The aim of the AGCM-basedapproachis to test the null hypothesisthat the observed climate
changecan be explainedby a combinationof variationsdue to changingSSTsand seaiceextentsand
internalatmosphericvariability alone.This is basicallydoneby showing that thedifferencesbetweenthe
ensemblesareunusualin a statisticalsense,by comparingthemagainstthe modelintrinsic variability or
noise.As the noiseis estimatedby the intra-ensemblevariance,the useof the ensembletechniqueis a
furthervital propertyof themethodology. Theeffect of thedesignon thesignal-to-noiseratio is crucialas
it determinesif theAGCM-basedis moreef�cient to detectaclimatechangesignal.Themainpointhereis
the ideathat thenoiseis signi�cantly reducedin theAGCM-basedapproachastheoceaniccomponentof
naturalvariability (noise)hasbeenconvertedto acommonsignal(theonedueto theSSTforcing).

To estimatethe different external forcings, we have performedsix ensemblesof simulationswith the
variableresolutionversionof the ARPEGEmodelat T106 spectraltruncationfor the 1950-1999period.
For thecaseof Europe,four differentensembleshave beenrealizedwhile only two have beenperformed
for thecaseof WestAfrica (CTRL andGS-Nat).For Europe,theseensemblesarede�ned asfollows :

– CTRL(6 members): the simulationsare forced with observed SSTsand �x ed (to their 1950 values)
greenhousegases(GHG) and sulfate aerosols(SUL) concentrations.The solar forcing (SOL) is also
constantand�x edto the1950value.

– G(6members): forcedwith observedSSTandGHG; SUL andSOL �x edto their 1950values.
– GS(6members): forcedwith observedSST, GHGandSUL; SOL �x edto the1950value
– GS-NAT(4 members): forcedwith observedSST, GHG,SUL andSOL

For WestAfrica, bothCTRL andGS-NAT havebeenperformedwith 4 members.Themodelusesadifferent
grid with themaximumin theGulf of Guineain orderto havehighresolutionover thetropicalAtlantic and
WestAfrica. The meanstateandseasonalcycle of the two versions(EuropeandWestAfrica) have been
extensively validatedby comparingto observed(mainlyCRU) andreanalysis(for thedynamicalvariables)
datasets.Furthermore,we have developpeda Live AccessServer (LAS) to accessthroughthe web the
varioussimulateddatasetsperformedwithin the framework of theDISCENDOproject.In additionto the
partnersof the DISCENDO project, this server will be openedto the french and internationalAMMA
projectcommunity.

The variousensemblesprovide signal estimatesfor the relevant combinationof forcings by using the
ensemblemeansof eachensemble(therole of eachindividual forcing canthenbederivedwith a linearity
assumption).The estimationof the covariancematrix of atmosphericinternalvariability is performedby
using the intra-ensemblevariability of the CTRL andG ensemblessimulations.The otherpart of intra-
ensemblevariability is usedto carry out the consistency checksbetweenthe residualsof the regression
algorithm and internal atmosphericvariability. As a �rst detectionstudy, the caseof the summerTmin

over Francehasbeenconsidered.The observed datasetis a high-qualityandhomogenizeddatasetof 91
meteorologicalstationsover France.As a �rst step,we usea time-evolving signalpatternconsistingof
decadalaveragesof minimumtemperatureanomaliesrelatively to the1961-1990climatology. Thedetection
analysisshows that thecombinedin�uence of theSST, GHG andSUL signalscanbedetectedat the95%
level in theobservedTmin datasetoverFrance.Thedominantpartof theSSTsignalseemsto beassociated
to a low frequency modecalledtheAtlantic Multi-decadalOscillation(AMO). Theanthropogenicsignals
strongly emerge from the internal atmosphericvariability in the last two decades.Next stepsinclude
the investigation of the physical mechanismsunderlyingthe detectionof the threesignalsaswell asthe
applicationof thedetectionalgorithmto otherseasons,variablesandregions.
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3.3 In¯uence of the anthropogenic forcing upon the West African
Monsoon system : mean climate and seasonalcycle changes
(C. Caminade, C. Cassou, E. Maisonnave, L. Terray)

The impact of increasedgreenhousegases(GHG) and aerosolsconcentrationsupon the West African
monsoon(WAM) hasbeeninvestigatedfor thelate21st centuryperiodusingtheMétéo-FranceARPEGE-
IFS high-resolutionatmosphericmodel. Perturbed(2070-2100)and current (1961-2000)climatesare
comparedusing the model in time-slicemode.The model is forced by global seasurfacetemperatures
(SST)providedby two transientscenariosperformedwith low-resolutioncoupledmodelsandby two GHG
evolution IPCC scenarios,SRES-A2andSRES-B2.Comparingto reanalysisandfor observed datasets,
the model is able to reproducea realisticseasonalcycle of WAM despitea clearunderestimationof the
African EasterlyJet(AEJ)duringtheborealsummer. Meantemperaturechangeindicatesaglobalwarming
over thecontinent(strongeroverNorthandSouthAfrica). Simulatedprecipitationchangeat theendof the
21st centuryshows an increasein precipitationover Sudan-Sahellinked to a strongpositive feedbackof
surfaceevaporation.Along GuineaGulf coast,rainfall regimesaredrivenby large-scaleadvectionhumidity
process.Moreover, resultsshow ameanprecipitationdecrease(increase)in themost(less)enhancedGHG
atmosphereover this region. Modi�cation of the seasonalhydrological cycle consistsin a rain increase
duringthemonsoononset.While thelinear links betweenprecipitationvariability andSSTmodesarenot
signi�cantly modi�ed in the moderateemissionscenarioexperiment,an only dependenceto the Atlantic
basinis shown in themostenhancedGHGatmosphere.EnhancedprecipitationoverSahelis linkedto large-
scalecirculationchanges,namelya weakeningof the AEJ andan intensi�cation of the Tropical Easterly
Jet.

3.4 Study of extreme events changesdue to anthropogenicforcing
based on the weather regime approach (C. Cassou, G. de
Coetlogon,A. Joly, E. Maisonnave, E. Sanchez, L. Terray)

Increasein concentrationof greenhousegashasbeenshown to producenonnegligible shifts in theglobal
meanclimate. An important questionis whethermodi�cations in the statisticalpropertiesof climate
extremesarealsoto beexpectedin thefutureclimateperturbedby theanthropogenicforcing.Thesechanges
would have a profoundimpacton humansocietyandnaturalenvironmentasweatherhazardscancause
tremendouseconomicandlife losses.We have investigatedthe links betweenthe large-scaleenvironment
andextremeeventswith a new approachbasedon theconceptof weatherregimes.This work waspartof
theGICC IMFREX projecton extremeevents.Theideais to relatetheextremeeventsoccurrenceto their
speci�c large-scaleenvironmentandto usethe latter asa predictorof the former in climateexperiments
such as scenariosof the 21st century. The relationshipsbetweenthe large-scaleweatherregimes and
local climateextremeshave beenestablishedfor a region covering France.The weatherregimes(at the
daily timescale)have beenderived from the ERA40reanalysistime seriesof the geopotentielat 500hPa
usingthek-meansalgorithm.Thelocal climatevariables(minimumandmaximumtemperatureaswell as
precipitation)comefrom an extendeddataset(SQR)provided by Météo-Francewhich covers the entire
ERA40 period.The summerandwinter seasonsareboth consideredseparately. Winter is de�ned by the
periodfrom October15th until April 15th while summerrepresentsthe standardJune-July-August(JJA)
period.Thedeterminationof extremetemperatureandprecipitationeventsoccurrenceis simplybasedupon
exceedenceof a thresholdvaluegiven by the 95th (warm or heavy precipitationdays)or 5th (cold days)
quantileof thedistributionfunctionde�nedfor eachcalendarday. Thedaily regimepartitionis optimalwith
thefour classicalregimesfor bothsummerandwinter : GreenlandAnticyclone(GA),Atlantic Ridge(AR),
Blocking(BL) andZonal(ZO).The residencefrequency indicatesthat theZO regime is thedominantone
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in winter (30%) while thepartition is almostuniform in summer. In summer, thepatternsarevery similar
to the winter oneswith slight differencesregarding the location and amplitudeof the anomalycenters.
Trendsin weatherregimeoccurrencearesigni�cant only in thecold seasonandsuggesta strongincrease
of theZO regimeoccurrenceduring the last30 years.This strongrise is linked to theobserved tendency
towardshigh North Atlantic Oscillationindex valuesfor the sameperiod.During winter, the risk of cold
daysincreasesmarkedly (in particularfor NorthernFrance)whenGA andBL characterizethe large-scale
environment.The ZO regime is associatedto a reducedrisk of cold daysover all locations.In summer,
the risk of high temperatureepisodesis enhanced(decreased)with the presenceof the BL andZO (GA
andAR) regimes.For precipitation,enhancedoccurrenceof intenseprecipitationepisodesareassociated
to thepresenceof GA (southernFrance)andZO (westernFrance)regimes.All theserelationshipsexhibit
very distinctpatternsre�ecting thestrongin�uence of thelarge-scale�o w uponextremeeventoccurrence
at the local scale.Finally, simple linear multiple regressioncanthenbe usedTo build a relationshipthe
numberof extremeeventsfor oneseasonandtheregimesoccurrenceduringthesameperiod.Theexplained
varianceis usuallyaround20% andcanbeashigh as45% dependingon location,seasonandconsidered
climatevariable(Fig. 3.1). In orderto suggestthe possiblechangesin extremeeventsoccurrencedueto
anthropogenicforcing, we have usedtwo ensemblesof time slice experimentsfor the currentandfuture
climate respectively. The experimentswere performedby M.Déquéat CNRM within the PRUDENCE
europeanproject.They usethevariableresolutionof theARPEGEAGCM atT106spectraltruncation.The
�rst ensemble(CTRL) includesthree40-year(1960-1999)simulationsforcedwith observedSSTandGHG
concentrations.The secondensemble(scenario-SCEN)includesthree30-year(2070-2099)simulations
forcedby the predictedSSTchanges(from the HadCM3coupledmodel forcedby the A2 IPCC-SRES
scenario)combinedwith observedSSTfor theperiod1960-1989,andtheA2 IPCC-SRESscenario.Under
the assumptionthat the regime spatialstructuresin the future climate remain identical to thoseof the
currentclimate,onemayobtaintheregimeresidencefrequency for bothCTRL andNCENexperimentsby
projectingmodelleddaily atmosphericmapsontoanEmpiricalorthogonalFunction(EOF)spacederived
from the reanalysis.Eachmodelledday can then be attributed to a given observed weatherregime by
minimizationof a similarity criterion in thereducedphasespace(the �rst 10 principalcomponentsof the
EOFanalysis).Themodelregimeresultsfor theCTRL ensemblecomparesvery well with the reanalysis
in termsof structureandresidencefrequencies.Analysisof the NSCENensembleshows large changes
for both cold andwarm season.For the cold season,thereis a strongincreasein the occurrenceof the
ZO and BL regimesand a moderate(dramatic)decreasefor the AR(GA) regime. For the warm season,
the BL regime becomesthe dominantonewhile the GA andAR regimesarealmostabsentin the future
summers.Then,thesemodelledchangescanbeusedasthepredictorsfor themultiple regressionscheme
describedpreviously in orderto quantifythechangesin extremeeventsdistribution linkedto modi�cations
of weatherregimeoccurrence.Theseprovenonnegligible asfor instance,changesin regimeoccurrencefor
thesummerperiodindicatean increaseof 5 to 10 warmdaysin thenorthwestof France(Fig.3.1).Direct
estimationfrom modelresultsis on theorderof 25daysmeaningdynamicalchangescanberesponsibleup
to 20percentonaverageof theextremewarmeventdistributionchanges.

Finally, we have alsoinvestigatedtherole of regimetransitionupontheoccurrenceof extremeevents.We
haveshown thatthelarge-scalecirculationpatternsassociatedwith intenseprecipitationepisodes(IPE)over
aspeci�c domain(in thiscase,westernFrance)canbeidenti�ed usingclusteringalgorithmsappliedto aset
of daily mapsof 500hPa geopotentialheightselectedon thebasisof precipitationthresholdexceedence.
In the caseof westernFrance,the large scalecirculationpatternlinked to the IPE occurrencedisplaysa
stronganomalyover GreatBritain. Furthermore,this patterncorrespondsto thestructureobservedduring
the transitionfrom ZO to GA standardweatherregimes.Moreover, this is the leastlikely transitionfrom
the ZO regime,suggestingpotentiallinks betweenatmosphericdynamicsandthe occurrenceof extreme
precipitationevents.
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3.5 Development of a new methodology for the downscaling
problem : application to hydrological changesupon the Seine
watershed due to anthropogenic forcing (J. Bo� , F. Habets,
E. Martin, L. Terray)

In thecontext of enhancedanthropogenicforcingdueto therisein greenhousegasesemission,thequestion
of watercycle changesis of primary importanceboth at the global andregional scales.To quantify the
impactsof hydrologicalchangesat thewatershedscale,onemust�rst solve theresolutionproblem.While
the standardcoupledocean-atmospheregeneralcirculation models(GCM) typically have a horizontal
resolutionon theorderof 300kms,hydrometeorologicalmodelsrequireforcing datawith a muchhigher
resolution(10 kmsor less).This is thewell-known downscalingproblem.Two mainapproachesexist : the
dynamicalandthestatisticaldownscalingtechniques.Dynamicaldownscalingis a model-basedapproach
that allows to reachsub-GCMscalesby usinga �ner -scale(50 kms) limited areamodel (LAM) within
a GCM. Statisticaldownscalingis basedon the following paradigm: the regional climate is dependent
on two factors: the large-scaleenvironment,reasonablydescribedby climate models,and small-scale
features(landuse,topography, landseadistribution)whicharenotadequatlyresolvedin GCMs.Empirical
relationshipslinking large-scalevariables(predictors)andlocal or regionalparameters(predictands)must
thenbederived for thecurrentclimateusingobservedand/orreanalysisdatasets.Theserelationshipscan
thenbeappliedto thelarge-scalevariableschangesin futureclimateconditionsto assessmodi�cationsof
theregionalclimate.Thesetwo approachesrely on the following hypothesis: empiricalrelationshipsand
physical parameterizationsderived for the presentclimate must remainvalid undera modi�ed climate
(low frequency natural variability or anthropogenicclimate change).We are currently developping an
hybrid dynamical/statisticalmethodologyto solve the downscalingproblem related to the estimation
of high-resolutionforcings requiredfor a future study of the impactsof climate changeon the Seine
basinhydrology. Thehydrometeorologicalmodelis theSafran-Isba-Modcoumodeldeveloppedat Météo-
Francewhich requiresatmosphericforcing dataat a 8-km resolution.Previous work performedwithin
the projecthasshown that high horizontalresolutionmay be necessaryto achieve reliableprojectionsof
anthropogenicclimatechangeuponeuropeanclimate,in particulartheonesrelatedto circulationchanges.
Thus, the dynamicalpart of the methodologyrelies upon the useof a variableresolutionmodel (with
high resolutionover the region of interest,50 kms) to simulatethe predictors(large-scalecirculation
parameters,500 hPa heightor meansealevel pressure)and their changesin the modidiedclimate.The
statisticalpart reliesuponthe weathertyping (or regime) approach.The approachis basedon a bottom-
up strategy whereone startsfrom regional climate propertiesto establishdiscriminative daily weather
typesfor local variables(suchastemperatureor precipitation).Moreover, possiblechangesin intra-type
variationsin surfaceclimate are accountedfor by using the phasespacedistancesto the weathertypes
within a multivariate regressionprocedureassociatedto a resamplingstrategy. The methodologyhas
beenvalidatedusingthe ERA40 reanalysis�elds aspredictors.The constructionperiodof the statistical
relationshipsis basedon a 17-yearperiod(1985-2002)andthevalidationis performedon anindependent
datasetover the full ERA40 period (1957-2002).The new methodologyhasbeenshown to be globally
moreperformantthanthe well known analogapproach.In particular, it is ableto successfullyreproduce
thedaily statisticalpropertiesof precipitation(includingagoodrepresentationof thepersistenceproperties
of climatevariables).Furthermore,and in contrastwith the analogmethod,low-frequency variationsof
downscaledtemperatureandprecipitationarecloseto the obverved ones.Next stepsincludesensitivity
teststo variousoptionsin thestatisticaltechnique(metricused,weathertyping method,etc ...) aswell as
anindirectvalidationapplyingthedownscaledforcingto theSafran-Isba-Modcoumodelfor the1985-2002
period.
[1] U. Ulbrich andM. Christoph,(1999),A shift of theNAO andincreasingstormtrackactivity over Europedueto

anthropogenicgreenhousegasforcing,Clim. Dyn., 15.
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FIG. 3.1 – Left Changesin the numberof cold, hot and intenseprecipitationdaysbetweenthe control
(CTRL) andscenario(NSCEN)experimentsdueto the modi�cations of weatherregime occurrenceand
obtainedby multiple regressionanalysis.Right The percentageof variance(in %) explained by the
regressionmodel.Stationswherethemultiple regressionis statisticallysigni�cant areindicatedby a black
dot.
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4 The OASIS coupler and its applications

Coupling numericalmodels,i.e. exchangeinformation in a synchronisedway betweenthe models,is a
centralissuein theclimatemodelingcommunityandin otherresearch�elds suchaselectromagnetismand
computational�uid dynamics.
The OASIS coupler is an opensourcesoftware developedat CERFACS since1991,usedfor coupling
independentGeneralCirculationModels(GCMs)of theatmosphere(AGCMs),of theocean(OGCMs),as
well asotherclimatemodules(sea-ice,land,hydrology, etc).
Most of the OASIS developmentsin the last two yearswas donewithin the PRISM project [GLO29]
andin the framework of the PRISM SupportInitiative (PSI).Recognisingthe needfor a sharedsoftware
infrastructure,the EuropeanNetwork for EarthSystemModelling (ENES)organisedthe PRISM project,
which gathered22 partnersandwasfundedby theEuropeanUnion underthe5th Framework Programme
(FP5) in 2001-2004for 4.8 MEuros. In October2004,a core group of PRISM participantsdecidedto
sustaintheFP5PRISMdevelopments,investingtheir own resourcesinto a sharedsoftwareinfrastructure,
thePRISMSupportInitiative (PSI).Today, thepartners(CERFACS,CNRS,NEC-CCRL,MPI M&D, UK
Met Of�ce, andECMWF) andassociatepartners(MPI-Met, SMHI, CGAM, andcomputermanufacturers
CRAY, NEC-HPCE,SGI) areplanningto investa total of about8 persons-yearsper year for the next 3
yearsin themaintenance,support,andfurtherdevelopmentof thePRISMsoftware.
OASIS is thereforeat the coreof the PRISM standardsoftwareinfrastructureusedto assemble,run and
post-processEarthSystemmodels.During thePRISMproject,theOASIS3versionof thecoupler, product
of about15 yearsof evolution in CERFACS, was �nalized ; its last releaseis availablesinceDecember
2004[GLO99]. As the climatemodellingcommunityis progressively targetinghigherresolutionclimate
simulationsrun on massively parallel platformswith coupling exchangesinvolving a higher numberof
(possibly3D) coupling �elds at a highercoupling frequency, a new fully parallel coupler, OASIS4, has
alsobeendevelopedwithin thePRISMproject[GLO60]. The�rst of�cial OASIS4versionwasreleasedin
November2004[GLO101].
Eachversionof the OASIS3 andOASIS4 couplersis composedof a Driver which monitorsthe coupled
system,a Transformerwhich performsthe interpolation,anda PRISM SystemModel InterfaceLibrary
(PSMILe)which is usedin thecomponentmodelsto communicatewith therestof thecoupledsystemand
which alsoincludesa �le input andoutput(I/O) library. TheOASIS4PSMILeApplicationProgramming
Interface(API) waskept ascloseaspossibleto OASIS3 PSMILe API ; this shouldensurea smoothand
progressive transitionbetweenOASIS3andOASIS4in theclimatemodellingcommunity.

4.1 The OASIS3coupler

4.1.1 Developmentand maintenance(S.Valcke)

During thelasttwo years,differentversionsof theOASIS3coupler(“prism_2-1”, “prism_2-2”, “prism_2-
3”, and“prism_2-4”) werereleasedwithin thePRISMinfrastructure.Themain improvementsincludedin
theOASIS3couplerduringthatperiodare:
– Drivermodi�cation to supportthenew grid writing PSMILeroutines;
– Drivermodi�cationsto outputfully NetCDFCF-compliant�les (variablenameandunits,grid de�nition,

etc.);
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– Transformermodi�cation to supportinterpolationof avariablehaving a timedimension(in interpolator-
only mode);

– Revalidationof SIPC(Unix SystemV InterProcessCommunication)technique;
– Interfacingwith theGOSSIPcommunicationlayerbasedonUnix socketsfrom Directiondela Recherche

enMétéorologieduCanada;
– Portingandtestingof OASIS3andassociatedtoy modelon IBM Power4;
– Appropriatetreatmentof vector�elds ;
– Writing of aUserGuidefor eachOASIS3version.

4.1.2 OASIS3Usersand applications (S.Valcke)

– Today, OASISis usedby about15climatemodellinggroupsin France,in otherEuropeancountries,in the
USA (theInternationalResearchInstitutefor ClimatePrediction,theNASA JetPropulsionLaboratory,
etc.),in JapanontheEarthSimulatorsupercomputer(theJapanMarineScienceandTechnologyCenter),
andin Australia(theBureauof MeteorologyResearchCenterandtheUniversityof Tasmania).

– In thelast few years,theOASIS couplerhasbeenregularly usedby our teamandat CentreNationalde
RecherchesMétéorologique(CNRM) of Météo-Franceto assemblevariousCoupledGCMs(CGCMs),
basedon the atmosphericmodel ARPEGE (CNRM, Météo-France)and on the oceanmodel OPA
(Laboratoired'OcéanographieDynamiqueet de Climatologie,LODYC, CNRS),which werevalidated
and exploited through a seriesof climate experimentsas part of the PREDICATE and DEMETER
Europeanprojects.

– In 2004,activeuser'ssupportwasprovidedto thePRISMCommunityusingtheOASIS3couplerfor the
PRISMdemonstrationrunsin 2004: differentoceanmodels(ORCA2LIM from LODYC, MPI-OM from
the MPI-Met, anda toy oceancomponent)andatmospheremodels(ARPEGEV4 from Météo-France,
ECHAM5 from theMPI-Met, LMDZ from theLaboratoiredeMétéorologieDynamique,HadAM3from
theUK Met Of�ce, anda toy atmospherecomponent)werecombinedwith OASIS3andrunondifferent
platforms(NECSX6,SGI IRIX4, VPP5000,IBM Power4).

– Finally, OASIS3is currentlybeingusedin our teamto set-upanew CGCMbasedtheatmosphericmodel
ARPEGEV4 and the oceanicmodel OPA9 in the framework of the FP6 projectsENSEMBLESand
DYNAMITE.

4.2 The OASIS4coupler

4.2.1 Development(S.Valcke, D. Declat)

The developmentof the fully parallel OASIS4 coupler, which speci�cationswere establishedin 2003,
summonedup an importantpart of couplerdevelopmentefforts in the last two years.The �rst of�cial
OASIS4versionwasdeliveredin November2004.Thefollowing aspectsweredeveloped:
– Developmentof OASIS4Driver :

– in OASIS4,theXML standardisusedtocon�gurethecoupledmodel(Speci�c CouplingCon�guration
-SCC-andSpeci�c Model Input andOutputCon�guration -SMIOC- �les) ; the “SASA” tools were
developed(in collaborationwith InstitutPierre-SimonLaplace,IPSL)andusedto accesstheSCCand
SMIOCcon�guring information;

– analysisof thisXML information,translationinto couplerstructures,andtransferto componentmodel
PSMILes.

– Developmentof OASIS4Transformer:
– Developmentof PSMILe-Transformerinterface routines(transferof neighborhoodsearchresults,

coupling�elds, etc.);
– Transformerparallelisation;
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– Supportof 3D linearinterpolation.
– Developmentand �nalization of OASIS4 PSMILe (in collaborationwith NEC EuropeLtd C & C

ResearchLaboratories,NEC-CCRL):
– Finalization of PSMILe Application ProgrammingInterface (scale factor de�nition, meshcorner

de�nition, etc.);
– Interactionwith theDriver to get theXML con�guring information; internaluseof this information

to performappropriatecouplingactions;
– Implementationof internal calendarroutinesto perform coupling and I/O action (put and get) at

appropriatetime;
– Developmentof PSMILecalendarroutinesto beusedby themodel(calculationof new date,inquiry

of calendartype,etc.);
– Completionof 3D linearand2D1D linearparallelneighborhoodsearch;
– Implementationof PSMILe-Transformerinterfaceroutines(transferof neighborhoodsearchresults,

coupling�elds, etc.);
– Supportof couplingrestarts.

– Implementationof OASIS4toy coupledmodel,testsanddebugging.
– Writing of OASIS4UserGuide.

4.2.2 OASIS4Usersand applications

– OASIS4was�rst run with differenttoy models,on differentplatformsdemonstratingits portability and
scalibilty : SGI Origin and ALTIX, NEC SX6, AMD Athlon PC-Cluster, and Fujitsu AMD Opteron
PC-Cluster.

– A realoceanmodelMOM4 hasalsobeensuccessfullycoupledwith toy atmospheremodelvia OASIS4.
– The Institutefor Marine Scienceat the ResearchCenterfor Marine Geosciences(IFM-GEOMAR), is

usingOASIS4with pseudomodelsto interpolatehigh resolutiondataontohigh resolutionmodelgrids.
– Active user support is also currently provided to the FP6 GEMS project community (ECMWF,

Météo-France,andKoninklijk NederlandsMeteorologischInstituut -KNMI) for 3D couplingbetween
atmosphericand chemistry models,and to the SwedishMeteorologicaland Hydrological Institute
(SMHI) for regionalcoupling.
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5 Oceanic data assimilation for climate
studies and seasonal prediction

TheoceandataassimilationprojectatCERFACSspansthreemainresearchactivities : (1) thedevelopment
of a variationaldataassimilationsystemfor the OPA oceangeneralcirculation model (a systemcalled
OPAVAR) ; (2) the applicationof OPAVAR to global oceanreanalysis; and (3) the useof OPAVAR to
produceensemblesof oceananalysesfor seasonalclimateprediction.Thischaptersummarizessomeof the
maindevelopmentsthatweremadein eachof thesethreeareasduringthepast2 years.

5.1 Recentdevelopmentsto the global OPAVAR system(A. Weaver,
N. Daget, S.Ricci)

The OPAVAR systemwas initially developedfor a tropical Paci�c con�guration of OPA. That system
has beendocumentedand extensively validatedin several studies([3], [2], [GLO31], [GLO22]). The
global OPAVAR systemwasdevelopedfrom the tropical Paci�c systemandadaptedto a newer version
of OPA (version8.2).Thedevelopmentof theglobalsystemwasinitiatedin theENACT project(EC-FP5:
Jan.2002–Dec.2004)andthe �rst applicationsof OPAVAR to multi-annualglobaloceanreanalysiswere
performedin ENACT, asdescribedin section5.2.

5.1.1 Reformulation of the control vector

The control vectorhasbeenreformulatedto allow for a moregeneralrepresentationof the background
errorcovariances.This hasbeena majornew improvementto theOPAVAR system.In its new formulation
([GLO106]), OPAVAR producesan oceananalysisby approximatelyminimizing a cost function of the
generalform

J [v ] =
1
2

[v ¡ v b]T [v ¡ v b] +
1
2

[ G (v ) ¡ y o ]T R ¡ 1 [ G (v ) ¡ y o ] (5.1)

wherev is thecontrol(analysis)vector, v b is thebackgroundestimateof thecontrolvector, y o is thevector
of observations,R is anestimateof theobservationerrorcovariancematrix,andG is a nonlinearoperator
that mapsthe control vectoronto the spaceof the observation vector. The backgrounderror covariance
matrix of the control vectoris assumedto be the identity matrix (B (v ) = I ) asevident by the useof the
canonicalinner productfor the backgroundterm in (5.1). In otherwords,backgrounderrorsfor v b are
assumedto beuncorrelatedandto have unit variance.Thecontrolvectormustbeconstructedcarefullyfor
this to beareasonableassumption.In OPAVAR, v is assumedto berelatedto themodel(initial) statevector
x througha transformationof theform

v = U ¡ 1(x) (5.2)

where U ¡ 1 is a block-matrix operator, with possibly nonlinearblocks, which is split into three basic
operators: a transformationK ¡ 1 thatproducesa setof approximatelymutuallyuncorrelatedvariablesby
removing any known dynamicalor physicalbalancerelationshipsbetweenmodelstatevariables; adiagonal
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matrixD ¡ 1 of normalizationfactors; andarougheningoperatorF ¡ 1 (theinverseof asmoothingoperator)
thatactsseparatelyoneachof theuncorrelatedvariables.

Thereare two importantadvantagesthat result from this formulation of the cost function in which the
backgroundterm takeson a very simpleform. First, it generallyresultsin a minimizationproblemwith
reasonablygoodconditioning,particularlywhenthe numberof observationsis small comparedwith the
numberof control variables.Second,multivariateandsmoothnessconstraintsthatareusuallyimposedin
conventionalmatrixformulationsof backgrounderrorcovariancesarenolongerrequiredto belinearasthey
arenow transferredto theobservation termvia thenonlineartransformationU which is embeddedwithin
the nonlinearobservation operatorG. This featurehasbeenexploited in the currentversionof OPAVAR
to employ nonlinearbalancerelationships(temperature-salinityrelations,equationof state)in de�ning
the control vector ([GLO106]). It also opensthe way for generalizingthe diffusion-basedsmoothing
algorithmusedin OPAVAR to a�o w dependent,adaptivealgorithmbasedonnonlineardiffusion.Nonlinear
smoothingalgorithmscanbeexpectedto beparticularlyadvantageousin regionsof strongoceangradients
(e.g.,nearfrontsandcoastlines).

Two examplesare presentedbelow to illustrate how the control variable transformationdevelopedfor
OPAVAR can be used to produceanalysisincrementswith physically sensiblestructures.Figure 5.1
shows a zonal-vertical sectionat the equatorof the temperature(T) increment(Fig. 5.1) andsalinity (S)
increment(Fig. 5.1)generatedby 3D-VarwhenasingleSSHobservation,chosento be5cmhigherthanthe
backgroundSSH,is assimilatedon the equatorin thecentraltropicalPaci�c. To �t the SSHobservation,
3D-Var producesT andS incrementswith largestamplitudeat the level of the thermocline.The vertical
structuresarenoticeablyanisotropic.TheT incrementdisplaysa pronouncedupwardtilt from westto east
commensuratewith thetilt of thebackgroundisothermsin thisregion.Thisanisotropicresponseis produced
by agradient-dependentparameterizationfor thestandarddeviationsof T. TheSincrementhasadipole-like
structurewherethetransitionfrom negative to positive valuesoccursat the level of thesalinity maximum
in the backgroundstate.This featureof the salinity analysisincrementarisesfrom the �o w-dependent
formulationof theT-Sconstraintusedin thebalanceoperator([GLO22]).

The previous example illustratesthe fundamentalimportanceof the control variable transformationin
establishinga physically sensible(multivariate)responsein 3D-Var. The balanceoperatoralsoplaysan
importantrole in 4D-Var. This is illustratedin Fig. 5.2 which x@shows the SSH incrementsproduced
from two 4D-Var single T observation experimentsperformedwithout and with the balanceoperator
activated(Figs.5.2aandb, respectively). Thegeographicallocationof ThesingleT observationis located
in the thermocline(100m) at the samelongitudeand latitude as in the previous example.In these4D-
Var experiments,the control variablesare a function of the model initial conditionswhich are taken to
be 10 daysbeforethe observation time. The incrementsshown in Figs. 5.2aandb are thoseproduced
at theobservation time (day10) andhave beencomputedby usingthe tangent-linearmodelto propagate
forward the analysisincrementat initial time. The 4D-Var SSH incrementwithout the balanceoperator
is remarkablysimilar to that obtainedby 3D-Var with the balanceoperator(�gure not shown). When
the balanceoperatoris included,however, the temperatureobservation projectsmuch more effectively
onto large-scaleequatorialwave-modesasclearly illustratedin Fig. 5.2bby the presenceof a westward-
propagatingbaroclinicRossbywave andaneastward-propagatingKelvin wave to thewestandeastof the
observationlocation,respectively. Contraryto theexperimentwithout thebalanceoperator, theobservation
is ableto have amuchwider impactthanin 3D-Var.
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a) T increment at equator
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FIG. 5.1– Verticalcrosssectionat theequatorof theanalysisincrementsfor a) temperatureandb) salinity
generatedby the 3D-Var assimilationof a single SSH observation (positive innovation) locatedon the
equatorin the centralPaci�c. The �elds have beenmultiplied by a factor 100. Solid (dashed)contours
indicatepositive (negative) values.
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FIG. 5.2 – Horizontalsectionof the SSHanalysisincrementsgeneratedby the 4D-Var assimilationof a
singletemperatureobservation (positive innovation) located10 daysinto anassimilationwindow located
in thethermoclineon theequatorin thecentralPaci�c. The incrementsaredisplayedon day10 for a 4D-
Var experimenta) without andb) with thebalanceoperatoractivated.The �elds have beenmultiplied by
a factor100 and the samecontourinterval hasbeenusedin a) andb). Solid (dashed)contoursindicate
positive (negative) values.
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5.1.2 Impr ovedminimization strategies

Theminimizationof (5.1) is achievediteratively by minimizingasequence,k = 1; :::; K , of quadraticcost
functions

J k [±v k ] =
1
2

£
v k ¡ 1 + ±v k ¡ v b¤T £

v k ¡ 1 + ±v k ¡ v b¤
(5.3)

+
1
2

£
G (v k ¡ 1) + G k ¡ 1±v k ¡ y o ¤T

R ¡ 1 £
G (v k ¡ 1) + G k ¡ 1±v k ¡ y o ¤

wherev k ¡ 1 is areferencestate,±v k is anincrementde�nedby v k = v k ¡ 1 + ±v k , andG k ¡ 1 is a linearized
operatorde�nedsuchthatG(v k ¡ 1 + ±v k ) ¼ G(v k ¡ 1) + G k ¡ 1±v k (whenthisequationis satis�edexactly,
(5.3) is identicalto (5.1)).Thedifferencey o ¡ G(v k ¡ 1) in (5.3) is the innovationvector. Thesuperscript
k ¡ 1 indicatesthat G k ¡ 1 is the result of linearizing G aboutv k ¡ 1. The sequencek = 1; :::; K are
calledouteriterationswhile theminimizationiterationsperformedwithin eachouterloop arecalledinner
iterations.In practice,it is customaryto setv 0 = v b and±v 0 = 0, andto choosev k ¡ 1 for k = 2; :::; K
to be the solutionobtainedat the endof the previous outer loop. The minimum of (5.3) after the K -th
outeriterationde�nes the analysisincrement,±v a = ±v K . The analysisin modelspaceis thengiven by
xa = U(v a) wherev a = v K ¡ 1 + ±v a . This formulationencompassesboth 3D-Var (FGAT version)
and4D-Var which aredistinguishedby the type of linear modelusedin G k ¡ 1 to evolve the increments
betweenobservationtimes.In 3D-Var theincrementsarepersistedwhereasin 4D-Var they areevolvedby a
dynamicalmodelthatcloselyapproximatesthetangent-linearmodel.By distinguishing3D-Varand4D-Var
at theincrementallevel, they canbeviewedastwo differentalgorithmsfor solvingapproximatelythesame
4D assimilationproblemdescribedby thenonquadraticcostfunction(5.1).

Several interestingpropertiesof theincrementalminimizationalgorithmareillustratedin Figure5.3.Both
panelsshow the cost (J k ), normalizedby its initial value, as a function of iteration numberfor three
experiments: 3D-Var with IncrementalAnalysisUpdating(IAU), 3D-Var without IAU, and4D-Var (IAU
is not usedwith 4D-Var). In IAU theanalysisincrementis introducedsmoothlyinto thenonlinearmodel,
comparedto theusualprocedureof addingtheanalysisincrementdirectly to themodelbackgroundstate.
The assimilateddatawerein situ temperaturemeasurementsfrom the ENACT data-set.The assimilation
window was 10 days in all experiments,and covered the period 01 January1987 to 11 January1987
(the �rst cycle of the ENACT Stream1). In the left panelof Fig. 5.3 no outer iteration is performed;
in the right panelan outer iteration is performedafter 10 iterationsas evident by the jump in J k . It is
not possibleto make absolutecomparisonsbetweencurves correspondingto different incrementalcost
functions(e.g., thoseusedin 3D-Var and 4D-Var) so one must be careful in interpretingthese�gures.
It is possible,however, to comparethe valuesof the nonincrementalcostfunction computedin the outer
loop sincethis costfunction is the samefor eachexperimentanddescribedby (5.1). In otherwords,the
6 differentexperiments(3D-Var/4D-Var, with/without outeriteration,with/without IAU) canbeviewedas
differentapproximatealgorithmsfor minimizing thesamenonincrementalcostfunction.Thevalueof the
normalizednonincrementalcoston the�nal outeriterationis indicatedby thecolouredsymbols.

These�gures illustrateseveral points.First, in both 3D-Var and4D-Var, the useof two outer iterations
resultsconsistentlyin a muchbettersimultaneous�t to theobservationsandbackgroundstatethanwhen
only oneouter iteration is performed(21% improvementin 4D-Var; 12% in 3D-Var with IAU ; 15% in
3D-Varwithout IAU). Theuseof morethanoneouteriterationin 3D-Varwasnotmadein theoriginal3D-
Var systemof [3] and[2] but hasnow becomea standardfeaturein our global3D-Var system.Sensitivity
experimentshave shown that thecloser�t achievedwith anextra outeriterationin 3D-Var comesmainly
from changesto the nonlinearterm G(v k ¡ 1) in (5.3) ratherthanfrom improvementsto the linearization
statesfor G k ¡ 1. Performingmorethantwoouteriterationsdoesnotleadto furthersigni�cant improvements
in the �t, particularly in 3D-Var, and thereforedoesnot appearto justify the extra computationalcost
involved (more integrationsof the nonlinearoceanmodel).The secondpoint is that 4D-Var producesa
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FIG. 5.3– Thevalueof J k , normalizedby its initial value,for assimilationexperimentswithout (left panel)
andwith (right panel)anouteriteration.Thesolidblackcurvescorrespondto 4D-Var, thedottedbluecurve
to 3D-Varwith IncrementalAnalysisUpdating(IAU), andthereddashedcurveto 3D-VarwithoutIAU. The
black cross,blue asteriskandred diamondcorrespondto the (normalized)valuesof the non-incremental
costfunctionat theendof minimizationfor thesedifferentexperiments,respectively.

much reducedvalue of the cost function comparedto that of 3D-Var (13% improvementover 3D-Var
with IAU ; 28% over 3D-Var without IAU). The small discontinuityin the 4D-Var costafter the update
is a clear indication that the incrementalcost function is a good approximationto the nonincremental
costfunction.Both 3D-Var experiments,on the otherhand,displaya muchlarger discontinuityafter the
updatewhich simply illustratesthat on a 10-daywindow the persistenceassumptionin 3D-Var FGAT is
a poor approximationcomparedto the tangent-linearassumptionusedin 4D-Var. The �nal point worth
remarkingis that the �nal cost reductionachieved by 3D-Var with IAU is worsethan that achieved by
3D-Var without IAU. This tendency wasalreadyobserved in the tropicalPaci�c studyof [3]. While IAU
producestemporallysmootheranalysesthandirectinitialization, it doessoat theexpenseof degradingthe
�t to thedataachievedduringminimization.It is possible,however, that theresultscouldbeimprovedby
usingadifferentforcing functionfor IAU thantheconstantforcingcurrentlyused.

In orderto reducethe computationalcostof 4D-Var, a hybrid 3D-Var/4D-Var strategy is currentlybeing
exploredwherebythe3D-Varalgorithmis usedin theinitial stagesof minimizationto obtainagoodinitial
“guess”for a4D-Varminimization.Preliminaryresultswith asuchaschemeareverypromisingandsuggest
that theef�ciency of incremental3D-Var canbecombinedwith the theoreticaladvantagesof incremental
4D-Var to produceanoverall cost-effective 4D-Varalgorithm.

5.1.3 Impr ovedmodularity using the PALM coupler

In orderto improve themodularityof OPAVAR andto openuppossibilitiesfor parallelizingdifferentparts
of thesystem,anew versionhasbeenmadedevelopedwhichexploitsthePALM-MP coupler. UsingPALM-
MP, OPAVAR hasbeenseparatedinto asetof independent“units” whereeachunit correspondsto aspeci�c
taskin theassimilationalgorithm(e.g.,thecontrol variabletransformation(5.2) would constitutea unit).
The independenceof theunit is ensuredby a well-controlledmanagementof its data-in�ow and-out�ow,
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asillustratedin Fig. 5.4.ThePALM-MP versionof OPAVAR hasbeenintegratedinto theexisting version
of OPAVAR asanoption that canbeactivatedvia CPPkey. This hasbeendoneto facilitatecomparisons
betweenthe PALM andnon-PALM versionsof OPAVAR for bothvalidationandperformance-evaluation
purposes.The currentPALM versionof OPAVAR can be usedto perform a 3D-Var analysisof in situ
temperatureandsalinity databut doesnot yet supportthe4D-Var or altimeterdataoptionswhich exist in
thenon-PALM version.

5.2 Global oceanreanalysis(A. Weaver, N. Daget)

Severalmulti-annual(re)analysisexperimentshave beenperformedwith OPAVAR usingtheexperimental
framework establishedin ENACT. The analysisexperimentswere divided into threestreams: Stream
1 from 1987–2001(the altimeterperiod starting from GEOSAT) ; Stream2 from 1962–2001(the full
ERA-40 periodfrom which daily atmosphericforcing �elds wereavailable); andStreamA from 1993–
2001 (a shorter altimeter period starting from TOPEX/Poseidon).During ENACT, control (no data
assimilation)experimentsand 3D-Var experimentsassimilatingtemperaturedata only were performed
for Streams1 and2, and4D-Var experimentsassimilatingtemperaturedataonly andaltimeterdataonly
were performedfor Streams1 and A, respectively (seethe ENACT �nal report which is available at
http ://www.ecmwf.int/research/EU_projects/ENACT/index.html). Sincethe endof ENACT in December
2004,several improvementshave beenmadeto theassimilationsystemanda new setof 3D-Var analyses
have beenperformedusingthe improved system.Someresultsfrom the latestStream1 3D-Var analysis
experiment,whichassimilatestemperatureandsalinitydata,arepresentedbelow.

Statisticsderived from theobservation-minus-background(OmB) andobservation-minus-analysis(OmA)
vectorsyield valuableinformation about the internal consistency and performanceof the assimilation
system.TheOmA correspondsto theresidualin theobservationtermof thenonincrementalcostfunction,
andcanbecomparedto theresidualin theobservationtermof theincrementalcostfunction,whichwill be
denotedby OmA_incin thefollowing, in orderto allow usto checkthevalidity of thelinearapproximation
in the incrementalalgorithm.For the in situ data,theOmB, OmA andOmA_incvectorsarestoredin the
same(NetCDF)formatastheoriginaldata.Thishasbeenfoundto beveryconvenientfor post-processing.

Figures5.5 and5.6 show vertical pro�les of the meanandstandarddeviation of the OmB (black dotted
curve),OmA (bluedashedcurve) andOmA_inc(pink dashedcurve) from a Stream1 3D-Var reanalysisin
whichbothin situ temperatureandsalinity from theENSEMBLES-ENACT data-sethavebeenassimilated.
The3D-Varwascycledwith a10-dayassimilationwindow. Two outeriterationswereperformedpercycle,
with 10 inner iterationswithin the �rst outer loop and30 inner iterationswithin the second.The �gures
shown arebasedon statisticscomputedover all 549 cyclesof the 15-yearperiodfrom 01 January1987
to 31 December2001.For reference,theobservation-minus-control(OmC)vector(redsolid curve) is also
shown on theseplots. The OmC wascomputedusingexactly the samedatathat wereassimilatedin the
3D-Var experiment.The meanstatistics(left panels)areuseful for detectingbiasesin the system,while
the standarddeviation statistics(right panels)illustratehow well the model �ts the observed variability.
Statisticsareshown for the global averageand two focusregions : Nino3.4 - a well-observed region in
the tropical Paci�c which is importantfor forecastingEl Niño; andNE_extratrop_atl- a region of direct
interestto Europe.

Severalinterestingfeaturescanbededucedfrom these�gures. First,themeanOmCindicatesthatthemodel
withoutdataassimilationhasapronouncedtemperatureandsalinitybias.In theupper200mof Nino3.4the
controlis toowarmby upto 1±C andtoosaltyby upto 0.11psu(onaglobalaveragethewarmbiasreaches
0:6±C andthesaltbias0.2psu).In NE_extratrop_atlthebiasis thereverseof thatin Nino3.4: in theupper
oceanthereis acoldbias(max.0:4±C) andfreshwaterbias(max.0.44psu),whereasbelow 300m,thebias
is warm(max.0:4±C) andsalty(max.0.08psu).The3D-Varreducesthisbiassigni�cantly in all regionsbut
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notcompletely(e.g.,in theOmA in Nino3.4thereis amaximumwarmbiasof upto 0:1±C near150manda
maximumsaltbiasof 0.02psunear100m).This is notsurprisingsince,by construction,the3D-Varsystem
hasnot beendesignedto correctfor a biasin thebackground(backgrounderrorshave beenassumedto be
random,which is clearlynot thecaseespeciallynearthestartof thestream)so thata biasedbackground
will necessarilyresultin a biasedanalysis.In a realisticsystemwe shouldalwaysexpectsomedegreeof
biasin theanalysis.

The right panelsin Fig. 5.5 show that the 3D-Var analysis(OmA) improves the �t to the observed
temperaturevariability in all regions, particularly in NE_extratrop_atl.In this region, the OmB is also
notablyreducedrelative to theOmC.In Nino3.4,on theotherhand,theOmBis similar to theOmCatmost
depths,exceptnear100mwhereit is slightly larger. This indicatesthaterrorgrowth duringthe“forecast”
(background)integration that follows eachassimilationcycle is much more rapid in this region, and is
possiblyassociatedwith an imbalancebetweenthe analysisandthe surfaceforcing. The right panelsin
Fig. 5.6 show that the 3D-Var analysis(OmA and OmB) also improves the �t to the observed salinity
variability at all depthsin all threeregions,but that, in Nino3.4,the �t is lost morequickly in the upper
oceanduringtheforecaststep.

Finally, it is interestingto note that the OmA andOmA_inc aresimilar everywhereexcept in the upper
200mof Nino3.4.This similarity illustratesthatthe�t to theobservationsachievedduringminimizationis
not signi�cantly degradedby theIAU procedure.Theextra outeriterationusedin 3D-Var hasbeenshown
to beessentialfor preservingthispropertyof the3D-Varanalysis.

5.3 Use of oceandata assimilation for seasonalclimate prediction
(P. Rogel)

5.3.1 Design of an ensemblegeneration method for seasonalprediction in the
presenceof data assimilation

Buildingperturbedoceananalyses

In analogyto the DEMETER ensemblegenerationstrategy for constructingoceaninitial conditionsfor
seasonalclimateprediction,wehavedesignedastrategy thatpreservesthedynamicalbalanceof theocean.
The former hasbeenconstructedby perturbingthe wind stressand seasurfacetemperatureforcing of
an oceanmodel.The otherset is constructedby assimilatingperturbedin situ temperaturedatausinga
multivariate3D-Var versionof OPAVAR. The OPAVAR systemhasbeenusedto produceensemblesof
analysesusingtheECMWFoceanin situobservationdata-base.SSTperturbationshavebeeninterpolatedto
all temperatureobservationlocationsandextrapolatedatdepth.Theoriginalverticalpro�le propertieshave
beenconserved in themixed layerandtheperturbationprogressively fadesto zerounderneath.Ensemble
statisticsarecomputedfor theperiod1990to 1999.

Impactof theassimilationon theensemblesof oceanstates

Dueto nonlineareffects,theensemblemeantemperaturehasasigni�cant subsurfacecoldbiaswhennodata
areassimilated,thusindicatingthatsomepartof theDEMETERhindcastsystematicerrormaybeexplained
by theway ensemblesaregenerated.Constrainingthetemperaturethroughdataassimilationcontributesto
reducethis subsurfacebias.Thedispersionof the initial conditionsis supposedto sampletheuncertainty
associatedwith the oceanstateestimate.Therefore,a smallerspreadin the assimilationcasethanin the
forcedonly caseis consistentwith the ideathat oceanuncertaintyhasbeenreducedby constrainingthe
oceanstatethroughdataassimilation.Figure5.7illustratesthispointandalsodisplayshow dataassimilation
impactsthe interannualvariability (seealso[GLO24]). However, somequalitative estimatesindicatethat
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oceanuncertaintymay be overestimatedby the ensemblespreadin the nonassimilatedcase,andthat the
oppositeoccursin theassimilatedcase.It is alsoshown thatwind stressperturbationsmainly control the
spreadamplitudein the nonassimilatedcase,but that temperatureperturbationshave a strongerrelative
impactin theassimilatedcase.

5.3.2 Impact of 3D-Var analyseson seasonalhindcasts

Buildingseasonalhindcasts

Productionof a 3D-Var-initialised set of coupled 6-month, 9-memberhindcastensembleshas been
completedfor the period 1990-1999.The coupledsystemconsistsof the ARPEGE-Climat-V3and the
ORCA2 versionof the OPA model coupledthroughOASIS. This samesystemhasbeenusedfor the
DEMETER project ([GLO20]). This experimenthasbeendesignedasmuchaspossibleasa sensitivity
experimentwith respectto theoceaninitial conditions,sothatthelatterwill beconsideredin thefollowing
asthecontrol (reference)to which we comparethescoreschanges.Thedatahave beenstoredon MARS,
aspartof the�rst phaseof thephase1 of theENSEMBLESproject.

Results

Theresultshave beenextensively examinedin termsof climatology, tropicalscoresandglobalscores.

1. Climatology : The�rst sourceof errorof any seasonalpredictionsystemis a systematicerrordueto
imbalancesbetweencomponents(ocean,atmosphere,...)at thebeginningof thecoupledintegration.
In [GLO16], we have shown that this systematicerror is dueto imbalancesin the initial conditions,
which explains most of the �rst month systematicerror, and to fast varying systematicerror,
primarily controlledby theatmosphere.In this respect,theimpactof the3D-Var initial conditionsis
globally very positive sinceit substantiallyreducesthe�rst sourceof error. Theclimatedrift is thus
signi�cantly reducedin thewhole tropicalbandaswell asoutsidethe tropics.As the improvement
of the climatology is not suf�cient to obtaina betterbehaviour of the model,we veri�ed that the
modelvariability is improvedatall leadtimesin thetropicalregions.This is probablydueto thefact
thatdataassimilationis ableto imposesubsurfaceanomaliesthatarenot presentwhentheoceanis
forcedonly by windsand�ux es.Deepanomalies,especiallyat thethermoclinelevel, canpersistand
beadvectedover a6-monthperiodandthusimprove SSTvariability whenthey outcrop.

2. Tropical Scores : Tropical scoresshow in general good behaviour of the 3D-Var initialised
experiments.In the Nino3 region of the Paci�c, scoresare betterat monthsone and two, and at
monthsix of the forecasts,suggestingthat the impactof oceaninformationis effective at long time
scales.This suggeststhat they couldbeevenmoreimportantat time scalesof oneyear. During the
1997event (seeFig. 5.8), the 3D-Var initialised forecastsclearly outperformthe control andother
DEMETERforecasts.

3. Global Scores: In orderto have a generaloverview of the impactof oceaninitial conditionson the
seasonalhindcasts,a systematicevaluationof the impactof oceaninitial conditionsfor all seasons,
all leadtimes,threeclimatevariables(temperature,precipitationandMSL pressure) andall over the
globe(divided in 6 regions)hasbeencarriedout. This hasbeendoneusingEconomicValuescores
for above normalanomalies(in mostcases,theeffect is thesamefor upperterciles).An exampleof
the resultscanbe found in Fig. 5.9, wherewe canseefor examplethat the impactover Europeis
globally positive in Summer, SpringandFall, but negative in Winter. Theglobalbalanceis in favour
of the3D-Varhindcasts,with 67caseswherethereis again,against56 losses,and20neutralcases.

138 Jan.2004– Dec.2005



CLIMATE MODELLING AND GLOBAL CHANGE

5.3.3 Regionalseasonalprediction study over WestAfrica

Dueto errorsin modellingprecipitationin atmosphericmodels,seasonalpredictionof thisquantityis often
of poor quality and is not able to outperformstatisticalpredictionswhen they exist. In WesternAfrica,
whereseasonalprediction is crucial in several domains(crop yield or malaria),the DEMETER multi-
modelhasalmostno skill. We have evidenceda signi�cant statisticalrelationshipbetweenthe dominant
modesof observedprecipitationanda combinationof ERA-40 reanalysedlarge-scaleatmospheric�elds,
namelythe humidity convergencein the lower troposphere.We have shown that the dominantmodesof
precipitationof the rainy seasoncanbe moreaccuratelyforecastedwhenprecipitationis estimatedfrom
theforecastedhumidityconvergencethroughthisstatisticalrelationshipassociated.Thismethodhasshown
that the probabilisticROC scoresfor the threedominantmodescould be improved by 0.2, which makes
themsigni�cantly moreskilful thanclimatologyin almostall cases.

[2] J. Vialard, A. T. Weaver, D. L. T. Anderson,andP. Delecluse,(2003),Three-and four-dimensionalvariational
assimilationwith an oceangeneralcirculationmodelof the tropical Paci®c Ocean.Part 2 : physical validation.,
Mon.Wea.Rev., 131, 1379±1395.

[3] A. T. Weaver, J. Vialard, and D. L. T. Anderson,(2003),Three-and four-dimensionalvariationalassimilation
with anoceangeneralcirculationmodelof thetropicalPaci®cOcean.Part 1 : formulation,internaldiagnosticsand
consistency checks.,Mon.Wea.Rev., 131, 1360±1378.
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FIG. 5.4 – ThePALM-MP modularcon�gurationof an incremental3D-Var (FGAT) versionof OPAVAR.
The colouredboxes correspondto different “units” usedin 3D-Var. They are locatedon one of � ve
“branches”which aredistinguishedby a differentcolour. Eachbranchexecutesthe sequenceof units on
thatbranch.Unitsbelongingto differentbranchescanrun in parallel.In thiscon�guration,for example,the
units“load data”and“readrestart”arerun in parallel.Eachunit is a separateexecutable,exceptfor those
blocksof unitsenclosedby anouterbox (e.g.,theblock containingthe “step”, “initam” and“opa” units)
whereit is theentireblockthatconstitutesanexecutable.Theinputs(outputs)for eachunit areindicatedby
thecirclesat thetop(bottom)of eachbox.Thelinesjoining theoutputof oneunit with theinputof another
indicatea direct “data” exchangebetweentheseunits. Alternatively, the output (input) canbe storedon
(retrievedfrom) thePALM-MP buffer, indicatedby thesmallsquares.Loopsareindicatedby largecircles
on thethick line connectingunitson a givenbranch: thestart(end)of a loop is de�ned by a white (grey)
circle. Units containedwithin a loop have a half-circle attachedto the left-hand-sideof the box. Several
half-circlesindicatethat theunitsarecontainedwithin nestedloops.For example,the two half-circleson
the “sqrtB” box indicatesthat this unit, which correspondsto thecontrol variabletransformation(5.2), is
calledwithin theinnerloopof theouterloopof theincremental3D-Varalgorithm.
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FIG. 5.5– Verticalpro�les of themean(left panels)andstandarddeviation(right panels)of theOmC(solid
redcurve),OmB(dottedblackcurve),OmA (dashed-dottedpink curve)andOmA_inc(dashedbluecurve)
for temperaturefrom a15-yearglobal3D-Var reanalysis(01January1987to 31December2001)in which
both temperatureand salinity pro�les have beenassimilated.The OmC, OmB etc. have beenaveraged
within eachmodellevel. Thestatisticsaredisplayedfor theglobalaverage(top panels)andfor two focus
regions: thetropicalPaci�c (middlepanels)andthenorth-eastextra-tropicalAtlantic (bottompanels).
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FIG. 5.6– As Fig. 5.5but for salinity.
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FIG. 5.7 – Vertical sectionat the equatorof the interannualvariability (top row) and ensemblespread
(bottomrow) deducedfrom the DEMETER (no assimilation)oceaninitial conditions(left column)and
from the3D-Varexperiments(right column).
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FIG. 5.8– Predictionof SSTanomaliesin theNino3 region; left : absoluteerror; right : predictionof the
peakENSO97eventstartedin August1997.
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FIG. 5.9– Gainin termsof EconomicValuefor predictionsof temperature,precipitationandMSL pressure
anomalies.
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6 Data assimilation for atmospheric
chemistry

Theatmosphericchemistryprojecthasstartedin January2003,with theEC-FP5ASSETprojectasa new
applicationfor the Palm software. The main part of the activity was the developmentof a variational
dataassimilationsystemfor the global chemistry-transportmodel (CTM) Mocagefrom CNRM, Météo-
France.Thedatato beassimilatedinto theASSETprojectcomefrom theEnvisat satelliteandthey were
not available at the beginning of the project.Due to their similarities with the ozonepro�les from the
spectrometerMIPAS onboardEnvisat,theGomedatahadbeenchosento developtheassimilationsystem
namedMocage-Palm. Interestingresultswereobtainedat theendof theyear2003(ref rapport2003)and
hadencouragedusto improve this systemasa new researchactivity andnot only asanapplicationfor the
Palmsoftware.

6.1 Impr ovementof the ozonepro�les assimilationsystem

The developmentsof the Mocage-Palm assimilationsystemareseparatedinto threemain ways: (1) the
chemistrytransportmodel usedto assimilatethe ozonepro�le, (2) the assimilationschemeand (3) the
diagnosticsto validatetheanalyzedozone�elds.

6.1.1 Chemistry transport model (S.Massart, H. Teyssedre)

The chemistryschemeusedto assimilateGomedatainto the CTM MocagewasRacmobus, the stateof
theartchemistrymodelwith around120species.Thismodelresultsfrom thecombinationof theReprobus
modelfor thestratosphereandtheRACM modelfor the troposphereforcedby an inventoryof pollutants
surfaceemission.Nevertheless,thenumericalcostof this completechemistrymodelis too high to analyze
dataduringseveralmonths.TheMocage-Palm systemwasthenadaptedto two lightestchemistrymodels:
ReprobusandCariolleschemes.
TheCariolleschemeis a linearchemistrymodeldevotedto only stratosphericozone.Thelow costof this
schemeallows usto testandadjusttheassimilationsystemwhenwe receive new setof datato assimilate.
Beingvalidatedwith thisscheme,wereanalyzethedatausingtheReprobusschemein orderto haveamore
detailedatmosphericchemistrystatewith 55speciessolvedin thestratosphere.

6.1.2 Assimilation scheme(S.Massart, H. Manzoni)

In the3D-Fgat (First Guessat AppropriatedTime) assimilationscheme,themis�t (differencebetweenan
observation andthe modelequivalent)is calculatedby consideringthe modelstatefor eachspeci�c time
an observation is available.This is of greatinterestsincesatelliteobservationsarenot just performedat
synoptichours,but ratherarecontinuous.The 3D-Fgat algorithmadjustsan incrementconstantin time,
which minimizessimultaneouslythe model-backgrounddistanceandall the model-observation distances
over theentireassimilationwindow. The4D-Var algorithmobtainsan incrementat the initial time, which
is integratedin timeusingthetangentlinearmodelandminimizesthemodel-observationdistancesall over
theassimilationwindow. In this respect,the4D-Var techniqueis more�e xible thanthe3D-FGAT, but it is
alsomuchmorecostlyasit necessitatesmany integrationsof thelinearmodelandof its adjoint.
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Assessingthe relative strengthsandweaknessesof 3D-FGAT andincremental4D-Var in a chemicaldata
assimilationcontext hasseldombeendemonstrated.Both methodshave beenimplementedusingthePalm
softwareandthesameCTM. Nevertheless,thechoiceof thechemicalschemein theincremental4D-Var is
restrictedto theCariolleonethatis theonly schemewehave developedanadjoint.We alsohadto develop
the linearandadjointmodelof thetransportmoduleof Mocage.The incremental4D-Var currentlyworks
with threelinearmodel: (1) the identity to becomparedto the3D-Fgat, (2) thesemi-lagrangiantransport
modeland(3) thetransportandtheCariolle linearchemistry. Comparisonbetweenthis severalversionof
the4D-Varandthe3D-Fgat hasnot still beenperformedovera longperiodof assimilation.

6.1.3 Diagnostictools (S.Massart)

A key stepin theassimilationprocedureis thevalidationof theanalyzed�elds. Severaldiagnosticswere
developedfollowing threeways.The�rst oneconsistsonthecalculationof thedistancebetweendependent
data(thosethatareassimilated)andmodeloutputsbeforeandaftertheassimilationprocedure.As expected,
the analysisis closerto the analyzedobservations.However, it doesnot necessarilymeanthat the result
obtainedis consistentwith theprescribederrorstatistics.
In orderto evaluatetheoverall globalconsistency of any assimilationalgorithm,a very simplediagnostic
providedby Talagrand(1998)on thestatisticalexpectationof theobjective functiontakenat its minimum
hasalsobeenimplemented.
Nevertheless,accordingto Talagrand(1998),theonly objective measureof thequality of anassimilation
algorithmis acomparisonof the�elds producedby theassimilationwith independentdata.Thus,analyzed
ozonepro�les were lastly comparedto available soundingsand to the TOMS (Total OzoneMapping
Spectrometer)total ozonemeasurements.

6.2 Valorization of the assimilationsystem

The Mocage-Palm assimilationsuite includesa 3D-Fgat andan incremental4D-Var able to assimilated
ozonepro�les and a numberof diagnostictools. The direct CTM model usedto computethe model
equivalentto observationsis Mocagethatcanberun in any of its chemicalcon�guration for the3D-Fgat
andonly with the linear Cariolle schemefor the 4D-Var. This suite is currentlyemployed to assimilated
ozonepro�les from theMIPAS instrumentonboardEnvisatandSMRinstrumentonboardOdin.

6.2.1 Assimilation of MIPAS data (S.Massart, H. Manzoni)

Being involved into the Assetproject that aimsto assimilatethe datafrom the EuropeanSpaceAgency
(ESA) satelliteEnvisat, the assimilationsuite was applied to the Michelson Interferometerfor Passive
AtmosphericSounding(MIPAS) instrument.Operatingin the near to mid-infrared, MIPAS provides
concentrationpro�les of a numberof targetspecies(O3, HNO3, CH4, andN2O) in theuppertroposphere
andstratosphere.A typical limb elevationscanof MIPAS startsat about50 km heightanddescendsin 3
km stepsto 8 km. With around600pro�les perdayduringdayandnight time theMIPAS datahasa good
globalcoverageallowing ahigh-qualityglobalanalysis.
As an exemple,the �gure 6.1 presentsthe zonalmeanozonedistributionsfor the control simulation,the
analysiswith the3D-Fgat usingtheCariolleschemeandtheMIPAS dataaveragedover September2003.
As expectedthe assimilated�eld is even closerto the datathan the control run. In particularthe larger
correctionsto the control simulationare mostly brought in two regions.The �rst one is locatedin the
southernhemisphere,in the 40–60±S latitudeband.The assimilationcorrectsthe modelby lowering the
north-southgradientabove 100hPa. Thesecondregion is locatedin thenorthernhemisphereup to 40±N.
Theozonemaximumaround50hPais increased.Moreover, anunusualsecondarymaximumappearsin the
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analyzed�elds at 200 hPa that is only sketchedin the MIPAS data.Additional comparisonswith sondes
have justi�ed thissecondarymaximum.

(a) Freee MOCAGE run

(d) Difference between (a) and (b)

(b) Analysis

(c) MIPAS  ESA, 2003

FIG. 6.1 – Zonal meanozonein mPa averagedover July 2003 as a function of pressurelevels for the
control run (top left), theanalysiswith the3D-Fgat-Cariolle(top right), theMIPAS data(bottomleft) and
thedifferencebetweenanalysisandcontrolrun (bottomright).

More validationshave beenperformedfor the 3D-Fgat-Cariolleschemein particularwith TOMS (�gure
6.2).Theanalysisglobally maintainslargervaluescomparedto theTOMS total ozonemeasurementswith
a differencecloseto 20 DU from themorthmidlatitudesto thesouthmidlatitudes.In thehigh latitudesof
thenorthernhemisphere,thedifferencereaches40DU. Evenif theabsoluteaccuracy betweenMIPAS and
TOMSdatacannotbeconcluded,our resultsclearlydemonstratetheability of theassimilationtechniques
to comparemeasurementsthathave very differentcharacteristicslike limb soundingsin the IR andnadir
UV measurements.

The 4D-Var assimilationof MIPAS datais in progressandstill have to be validatedbut �rst resultscan
alreadybe comparedto the 3D-Fgat analysis(�gure 6.3). Beforeproducinginterestingscienti�c results,
the4D-Var have to beadjusted.In particular, thesizeof theassimilationwindow canbeincreasedfor the
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FIG. 6.2– Zonaltotalozonetimeevolutionsin DU over theAssetintercomparisonperiod(July-November
2003)from the3DFGAT analysis(left) andmeasureby TOMS(right).

4D-Var, thatmeansthatthebackgrounderroris differentfrom the3D-Fgatsincethebackgroundis provided
by anintegrationof theCTM.

6.2.2 Assimilation of SMR data (S.Massart, L. El Amraoui)

In orderto extendthe variety of datato be assimilatedby the Mocage-Palm suite,collaborationbetween
the CERFACS, the LA and the CNRM hasbeeninitiated aroundthe datafrom the Odin satellite,that
is dedicatedto both astronomyand aeronomy. The Sub-Millimeter Radiometer(SMR) is one of its
two instrumentsthat detectssimultaneouslymany speciesin the stratospheresuchas O3 andN2O. For
the aeronomypart of the Odin mission,approximatelyone day over three,SMR scansthe limb of the
atmospherefrom 17 to 70km andprovidesO3 andN2O pro�les within a resolutionof about2 km.
During January2003,Odin wasmainly devotedto aeronomy. This periodwaschosento testthe3D-Fgat
assimilationalgorithmon the SMR datausing the Cariolle chemistryscheme.The main dif�culty came
acrosswasto adjustthebackgrounderrorstatisticsaccordingto theobservationerrorones.Nevertheless,
this steprealized,resultswerenot asencouragingasfor MIPAS. Due to a lower observation density, the
information bring by the Odin datahave to be spreadvertically by the assimilationprocedurein order
to improve the analysisquality. This vertical diffusion of the information is still not implementedin the
assimilationsuite.
Moreover, all theinformationavailablefrom SMR wasnot takeninto accountsincetheactualtop level of
Mocageverticalresolutionis 5 hPa (near35 km). Sincea few time,a new versionof Mocageis developed
with anextensionof thetop level to 0.1hPa(near65km). Theassimilationsuiteis now ableto usethisnew
versionbut not signi�cant resultscanbepresentedyet.

6.2.3 Simultaneousassimilationof MIPAS and SMR data (E. Renard,V.-H. Peuch,
S.Massart)

A traineework wasproposedby theCNRM to assimilatedtogetherozonepro�les from bothMIPAS and
SMR measurements.This work hasshown that onemain hypothesisof assimilation,an observation bias
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FIG. 6.3– Zonalmeanozonein mPaaveragedoverJuly2003asafunctionof pressurelevelsfor the4D-Var
analysiswith theCariolleschem(left) anddifferencebetweenthe4D-Varandthe3D-Fgatanalysis(right).

equalto zero,hasto be respectin this context. Theobservationshave �rst to beassimilatedseparatelyin
orderto estimatetheirrespectivebiasthroughthecomparisonbetweenanalyses.Moreover, theobservations
covariancematriceshavealsoto bewell speci�edin orderto respecttheweightof eachtypeof observation
in theanalysisprocess.Then,thesimultaneousassimilationof thetwo varietiesof observations,unbiased
comparedto TOMS,providesanalyzedozone�elds closerto TOMS measurementthanthe�elds from the
separatedanalyses.

6.2.4 The ADOMOCA project (A. Piacentini, S.Massart, D. Cariolle, P. Ricaud,
J.-L. Attie)

The aim of the ADOMOCA (Assimilation de DOnnéespour les MOdèlesde Chimie Atmosphérique)
project is to gathertogetherthe Frenchatmosphericchemistrycommunityworking or wishing to work
ontheassimilationof troposphericandstratosphericchemistryspecies.Dueto thelargenumberof existing
tools (models,measurements,assimilationmethods)in this �eld, thePALM softwarehasappearedasthe
bestway to coupletheassimilationpiecestogetherto build anassimilationalgorithm.In thecontext of the
ADOMOCA project,thestructureof theMOCAGE-PALM algorithmhasto becomemoremodularin order
to admitotherchemistrytransportmodelsandto assimilateotherkind of chemistrydatanot restrictedto
ozoneandto pro�les.
This new prototypeis presentlyusedto produceozoneanalysisfrom MIPAS measurementswith thenew
Mocagevertical resolutionextendedto 0.1 hPa. As with the4D-Var, this systemhasstill to be testedand
validatedusingtheavailablediagnostics,beforeproducinginterestingscienti�c results.
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7 Data assimilation for nuclear plant
modelling

Simulationof nuclearplant reactorsplays a vital role for their securityand operation.For that reason,
EDF R&D andits partnersdevelop complex neutronicmodelswhich areusedin operationalandallows
to optimizerefuelingandto monitorethe coreof the reactors.Someincoreandexcore instrumentations
areusedroutinely to have a betterknowledgeof the reactorsstate.However, few areusedfor improving
simulations.Theuseof dataassimilationtechniqueshasnow becomesystematicin �elds suchasweather
or oceanography forecastto takeadvantageof themaximumamountof availableinformation(simulations,
measurements,...) abouta given physical system,in order to computethe bestestimateof its state.The
objective of the ADONIS project,createdat EDF in 2003in the framework of the 2010challenges,is to
studythefeasabilityandpotentialcontributionof suchmethodsfor thesimulationof nuclearplantreactors.
The “Data assimilationfor nuclearplant modelling” projecthasbeencreatedin the Global Changeand
ClimateModelling teamat theendof year2003,on anEDF demand,to contributeto theADONIS project
by bringingtheexpertisedevelopedatCERFACSaboutthestudyandimplementation(PALM software)of
dataassimilationsystems.

Themainobjective of this projectis to demonstrate,in collaborationwith theADONIS team,thepotential
contribution of dataassimilationmethodson a setof neutronicapplications.To realizethis objective, it
hasbeendecidedto develop several prototypesof dataassimilationsystemsfor applicationsof gradual
complexity for which thesetechniquesseemsto be adapted.The useof the PALM software ([4]) plays
an important role by facilitating the implementationand ensuringthe evolutivity of thesesystemsby
coupling their elementarycomponents.On the period2004-2005,two systemshave beenimplemented.
Thefollowing sectionswill detaileachoneof theseapplications.

7.1 MAN ARA : a Modular Application for Neutronic Activity
Reconstruction by Assimilation (S.Buis, S.Massart, G. Gacon,
N. Aguir )

MANARA (Modular Application for Neutronic Activity Reconstructionby Assimilation) has been
implementedto addressthesameproblemastheEDF codeCAMARET - that is to provide a �ne estimate
of the3D powermapgivensomelocatedmeasuresandthesimulationcomputedby amodel- but with using
dataassimilationtechniques.Theknowledgeof thismapis necessaryin anoperationalcontext, in particular
for hotspotlocalizationanddepletioncorrection.However, themethodscurrentlyusedin CAMARET have
severaldrawbacks.In particular, they aredif�cult to justify onatheoreticalpointof vueandthey donottake
into accountmeasurementerrors.In addition,CAMARET exclusively usesin-coremeasurementsystem.
Dataassimilationmethodologyaddressesall thesepoints,that's why theuseof thesetechniquesseemsto
berelevantin seachacontext.

Theproblemsolvedby MANARA is theminimizationof theclassicincremental3D-VAR costfunction.It
producesasananalysisa3D powermapusingtheonecomputedby theneutronicmodelCOCCINELLEat
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agiventimeasabackground,andthemeasurementsprovidedby movabledetectorsatcorrespondingtime.
ThemodelCOCCINELLEis theof�cial EDFneutroniccodeusedin operationalconditions.It computesa
3D nodalcalculationfor 2-groupsdiffusion,with feedbackanddepletioneffects.COCCINELLEis usedin
MANARA asit is in CAMARET, that is to provide ana priori estimateof thesoughtpower map.All the
operatorsimplied in the computationof the 3DVAR system- the COCCINELLE model,the observation
operator, its adjoint, the inverseof the error covariancematrices,... - have beenimplementedandtested
as independentcomponents.Then, thesecomponentshave beenassembledin PALM to build the full
3D-VAR system,asshown in Fig. 7.1. Several internaldiagnosticshave beensuccessfullyperformedto
checkthevalidity of thesystemandof its componentsamongwhichadjointtestandgradienttest.Thefull
applicationsuite(3D-VAR andassociatedtests)is handledwith PALM andunderCVS.Thedevelopment
of this systemis describedin [GLO69]. This tool is a baseto testseveralcon�gurationsof theassimilation
system.In particular, theadditionof new kind of observations(in-coreor ex-core)is facilitatedthanksto its
modularity. Anotherversionof thesystem,basedon thedirectresolutionof theBLUE equations,hasbeen
recentlyincludedin thesuite.It turnsout to be fasterandmoreprecisein certaincasesthanthe3D-VAR
version.

A �rst setof experimentshavebeencomputedwith MANARA usingasimplebackground-errorcovariance
matrix B. In this case,B containeduniform varianceson its diagonal and covariancesdecreasing
exponentiallywith thedistancebetweentheconsideredpoints.126 independentassimilationexperiments
have beencomputedusing42 £ 38 observationsextractedfrom the completeobservation datasetwhile
the other 16 £ 38 have beenkept for comparison.The samehas beencomputedusing CAMARET.
ThecomparisonbetweentheCAMARET analysis-minus-observationsandtheMANARA analysis-minus-
observationsshows that MANARA alreadygives promisingresults(Fig. 7.2). Furthermore,it offers a
natural framework to combineseveral kinds of observationsand their error statisticswhich is not case
in CAMARET.

The quality of the estimationresultingfrom a dataassimilationsystemlargely dependson the quality of
the error covariancematricesmodelling.In particular, the estimated3D mapcomputedin MANARA is
not usedasan initial conditionfor a new simulationbut asthebest-known estimationof thereactorstate.
As theobservedreactionrateslocationscorrespondto a restrictednumberof pointsof theCOCCINELLE
computationgrid, aparticularattentionmustbepaidto themodellingof thebackgrounderrorcovariances,
becauseit determinestheway thecorrectionat observationpointsis spreadon therestof thecomputation
grid. A study of the background-errorcorrelationsbasedon the analysisof the background-minus-
observations,using the so-calledobservational method([5]), hasbeenperformed.A preliminary study
of the model biaseshad beennecessarysincemodel or observation biasescan affect the resultsof this
methodaswell asthe resultof the dataassimilationsystem.An analysisof the discrepancy betweenthe
COCCINELLE simulationsandthe correspondingin-coreobservationsshows several modelbiaseswith
stronghorizontalspatialstructures([GLO92]). A procedurehasbeenimplementedto automaticallyremove
these�rst orderbiasesfrom thebackgroundwith asimple2D modelisationof thesestructures.Theanalysis
of theunbiasedbackground-minus-observationswith theobservationalmethoddid not allow usto identify
spatialcorrelationstructures([GLO92]). Theheterogeneityof thein-coremediumandthegranularityof the
meshmayexplain thatthebackground-errorcorrelationbetweentwo pointsis not in�uencedata �rst order
by thedistancebetweenthesepointsin ourcase.Thisstudysuggeststhatotherfactors,suchasfor example
natureor depletionof the assemblies,have to be investigatedfor the in�uence on the background-error
correlation.
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FIG. 7.1 – The MANARA 3D-VAR in PALM. Each color box representsa PALM unit, that is a
computationalcomponentof thesystem.ColorlinesbetweenPALM unitsrepresentdataexchanges.Orange
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FIG. 7.2– RMS of thediscrepancy betweenestimatedreactionratesandnon-assimilatedobservationsper
level of themesh.It canbeseenthat theestimateproducedby MANARA �ts theobservationbetterthan
CAMARET onalmostall theaxial points.

7.2 KAFEINE : KAlman Filter Estimation In NEutr onic
(S.Massart, G. Gacon, S.Buis)

Givenasetof initial conditionsfor anuclearreactor, neutronicmodelsimulationdependsonfew parameters
thatarethedegreesof freedomof themodel.Theaimof thesemodelsis to simulateasaccuratelyaspossible
theneutronic3D �eld for any reactor. Thus,somefew parametershaveto betunedonce,usingtheavailable
data.At eachnew releaseof theEDFR&D operationalneutronicmodel,acalibrationof its inputparameters
is performed.This calibrationproceduretunesa given setof parametersin order to make the resultsof
the model as closeto in-core measuresas possible,on a greatnumberof experiments.Nowadays,� ve
modelcoef�cients aresequentiallyoptimizedandtwo moreparametersarecorrectedby hand.This quite
heavy procedureis not fully automatedandthuslimited to a restrictednumberof parameters.A system,
calledKAFEINE, hasbeendeveloppedunderthe PALM framework to test the potentialcontribution of
dataassimilationmethodsfor this kind of application.Thesemethodscancontribute to automaticallyand
simultaneouslyadjusta large numberof parametersand/orto usea heterogeneousparameteradjustment
mapin codecalibrationprocedures,insteadof taking onesinglehomogeneouscorrectionvaluefor each
parameter. This issueshouldbe of primary importancein the future sincemodels,suchas multi-group
re�ectors for instance,tendto becomeincreasinglycomplex. Moreover, dataassimilationtechniquesoffer
thepossibilityto take into accountall differentmeasurementsystemsexisting in aPressuredWaterReactor
core with their uncertaintiesas well as model uncertainties.Finally someuseful information about the
uncertaintiesof theestimatedparameterscanbeprovidedby thesystem.

TheKAFEINE calibrationsystemis basedon anextendedKalman�lter method.It simultaneouslyadjusts
several neutronicparametersof the model COCCINELLE to best-�t a seriesof in-core measurement
campaigns.In this context, given a set of parameters,COCCINELLE outputs have to be compared
to observations on several experiments.The observation operatorof the systemcontainstwo distinct
componentsthatarethemodelitself andsomeclassicalconversionsfrom modeloutputsto observations.
This operatoris linearizedby �nite difference([6]). Contraryto classicaluseof theKalman�lter , no state
propagationmodelis neededandit is replacedby theidentity matrix in equations.Thedevelopmentphase
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of this systemis now accomplished.A qualitative andquantitative comparisonbetweenKAFEINE andthe
procedurecurrentlyusedat EDF will soonlybe performed,with simpli�ed covarianceerror matrices,to
have a �rst guessof theinterestof dataassimilationmethodfor neutronicparameterscalibration.

[4] S. Buis, A. Piacentini, and D. D�clat, (2006), PALM : A ComputationalFramework for assemblingHigh
PerformanceComputingApplications,ConcurrencyandComputation: PracticeandExperience, 18(2), 247±262.

[5] A. Hollingsworth andP. Lönnberg, (1986),The statisticalstructureof short-rangeforecasterrorsasdetermined
from radiosondedata.Part I : Thewind ®eld,Tellus, 38A, 111±136.

[6] S.Massart,(2005),Lin�arisationdumodèleCOCCINELLEpardiff�rences®nies.,technicalreport,CERFACS. In
preparation.
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8 The PALM coupler

8.1 Support and Training for the PALM_RESEARCH product
(T. Mor el, S.Buis, A. Piacentini, N. Barriquand )

The PALM_RESEARCH sofware (Fortran 90 programming,SPMD - Single ProgramMultiple Data
paradigm,MPI1 messagepassinglibrary) hasbeendeliveredat theendof 2001.Thisproductis usedin the
MERCATOR project.Its useis freefor researchpurposesandis encouragedfor theMERCATOR-related
assimilationactivities.
ThePALM projectis thoroughlypresentedon thewebsite: http ://www.cerfacs.fr/˜globc .
Thesoftwareis providedwith an installationguideanda userguide.Theuserguideincludesa tutorial to
goprogressively throughall thefeaturesof thePALM prototypeandof its graphicalinterfacePrePALM.
A threedaytrainingsessioncanbeprovided if necessary. Five sessionswereorganizedin 2004and2005
for a total of �fty trainedpeople.
The PALM team provides a constant user support for the PALM products. The mail address
palmhelp@cerfacs.fr canbeusedby all registeredusersto contactthePALM team.
ThePALM users'communityis now spuredto usethePALM_MP releaseinsteadof PALM_RESEARCH
to takeadvantageof thenew functionalitiesandtheimprovementsonmemorymanagement.Thechangeto
thisnew releaseis transparentfor thesourcedeveloppedby theusers,dueto anupwardcompatibilityof the
latestreleaseof PALM.

8.2 Implementation of the �nal version (S.Buis, T. Mor el,
N. Barriquand )

The last two yearsmain activity of the PALM teamwas the developmentof new functionalitieson the
MPMD releaseof the coupling software PALM called PALM_MP. This one is basedon MPI2 which
provides communicationsbetweenindependantprocesses.On the contraryof the MPI1 standardwhich
is usedontheSPMDreleaseof PALM, theMPI2 standard,now availableonmostcommonplatformsusing
native or public implementationsuchLAM, allows a bettermemorymanagementandleadsto an higher
andclearerindependencebetweensourceswhich have to be coupled.In concreteterms,althoughsome
mainpartsof thepreviousPALM kernelasthemanagementof thedistributedobjectshave beenre-used,
PALM_MP Kernelwaslargely rewritten.
ThemainPALM_MP new featuresarethe introductionof thesub-objectconceptwhich allows to pick up
only apartof anobject,thepossibilityfor theusersto useC/C++languagesaswell asFORTRAN77and90
to developtheir own PALM units,anda more�e xible temporalmanagementof objects.At thesametime,
toolsfor real-timesupervisionhasbeendevelopped.TheAlgebratoolboox,includedparalleloperationsand
minimisersis now availableon thePALM_MP softwareAt present,the�rst testson concreteassimilation
datacaseswith PALM_MP arein progress.
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8.3 Developmentof a PALM breadboard(S.Buis, T. Mor el)

Thedevelopmentactivity wasaccompaniedby anextensive testingof thenew code.With theaimof testing
the �e xibility , the performancesandthe portability of the PALM softwareandof its interfacePrePALM,
a benchcasehasbeendesigned.It is basedon a 2D shallow waternonlinearmodelandit makesuseof
its lineartangentandadjointversions.Themodelshave beendevelopedandsetinto thePALM formalism.
Thesemodelshave beenusedto implementa 3D-Var anda 4D-Var assimilationscheme.Startingfrom
theseassimilationschemes,thebenchcasehasbeenimprovedandit includesnow twelve differentcases
implementingthe3D-Var, the3D-FGAT, the3D-PSAS,the4D-Var, theincremental4D-Var methodswith
differentminimizers.This benchcaseis thebaseof thedevelopmentof anadvancedtutorial for thePALM
applicationsin dataassimilation.

8.4 PALM applications

Severalapplicationsof PALM aredescribedin othersections:
– Dataassimilationassimilationfor oceanicmodeling
– Dataassimilationfor nuclearplantmodeling
– Dataassimilationfor atmosphericchemistry
ThePALM coupleris alsousedin othersapplicationsat CERFACSon compututional�uid dynamicteam
to optimize the designof aero-engine.Othersprojectshave choosenthe PALM_MP software to couple
parallelcodes: CESBIO,IUSTI, SNECMA...
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9 SMOS Mission

E. Anterrieu, B. Picard

9.1 Intr oduction

9.1.1 Intr oduction

TheSMOS(Soil MoistureandOceanSalinity)spacemissionis now undergoingphaseC studyin theframe
of theEarthExplorerProgramof theEuropeanSpaceAgency. During the lastyears,CERFACShasbeen
involved in the regularizationof the inverseproblemwhich aimsat retrieving the brightnesstemperature
mapof theobservedscenefrom experimentalinterferometricdatanamedcomplex visibilities.

9.1.2 Imagereconstructionalgorithm

Threeregularizingmethodshavebeenexaminedandcompared,all leadingto thesameresultswith regards
to thepropagationof randomradiometricnoise[GLO21]. Two of them,theTikhonov andtheminimum-
norm approaches,dependon a numericalregularizationparameter, while the third one,the band-limited
approach,doesnotdependonsuchanumericalparameter. Moreover, with thelatterapproachthedimension
of the systemto be solved is reducedto the minimum numberof unknowns (or degreesof freedom),the
numberof non-redundantfrequenciesin theexperimentalfrequency coverage,while taking into account,
in the least-squaresense,all theavailablecomplex visibilities without averagingthepotentiallyredundant
ones.

9.1.3 Inverseproblem

Theinverseproblemaimsat invertingthediscreteversionof the integral relationbetweentheradiometric
brightnesstemperaturemapT andthecomplex visibilities V , i.e. solvingthelinearsystem:

GT = V; (9.1)

whereG is thediscretelinearoperatorfrom theobjectspaceE into thedataspaceF describingthebasic
relationbetweenT andV . Sincethedirectproblemis statedvia anintegral equation,the inverseproblem
doesnotusuallyhaveastraightforwardsolution.Moreover, sincethedimensionof theobjectspaceE (here
then2 pixelsusedto sampleT) is oftenlargerthanthedimensionof thedataspaceF (the`(` ¡ 1)=2 samples
of V ), the linearsystem(1) is an underconstrainedproblemwith multiple solutionsfor T. Consequently,
theminimumof theleast-squarecriterion

min
T 2 E

kV ¡ GTk2
F ; (9.2)

which is also the solutionof the normalequationG ¤GT = G ¤V, is thereforenot uniquebecausethe
squarematrix G ¤G is singular. Thus,accordingto thede�nition givenby Hadamard,theinverseproblem
is ill-posedandhasto beregularizedin orderto provideauniqueandstablesolutionfor T.

158 Jan.2004– Dec.2005



CLIMATE MODELLING AND GLOBAL CHANGE

9.1.4 Band-limited regularization

Referringto a physicalconcept,namelythelimited resolutionof theinstrument,a new approachhasbeen
proposedto ESA [GLO4]. According to this principle, the reconstructedbrightnesstemperaturemap is
the temperaturedistribution Tr which hasits Fourier transformcon�ned to the experimentalfrequency
coverageH . Thisband-limitedsolutionrealizestheminimumof theconstrainedoptimizationproblem

(
min
T 2 E

kV ¡ GTk2
F

(I ¡ PH )T = 0
(9.3)

whereP H is theprojectorontothesubspaceE (of E) of theH -bandlimited functions.Theuniquesolution
of (3) is givenby :

Tr = U ¤ZA + V; (9.4)

whereA+ = (A¤A )¡ 1A¤ is theMore-Penrosepseudo-inverseof therectangularmatrixA = GU ¤Z, U is
theFouriertransformoperatorandZ is thezero-paddingoperatorbeyondH .

9.1.5 Conclusion

The band-limitedregularizationapproachdeveloppedat CERFACS has beenproposedto ESA for a
competitionwith otherinversionmethodsdeveloppedbyGermanandSpanishlaboratories.After theoretical
and numerical comparisons,ESA has decidedto select the band-limited regularization approachfor
implementationin theSMOSLevel 1 processorprototype.
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10 CERFACS contribution to the
MERCATOR project

This report,summarizingCERFACS' contributionsto theMERCATORproject,appearsalsoassuchin the
MERCATOR activity reportpreparedby theGroupementd'IntérêtPublic(GIP)MERCATOR-OCEAN.

10.1 Intr oduction

The Mercator project develops several oceancirculation-modelingand assimilationsystemsto both
serve the internationalGlobal OceanData Assimilation Experiment(GOAD) and the future French
`Centred'OcéanographieOpérationnelle'.Threemain researchaxis have beenselected.The 'Système
d'Assimilation Mercator' (SAM) is an essentialcomponentof the differentoceanpredictionsystemsor
prototypesystems.The `PrototypeAtlantique et Méditerranée'(PAM) is designedto investigate very
high resolutionforecastingfeasibility over a region that hasalreadybeenwidely studied.The `Prototype
OcéanGlobal' (POG) addressesthe global objective of GODAE and bene�ts from the previous PAM
implementation.

10.2 The Assimilation System SAM (M. Drevillon,
J.M. Lellouche,E. R�my and B. Tranchant)

The Mercatorprojectadopteda strategy for incrementalimprovementof dataassimilationschemes,i.e.,
�rst startingwith a well-known method(OptimalInterpolation)andprogressively usingof moreadvanced
techniquessuchasSEEKor 4D-VAR [23]. Thatis why themaincharacteristicof theMercatorAssimilation
Systems(SAM) is the useof the PALM software[36] which is a modulartool for couplingandrunning
oceancon�gurationsandvariousdataassimilationschemessuchasOI, SEEK,3D-VAR or 4D-VAR [23].
Actually, it providesa generalstructurefor a modularimplementationof a dataassimilationsystem.This
sectionpresentsthesuiteof assimilationtoolsof increasingcomplexity.

10.2.1 SAM-1

The �rst Systemof Assimilation Mercator(SAM-1) is the reduced-orderoptimal interpolationscheme
SOFA [15] which is ableto incorporatebothaltimeterandin situobservations.

10.2.1.1 SAM-1-v1

This �rst versionSAM-1-v1 developedin the Mercatorproject allows the assimilationof anomaliesof
the sealevel (altimetry) and it is an univariatescheme.It is adaptedto the constraintsof the scienti�c
computationmultiprocessorsfor the con�gurationsof greatdimensionlike ORCA-025(see 10.5) and
relatively easyto implement.
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Therearetwo typesof datausedin the�rst system.Theassimilateddataarealtimetrictracksfrom JASON,
ERS-2or ENVISAT andGFOandalsoa pseudo-dataof MeanSeaSurfaceHeight(MSSH)asa reference
level for theSeaSurfaceHeight(SSH)basedonthework of [40]. Following [14], for OptimalInterpolation
anapproximatebackgrounderrorcovariancematrixB f is used,suchas:

B f = D f
1
2 CD f

1
2 (10.1)

whereD f is abackgrounderrorvariancesmatrixandC acorrelationmatrix.In SAM-1-v1,aconstant7 cm
backgrounderrorvariancehasbeenchosenandthecorrelationstructurefor thebackground(C matrix)has
theform of aspatio-temporalbell whichvariesin shapeaccordingto thegeographicalposition.Observation
errorsare assumedto be decorrelatedin spaceand time. The observation error variancesare speci�ed
accordingto theknowledgeof instrumentalcharacteristics.So,a 3 cm error is usedfor JASON anda 4.5
cm erroris usedfor ERS-2or ENVISAT andGFO.
The model initialization is realizedby converting the 2D SLA analysisincrementsinto 3D increments
of prognostic variables using an algorithm basedon the lifting-lowering method [12]. Now, only
two global prototypesuse this systemand run operationally: PSY2G1 (MiniPOG : ORCA2o) and
PSY3v1(POG:ORCA025o), seesection 10.5.

10.2.1.2 SAM-1-v2

A secondversionof SAM-1 hasbeendeveloped[15], whichallowsto usemultivariatemodesonthevertical
(1D EOFs).This approachwas�rst exploredby [16]. Thebackgrounderrorcovariancematrix is modeled
as:

B f = ST B r f S (10.2)

TheB r f matrixcontainsthebackgrounderrorcovariancesin thereducedspaceandST aretheeigenvectors
of B f with S the reducedspacesimpli�cation operator. B r f is block diagonalandorganizedin mode-
basedblock whereeachonemodeledusingtheOI parameterization10.1[15]. Theestimationstatevector
is x=(Ã : barotropicstream-function,T : temperature,S : salinity), soverticalEOFsaretrivariatein these
variables.Comparedto theprevioussystem,this multivariateschemeassimilatesbothaltimeterdatafrom
satellites,in-situ (T,S)datafrom theCORIOLISdatabase,but alsoweeklySSTandSSSclimatology. Since
2004,this multivariateschemeis usedoperationallyfor theMNATL (1/3o) con�guration,namedPSY1v2
prototype.SinceSeptemberof 2005is alsooperationallyusedin thePAM (1/15o) con�guration(PSY2-V2),
seesection 10.4.

10.2.2 SAM-2

The incrementalimprovementof data assimilationschemeslead to upgradethe 3D backgrounderror
modelisationfrom a sequentialpoint of view. Indeed,somelimitations dueto the conceptof separability
(separationbetweenhorizontal and vertical correlations)led to develop a more advancedassimilation
system.Thereforeoneneedsto useadvancedestimationtechniques,adaptedto thehigh resolution,using
coherentmultivariatecovariancesof errorwith dynamics.
SAM2 is the secondreleasewhich canbe consideredasa SingularExtendedEvolutive Kalman(SEEK)
�lter ([35] analysismethod.TheSEEK(SingularEvolutiveExtendedKalman)�lter algorithm([35],[42]) is
a ReducedOrderKalmanFilter designedto assimilatealtimeter, in-situ pro�le andhigh resolutionsurface
temperaturedata.
As in theSAM1 scheme,SAM2 is a reducedorderKalman�lter , but themaindifferencecomesfrom the
errorsub-space.In SAM2, thebackgrounderrorcovariancematrix is approximatedby a singularlow-rank
matrix.UnliketheSAM1 schemefor whichtheinversionof theinnovationcovariancesmatrix is performed
in the observational space,the inversionis donein the modalspacefor the SAM2 scheme.Indeed,the
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errorstatisticsof SEEK�lter is representedin a sub-spacespannedby a small numberof dominanterror
directions.From a computationalpoint of view, and to minimize the computationalrequirements,the
analysiskernelin SAM2 hasbeenmassively parallelizedandintegratedin a genericplatformhostingthe
SAM-1 andSAM-2 kernelfamilies([GLO68]). This platformis drivenby thePALM software[36] which
makes the coupling betweenthe model codesand the assimilationschemesmore effective. In SAM-2,
thebackgrounderror covarianceis representedby meansof a setof 3D errormodes(3D EOFsof model
variability) in the control space.The control statevectorincludesthe temperature,salinity ant barotropic
height model variables.Neverthelessthe correctionmodi�es the whole model statewith a geostrophic
adjustmentateachanalysisstep.Severalexperimentshavebeenrealizedover theyear2003with theNorth
Atlantic con�guration (1/3o). In this hindcastexperiment,we usedseasonal3D EOFscomputedfrom a
multivariateSEEKanalysis(1993-1998)whereonly surfacedata(SST, SLA) wereassimilated,see([41]).
To validatethe methodwith independentin situ temperature,an assimilationskill is illustratedin Figure
10.1.It showstheverticaldistributionof themis�t variancecomputedbetweennon-assimilatedtemperature
pro�les and the climatology, the control run and the hindcastexperimentswith 21 and71 modes.Only
the assimilationwith the larger amountof modesimprovesthe temperature�eld at all depths,whereasa
signi�cant reductionof theerrorin thethermoclinetakesplacefor thetwo hindcastexperiments.Our next
main developmentsarefocusedon the calculationprotocolof the EOFsbasis.In addition,an adaptative
schemeof thebackgroundvarianceerror is beingdevelopedwhich will allow its better�t at eachanalysis
step.Thenext importantstepis the implementationof SAM2 into POG(PSY3-v2).Now, it is alsobeing
implementedinto theORCA2o con�guration(PSY2Gv2).

FIG. 10.1– Varianceof the temperaturemis®t (in C2 ) betweenin situ dataand: (i) the climatology(dots),(ii) the control run
(dashedline) and(iii) theassimilationsimulationwith 71modes(solid line) and21modes(dottedline) until 1000meterdepthduring
2003over theNorthAtlantic
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10.2.3 SAM-3

The third one, SAM-3, is targeting more advancedapproachessuchas the 4D variationalmethodand
is still underconstructionin R&D mode.As for the temporaldimensionof the assimilationproblem,a
major simpli�cation is consideredin the SAM-1 andSAM-2 schemessincethe analysisis performedat
regular timesintervalswhich do not necessarilycorrespondto themeasurementtimes.This wasidenti�ed
asoneof the major limitations of operationalNWP systems,impactingsometimesseverely the forecast
performances.The 4D-VAR variationalformulationdevelopedwith a global oceanmodelby [46] takes
a rigorousaccountof the temporaldimensionandhasthe additionaladvantageof computingincrements
that areconsistentwith the linearizedmodeldynamics.The four-dimensionalvariationalformulation is
basedon the minimization of a cost function that measuresthe weightedsquareddifferencebetween
observations(including a backgroundstate)andthe modelcounterpart.The given solution is the closest
modeltrajectoryto theobservationsandis dynamicallyconsistentwith thelinearizedmodelequationsand
the backgroundstate.At a given time, this solution is constrainedby both pastand future observations
available in the assimilationwindow. The developmentof a third type of assimilationtool (notedSAM-
3) hasbeeninitiated in MERCATOR which relieson the OPAVAR system.The technicalandscienti�c
featuresof the algorithmareunderinvestigation to assimilatein situ andaltimetric datasimultaneously
with the PSY3global oceancon�guration. The variationalapproachis particularlywell suitedto control
of the dominantprocessestaking placein the tropical region whereequatorialwavescanpropagateover
severalgrid pointsduringanassimilationwindow. As a �rst evaluationof thesensitivity of thevariational
systemto theprescribederrorstatistics,differenthindcastexperimentshave beenperformedusingSAM-3
in a 3D-VAR setup,assimilatingtemperatureandsalinity pro�les in thePSY3con�gurationwith different
distributionsof observationerrorvarianceon thevertical.

10.3 The high resolution ocean model (Romain Bourdall�-Badie ,
Yann Drillet )

10.3.1 Oceanographicdevelopments

10.3.1.1 Local meshre®nement

The developmentof high resolutionoceanmodels is strongly constrainedby the computationalcost.
To simulatemeso-scalephenomenain the ocean(10 to 100km) and take into accounttheir in�uence
on the global circulation, the horizontal resolutionis a key of the main parameters.Two solutionsare
available: modelswith limited areaor embeddedmodelwith increasinghorizontalresolution.TheAGRIF
tool (Adaptive Grid Re�nement In Fortran) allows this grid re�nement, the large scalemodel bene�ts
retroactively from the high resolutionsolution (coupling two-ways) [GLO78]. We have worked on this
topicwith Olivier Le Galloudecduringhis trainingperiod[34]. In a �rst time,awork onthestabilizationof
meso-scaleactivity duringa simulationusinganAGRIF zoomhave beenperformed.We hadalsoquantify
theimprovementdueto themeshre�nementon thedynamicsandon thephysicsin theBay of Biscay. We
have estimatedthatthestabilizationof thehigh resolutionis around1 monthandthecreationof themeso-
scaleactivity of theorderof oneweek,which is quitelong in thecontext of theMercatorpredictiontools.
In thesecondtime,wehavestudiedthein�uence of theinterpolationparameterson theAGRIFsimulation,
themeso-scalerepresentationandthenumericalnoiseduring the initialization. Especiallyduring thespin
up (stabilization)phase,we have testedseveral interpolations(linear, splines)for the initial conditionsof
theparentgridson the �ne grid aswell asfor the forcing on the �ne grid andtheTwo Way method.The
mainconclusionof this studyare:
– theimpactof aof�ine interpolationto decreasetheinitial noise
– thenegligible improvementof the2 waymethodin thecontext of 2 weeksimulations
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Thus,we have beenable to obtain a signi�cant noisedecreasingwith the spline method.The two-way
methodonashortsimulation(fourteendays)doesnot improve signi�cantly thesimulation.

10.3.1.2 Validate the monthly forecasts

The ensemble1 monthatmosphericforecastsystemdevelopedby ECMWF is now available.During the
training periodof Xavier Le Vaillant, we have validatethe useof this new atmosphericforcing dataset
in theMercatorSystemto improve the two weekforecastandto validatethe �rst 1 monthoceanforecast
[25]. The1/3r d of degreeNorthAtlantic systemhasbeenchosento realizetheseexperimentsover the2004
year. The new setof atmosphericforcing for this study is basedon the ensemblemeanof the ECMWF
forecastwith a daily frequency for a �ux and a bulk formulations.The forecastscoresbasedon RMS
andcorrelationbetweenoceanforecastandoceanbestanalysisshow a good7-daysforecast(equivalent
to the operationalone),a small improvementfor the 14-daysforecastcomparedto the operationalanda
encouragingresultswith the1-monthforecastwhich is alwaysbetterthanthepersistence.TheSeaSurface
Temperatureforecastrepresentedon Figure10.2 show a really comparableresult for the 7-dayforecast.
A noticeableimprovementtake placeparticularlyin thesouthof thesubtropicalgyre,in theSargassoSea
and in the North Atlantic current.The one-monthforecastis quite goodwith a correlationbetweenthe
bestanalysisof SSTandtheSSTforecastlargerthan0.90exceptedin theequatorialdomain,in theNorth
Brazil currentandin theGulf Stream.Comparedto thepersistence,the1-monthforecastpresentsaobvious
bene�t.

FIG. 10.2 – Temporalcorrelationbetweenforecastand bestanalysisof SST in 2004.1st line : 7-days
forecast; 2nd line : 14-daysforecast; 3rd line : 1 month forecast.1st column: Bestanalysiscompared
to forecastforcedby the ensemblemeanatmosphericforcing; 2nd column: Bestanalysiscomparedto
Mercatoroperationalforecast; 3rdcolumn: Bestanalysiscomparedto persistence.

10.3.1.3 Parameterization of the continental fr eshwater

During the �rst half of 2005, we have supervisedRemi Vucher who worked on a review of the the
continentalfreshwaterapportsin the ocean(runoffs) and their parametrizationin the OPA model [38].
In a �rst time, the runoff input �le for the oceanmodelhasbeenimproved in agreementwith the work
realizedon the GPCPdatabase[13]. The aim of this studywasto take into accountthe coastalrunoff,
which wasignoredsincetodayandto generateanautomaticmethodto build the �le. In a secondtime, a
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studyof two parameterizationsfor thecontinentalfreshwaterapportsparameterizationhasbeenperformed.
Severalsensitivity experimentshave beenled :
– In�uence of theverticalmixing parameterson therivermouth
– On a numericmethodincluding the “open boundaries”: in order to considerthe runoff asa moving

quantityof freshwaterenteringin theocean,andnot asanimposedquantityof freshwaterfalling on a
limited areaat theoceansurface(like theprecipitationin themodel).

The goal is to choosethe better methodfor the runoff modeling in the future con�gurations usedin
Mercator-Océan.

10.3.1.4 Subgrid parameterization of the re-strati®cation

The GentandMc Williams parameterization(GM90) [GLO77] is a subgridscaleparameterizationwhich
allowsthere-strati�cationof thewatercolumnduringthesummerwhenthemodelis noteddy-resolving.In
thecaseof theLabradorSea,re-strati�cationduringthesummeris dueto theatmospherics�ux esbut alsoto
somewarmeddiesdetachingfrom theNorthAtlantic currentandfrom theGreenlandcurrent.Theseeddies
areadvectedin thecentreof theLabradorSeawherethey diffuseandwarmtheupperlayers.In thecaseof
MNATL andPAM modelis notsuf�cient to simulatethis re-strati�cation.However, thesimulationof such
eventscanbe reproducedwith a goodrealismwith the GM90 parameterization,which actsin the model
like a diffusionoperator. Theaim beingto have thebestcompromisebetweenthecurrentrepresentations
(intensity, turbulence)andthewatermass(salinity, temperature,verticalstrati�cation) in thePAM model,
experimentswith a regionalizationof the GM90 parameterizationin PAM modelhave beencarried.The
summerre-strati�cationis clearlybetterwith GM90.

10.3.1.5 Vorticity conserving energy and enstrophy scheme

A new schemefor thecomputationof thevorticity termhasbeenimplementedin NEMO.Theconservation
of the energy andthe enstrophy leadsto an improvementof the solutionasDRAKKAR projectshowed
in the ORCA025con�guration. So, the implementationof this schemehave beendonein all Mercator
con�gurations and particularly in PAM model [GLO65]. Two simulationshave beenled, the �rst one
without thevorticity scheme(PAM2-04) andthesecondonewith (PAM2-05). Themainconclusionsare:
With the new schemewe have observe no signi�cant improvementin the Gulf Streamseparationbut an
improvementin its penetrationandin therepresentationof theAzoresfront. Now, this new schemeis use
in all operationalMercatorprototypes.

10.3.2 Oceanographicstudieswith PAM model

TheNorth Atlantic andMediterraneanMercatorcon�guration PAM is a very high resolution(5 to 7 km)
modelbasedon theOPA-8.1 oceangeneralcirculationmodel[30]. ThePAM con�gurationbene�tedfrom
theexperiencegainedwith thelowerresolution(1/3o) MNATL con�gurationwhichhasbeeninheritedfrom
theCLIPPERproject[10] aimingat simulatingtheAtlantic basincirculation.MNATL is usedasa handy
researchanddevelopmenttool andis part of the �rst Mercatoroperationalsystemwhich is usedfor real
timeanalysisandforecastssinceJanuary17th 2001.
ThePAM modelcon�gurationwasdesignedin 1998,implementedandtunedin 1999and2000.Sensitivity
testshave beenconductedduring the years2000 and 2001 which are describedin [18]. During 2002-
2003,PAM modelhasbeenimproved with the implementationof new parameterizations.Validationand
quanti�cation of the gain betweenseveral experimentswerealsoperformed,aswell asscienti�c studies
aboutmeso-scaleactivities andthetransporttroughNorth Atlantic straits.At this time around40 yearsof
simulationwith thePAM modelhavebeenrealized,whichrepresents10000h CPUontheFujitsuVPP5000
and50Terabytesof output�les.
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TheanalysisandforecastingsystemPSY2-V2(PrototypeSYstem2) usesthePAM modelandtheSAM-1-
v2 system(seesection10.4).

10.3.2.1 The Meddiesin the PAM model

Thepresentgenerationof high-resolutionoceanmodeloffersa new way to investigatethecharacteristics
andevolution of the oceanmeso-scale.An analysisof the simulatedMediterraneaneddies,the so called
Meddies,has beenperformed[GLO12] and an article has beenpublishedin Journal of Geophysical
Research. Hereaftertheabstractis proposed:
The new generation of high resolutionoceanmodeloffers a new way to investigatethe characteristics
and the evolution of the oceanmeso-scale. An analysisof the simulatedMediterraneaneddies,the so
called Meddies,is presented.The modelusedin this studyis the Mercator North Atlantic [9oN, 70oN]
andMediterraneanSeaPrototype(PAM), a high-resolutioncon�guration (3.5-8kmhorizontalgrid) based
on the OPA oceangeneral circulation model.The Meddiesare coherent structures of warm and salt
MediterraneanWater advectedin the North-EastAtlantic. A �ve-year experimentperformedwith PAM
reproducedthemainobservedcharacteristicsof theMeddies: thermohalineproperties(11.8oC, 36 PSU),
sizes(radiusbetween25 and110km),thickness(between500and1000m),westward advectionvelocities
(1.4 cm.s¡ 1), angular velocities(a period of 20 days),a goodestimateof the numberof Meddiesin the
north-eastAtlantic (~22) andtheir realisticgeographicaldistribution (80%southof 40oN). Moreover, and
in agreementwith a previousstudybasedon an observationcruise, thesemodeledMeddiesrepresenthalf
of thewestward salinity transportof MW.

10.3.2.2 Comparisonwith the in_situpro®les

A simulationoverthelastdecadeof the21century, withoutassimilation,hasbeenledto estimatetheability
of thismodelto simulateoceanovera largeperiod.Speci�c areashavebeenestablishedto studythemodel
behaviors in differentregionsof theNorthAtlantic. Principaldynamicalbiasobservedin themodelarethe
disappearanceof thecold coastalcurrentalongtheAmerica(not representedin theLevitus climatology),
theseparationof theGulf Streamandtheincreaseof salinity in theLabradorSea.Thespatialvariability is
smallerin the model,it is dueto an homogenizationproblemof the watercharacteristics.It could be the
resultof a too importantconvectionor a too big valueof thediffusioncoef�cient. Theupperoceanin the
Europeancoastis theareawhich hasthebestagreementwith the in_situpro�les (cf �g 10.3).It couldbe
dueto severalreasons:
– Betterresolutionof themodelin thisarea.
– In this placecurrentsareweaker andtherepresentationof thegradientsis easier. Thediffusionoperator

worksbetter.

10.3.3 Perspectives

A new strategy hasbeende�ned to develop future Mercatorcon�gurations.All of themshouldbe based
on ORCA grid (tripolar grid to avoid the singularity problemin the Arctic sea).With this strategy, the
future con�gurationsarehomoteticeachothers.It permitsto usequick in-line interpolationfor the input
�le (forcing �ux will begeneratejust at oneresolution)anddiagnosticsimplementationbecomesgeneral
for all Mercatormodels.In thisway, anew high resolutionmodelof theNorthAtlantic is beingdeveloped.
The domaincoversNorth Atlantic (between20oS and80oN) andMediterraneanSeaandit coupledwith
an ice model.This is the �rst stepfor thenext 1/12o globalMercatorcon�guration.A suchmodelshould
bedevelopat thehorizon2008andimpliesanimportantwork on thesizeof theinputandoutput�les. 400
processorson an IBM SP4(computerat the ECMWF, Reading,UK) and300 Gigabytesof memoryare
needed.
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FIG. 10.3– Verticalpro�les over Europeareafor thetemperature: meandifference(up); RMS (bottom).
PAM minusobservationin solid line,Levitusclimatologyminusobservationsin dashedline,acombination
of observationsandLevitusminusobservations(dasheddotsline).

The future con�gurations will be developedwith a re�ned vertical grid near the surface.The vertical
resolutionwill belessthan1mat thesurface.This is a requirementconditionto take into accountcorrectly
the diurnal cycle. This new vertical discretizationwill implied a studyof the vertical physic in the code.
Severalnew parameterizationsof theverticalmixing will be testedlike KPPmixing scheme[24], impact
of thesurfacemixing dueto thewave, to thetide.

10.4 The second operational Prototype System
PSY2v2(Jean-MichelLellouche)

During thesetwo years,a new assimilationsystembasedon the Reduced-OrderOptimal Interpolation
algorithmusing1D verticalmultivariateEOFshasbeenimplementedin theMercatorNorth Atlantic and
MediterraneanHigh Resolutionmodel.Thisnew multivariateprototypeis calledPSY2v2.Theoceanmodel
is basedon OPA-8.1 [30], a generalcirculationmodeldevelopedat LODYC (IPSL Paris),andis designed
to simulatethe Atlantic and Mediterraneanoceanswith a very high horizontal resolution(5 to 7 km).
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The assimilationsystemis basedon the Reduced-OrderOptimal Interpolationalgorithm and uses1D
vertical multivariateEOFsto extract statistically-coherentinformation from the observations(Benkiran
et al., 2005). The PSY2v2prototypeassimilates,in a fully multivariateway, conjointly altimeterdata
(JASON1,ENVISAT andGFO),ReynoldsSSTandtemperatureandsalinityverticalpro�les providedby the
CORIOLIScentre.TheprevioushighresolutionprototypePSY2v1assimilatesonly theSeaLevel Anomaly
(SLA) from satellitesmeasurementsalongtrackswith a univariatemode.The2D incrementsof SLA are
thenconvertedinto 3D incrementsof U, V, S,T andTKE usinganalgorithmbasedonthe"lifting-lowering"
method(CooperandHaines,1996).

10.4.1 The newassimilationmethod

Theassimilationmethodusedby PSY2v2is basedonSAM1v2(seesection10.2.1.2)andworksasfollows:
– ThedifferencesbetweenSLA, T andSobservationsandmodelforecastarecomputedatappropriatetime

anddatalocationsfor a full weekmodelintegration.
– Thesemis�ts areprojectedin a2D reducedspaceusinga fully multivariateOptimalInterpolation(OI) :

– The estimationstatevector is composedby the vertical pro�les of temperatureandsalinity andthe
barotropicstreamfunction.

– EOFsof theestimationstatevectorarecomputedonceat eachpoint of themodelgrid from hindcast
simulations.

– TheOI gain is computedfor eachof theEOFsindependently(EOFsorthogonality)for agivennumber
of dominantEOFs(orderreductionup to 20modes).

– Themodelstateis updatedby thesumof thecontributionof eachselectedEOFto thegainmultipliedby
theinnovationvector.

– Thebaroclinicvelocity increments,which arenot in theestimationstatevector, arecomputedassuming
geostrophy.

– A new modelstateanalysisis updatedusingtheinnovationvectorcomputedabove.
– Startingfrom thisnew oceanstate,themodelrunsfor thenext weekof prediction,usingtheatmospheric

forcing �elds providedby theECMWF.

10.4.2 PSY2v2Results

Someresultsobtainedwith themultivariatemulti-dataprototypePSY2v2arepresentedhereafter. Thereal
time hasbeencaughtup by January1th 2003from the climatologyMedatlas2in the Mediterraneanand
Reynaudin theAtlantic until now.

10.4.2.1 Assimilation diagnostics

The�gure 10.4(left) concernsthenumberof temperaturepro�les enteredinto thesystemversustime and
depth.This numberbecomesparticularly important in the secondhalf of the year (about500 pro�les).
The �gure 10.4 (middle) shows the variationsof the meanvalueof the mis�ts (differencesbetweenthe
observation andmodel forecast),which is weakduring the whole year. The RMS valueof the mis�t is
plottedon the�gure 10.4(right)andprovesto becloseto zero,with amaximumat thethermoclinedepth.
Satellitealtimetry areusedto constrainweekly the geostrophiccurrents,herein 2004.The datanumber
exhibits thedataavailability in real-time.Themis�ts (i.e.,correctionto applyto themodel)reach8cm,and
represents75%of thedatavariability (Figure10.5).

10.4.2.2 Impact of T/S vertical pro®lesassimilationon water massesrepresentation

Wecompareherethewatermassesin PSY2v1andPSY2v2systems.
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FIG. 10.4– Assimilationdiagnosticswith respectto thevertical temperaturepro�les over theyear2004:
Numberof temperaturedata(left), Meanmis�t betweenobservationsandmodelforecast(middle)andRMS
of themis�t (right).

– A WOCEzonalsalinity sectionat 26oN (�gure 10.6)shows theSubtropicalUnderwater(STUW),with
salinity characteristicsranging from 36.6 PSU to 36.9 PSU, centeredat 200m depth in the western
Atlantic basinfrom 80oW to 50oW. The samesalinity sectionin PSY2v1doesnot displaythe STUW
salinity characteristics,whereasPSY2v2does(�gure 10.6).Hencewe show thatassimilationof salinity
verticalpro�les in PSY2v2allowsto betterrepresenttheSTUWsalinitycharacteristics,althoughSTUW
arelesssaltyin PSY2v2thanin theWOCEobservations.This might bedueto a lack of salinity vertical
pro�les to be assimilatedin this region, or to an annualvariationof the STUW salinity characteristics
betweenthetimeof theWOCEcruises(1992)andthetimewhenwe look atPSY2v2(2003).

– One of the main problemswith univariateprototypesis the representationof Mediterraneanwaters,
mainly its verticalpositionnear1000m.The�gure 10.7showsthesalinityat1000mfor April 2004from
PSY2v1andPSY2v2simulations.For PSY2v1,theMediterraneanWaterOut�ow (MOW) is maintained
by therelaxationbellow 500mto Reynaudclimatologyin theGulf of Cadiz,thatis not thecaseanymore
for PSY2v2.We can seeon the �gure 10.7 salty water which correspondsto the characteristicsof
Mediterraneanwaters(salinity closeto 36.5 PSU),with meddiesformationandbetterpropagation in
thePSY2v2case,showing impactof T/Sverticalpro�les assimilation.

10.4.2.3 The Mixed Layer Depth in the POMME area

In thisparagraph,wegiveanoverview of thephysicalandbiologicalprocessestakingplacein thePOMME
area(16oW-22oW and38oN-45oN). We will then look whetherthoseprocessesarewell representedin
the two MERCATOR systems.The POMME project investigatesthe processesof subductionandmode
waterformationat themeso-scale,aswell asthecouplingbetweenthesubductiondynamicalprocessesand
the Carboncycle biological processes[32]. The region selected(Black squareon �gure 10.8) presents
subductionof the 11-12oC North-EastAtlantic Mode Water. The POMME area is, accordingto the
climatology[8], a transitionzonebetweendeeplatewinterMixedLayers(ML) in theNorthandshallower
winter ML in the South. The POMME1 cruise during the winter 2001 (February-March2001) with
meridionalsectionsat 20oW and 15.2oW shows ML with depthrangingfrom 20m to 250m (Reverdin
G., personalcommunication)with ML deeperin the northernthan in the southernPOMME area.The
deepnorthernpart is associatedwith a ratherbiologically productive area,when the southone is more
oligotrophic [27]. Moreover, as subductionand the spring bloom both occursat the end of the winter,
it is importantto understandthe timing of thesetwo processes: subductiondrives the bio-geochemical
characteristicsof thewatermassesbeforethey areincorporatedinto themainthermocline[27]. ThePSY2v1
and PSY2v2 (�gure 10.8), in averageover the winter 2004 (Jan-Feb-Mar)shows Mixed Layer Depth
(MLD) deeperin the northernthanin the southernPOMME area,in agreementwith Reverdin (personal
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FIG. 10.5– Assimilationdiagnosticswith respectto theSLA for the threesatellitesJASON1,ENVISAT
andGFO.Fromtop to bottom: Datanumber, RMSdata,RMSmis�t andratio (RMSmis�t / RMSdata).

communication)and the Boyer-Montegut et al. (2004) climatology. In the high resolutionCLIPPER
simulation[44], the MLD seasonalcycle is well represented,with neverthelessoverestimatedamplitude
by up to 100min March [28]. An hovmuller diagram(�gure 10.9) shows that the seasonalcycle phase
is also well representedin PSY2v1and PSY2v2,with amplitudesrangingfrom 40m in the Southto a
maximumof 180min the northernpart for PSY2v1,and20m in the Southalongwith maximumvalues
of 260min the northernpart for PSY2v2.Following Reverdin (personalcommunication),PSY2v2MLD
agreesbetterwith observations.Figure10.9suggeststhatthePSY2v2systemdisplaymoreMLD �ne scale
structuresof importancefor the biological activity, than the PSY2v1system.Although the two systems
have thesamehorizontalandverticalresolution,this suggeststhatassimilationof temperatureandsalinity
verticalpro�les in thePSY2v2systemenhancesthedevelopmentof MLD �ne scalestructures.

10.4.2.4 SeaSurfaceTemperature and generationof the loop curr ent eddiesin the Gulf of Mexico

Seasurfacetemperature(SST) in the PSY2v2systemis comparedto independentobservations(i.e. not
assimilated)(�gure 10.11)at4 buoys locations(�gure 10.10)for theperiodJune15th2004to October19th
2004.ThePSY2v2SSTtemporalvariability agreesverywell with observations,althoughthemodelshows
a 0.5oC to 1oC biaswith observations,maybebecausethemodelSSTis a 3m depthtemperature,whereas
theobservedSSTis a 0.6mdepthtemperature.Thegenerationandevolution of the loop currenteddiesin
theGulf of Mexico is representedin a very realisticway by thePSY2v2system.Indeed,a comparisonof
thePSY2v2SLA with Chlorophyll-A concentration(independentdata,i.e. not assimilated)in theGulf of
Mexico, duringacycleof 6 weeksfrom July to September2004,showsaverygoodagreementbetweenthe

170 Jan.2004– Dec.2005



CLIMATE MODELLING AND GLOBAL CHANGE

FIG. 10.6– Zonalsalinity(psu)sectionacrosslatitude26oN in theNorthAtlantic asafunctionof longitude
and log10(depth): PSY2v1in September2003(top panel),PSY2v2in September2003(middle panel),
WOCEA05 synopticsectionJul-Aug1992(lowerpanel).

modelandtheobservations(�gure 10.12).Theloopcurrenteddyis characterizedby very low chlorophyll-
A concentration.Fromweek1to week6(from top to bottom,�gure 10.12),we canfollow thegeneration,
the detachmentandthenthe westward translationof the eddy, which happenin the model in phasewith
observations.Sucheddiesare generatedby the instability of the Yucatancurrent,which is realistically
representedin thePSY2v2system(not shown). TheYucatancurrentmaximumvelocity is 130cm/sat the
endof summer2003,in agreementwith observationsfrom [9]. Two deepcounter-currentson theYucatan
andCubansideobservedby [9] arealsopresentin thePSY2v2system.In thewesternpartof theGulf of
Mexico, wenoticeseveralpatcheswith avery low chlorophyll-A concentration(�gure 10.12,left column),
associatedwith small scaleeddiesin the MERCATOR2 sealevel anomaly(�gure 10.12,right column).
Thosestructuresarecomingfrom a formerloop currenteddywhich disintegratedinto smallerscaleeddies
whencolliding with theMexicancontinentalplateau.

10.4.3 Perspectives

Wedescribedthenew Mercatorfully multivariatehigh resolutionprototype.Thisnew prototypehasavery
good statisticalcomportmentand allows, amongother things, to betterrepresentwater masses,like for
example,the MediterraneanWaterOut�ow, with a very advanceddescriptionof the meso-scalepatterns.
A morecomprehensive validationof PSY2v2prototypeis in progressandwe planto provide on theWeb,
analysisandforecastsin aoperationalmodefrom thebeginningof October2005.
Next stepwill concernreanalysiswith PSY2v2over thelastdecadeperiod.
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FIG. 10.7– Salinityat1000min April 2004for PSY2v1(left) andPSY2v2(right) simulations.

FIG. 10.8– WinterMixedLayerDepth(meters)in theBoyer-Montegut2004climatology(left), in PSY2v1
systemwinter2004(middle),in thePSY2v2systemwinter2004(right).

10.5 The global con�guration models (C. Derval, L. Fleury,
G. Garric , M. Laborie and E. R�my )

TheORCA025teamis in chargeof developinga globaloceanmodelcon�gurationat mediumresolution.
This componentis actuallypartof theglobaloceanforecastingsystemof MERCATOR PSY3v1launched
in october2005.The set-upof the con�guration began in 2001 and was focusedon the horizontaland
vertical resolutiontaking into accountthe future computercapacities.The numericalmodel is the ocean
generalcirculationmodelOPA elaboratedin LODYC (Paris).Thehorizontalgrid is anORCA typegrid,
with two poleson land in the NorthernHemisphereto avoid singularitiesat the north geographicPole.
TheORCA025con�guration,with a free-surfaceformulation,correspondsto a1/4deg resolution,e.g.with
1042x1021horizontalgrid points.The useof the NetCDF format for input and output was chosenfor
easy-handlingpurpose.Until now, the developmentwas mainly focusedon the OPA8.2 versionwith a
diagnosticseaice modelonly. The recentdevelopmentof the NEMO con�guration (OPA9) initiated by
the DRAKKAR Projectallowed us to implementandto adaptfor our purposesall the updatesimplicitly
includedin theNEMO con�guration.

In the two next sectionswe presentbrie�y �rstly the work doneon the �rst versionof ORCA025with
thediagnostic-onlyseaice (OPA8.2) and,in thesecondsection,thepreparationof thecoupledoceanice
modelcon�guration (NEMO; OPA9), ORCA025-LIM, the targetcon�guration,a speci�c analysisof the
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FIG. 10.9 – Hovmuller diagram(time asa function of latitude)of the Winter 2004(JFM) Mixed Layer
Depth(meters)in PSY2v1(left) andin PSY2v2(right).

FIG. 10.10– Locationof thefour mooredbuoys (with buoy numbers)in theGulf of Mexico.

ORCA025-LIM at high latitudesandthedescriptionof variousexperimentsperformedwith theORCA2-
LIM con�guration.

10.5.1 The ORCA con®gurations

10.5.1.1 The 3-year climatological simulation : POG-04

A 3-yearclimatologicalsimulation,POG-04,drivenby theERA15climatologicalforcing �elds, but with
the evaporation�ux scaledby 0.6 to equilibratethe freshwaterbudget,have beenperformed([GLO75]).
Themaincirculationfeatures,asthegyres,arewell- represented,but theusualproblemsin z-coordinates
eddy-permittingcon�gurationarealsopresentlike thewrongpositionof theGulf Stream.A �rst analysis
of the experimentwasdoneper oceanbasin,comparedto Levitus salinity andtemperature�elds usedto
initialize the simulation.Due to the resolution,strongandnarrow westernboundarycurrentsarepresent,
masstransportsthroughmajor straitsandbetweenoceansbasinsarecoherentwith the observations.At
the equatora cold bias is observed, especiallyin the the Atlantic and Paci�c easternbasin,this being
probablyduetheforcing �elds. Theamplitudeof theundercurrentis comparableto theobservedones.The
variability of the IndianOceandueto themonsoonis well represented.Thespatialresolutionpermitsthe
explicit representationof someeddyactivity, for examplein theAghulasregion.
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FIG. 10.11– Mooredbuoys SeaSurfaceTemperature(oC) (at 0.6mdepth)(Bold blackcurve) in theGulf
of Mexico from June15 to October19 2004.Light black curve shows the PSY2v2threemetersdepth
temperature(oC) at theclosestlocationandfor thesametimeperiod.

10.5.1.2 The Interannual experiment "POG05B"

The experimenthas beenperformedon the ECMWF's IBM calculatorduring March 2005 with the
CVS-basisOPA8.2 Mercatormodelcon�guration ([GLO76]). As a reminder, herearethe main physical
attributeswhich have beenretainedin thecon�guration: freesurface,diagnosticseaice model,nonlinear
bottomfriction, freeslip lateralboundaryconditions,turbulentclosurescheme(TKE) for verticalmixing
with viscosity/diffusivity coef�cient enhancementsin caseof static instability (convection), horizontal
biharmonicviscosityfor momentum,laplacianlateralisopycnaldiffusionon tracers,a monthlyrelaxation
towardsLevitus temperatureand salinity is appliedin the Gibraltar and Bal el Mandebstraits.A daily
correctionof thesurfacemassbudget(EmP)is arbitrarily imposedto zeroin orderto avoid any massdrift.
In collaborationwith theDRAKKAR project,anew algorithmfor thetotalvorticity termin themomentum
advection hasbeenimplemented.This schemeconserves both total energy for general�o w and,as the
formerscheme,thepotentialenstrophy for �o w with nomass�ux divergence.Theinterannual(1993-2001)
daily atmosphericforcing is issuedfrom the ERA40 reanalysis; a dampingterm (40 W/m2) towardsthe
weeklyReynoldsSSTis appliedto theheatsurfacebudget.
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Comparedto the POG04experiment,the meaneddykinetic energy in the westernboundarycurrentsis
more realistic,with a betterrepresentationof the downstream�o w, due to the useof the new vorticity
scheme.This behaviour is particularlymarked in the AgulhasCurrent.However, the global upperlayers
(0-1000m)remaincoolerandlesssalty thantheLevitus climatology. Theinterannualatmosphericforcing
allowed us to evaluatethe interannualvariability simulatedin POG05B.The �gure 10.13representsthe
temperatureadjustementunderthe 1997-1998ENSOevent in the easternpart of the Paci�c. This ENSO
is, amongothersproperties,characterisedby a Kelvin wave initiated by a westerlywind burstsin March
1997.Comparedto the TAO data,POG05Breproducescorrectlythe intensity(150m)of the thermocline
deepeningandtheoccurenceof theKelvin wave (summer1997)andof themainENSOsignal(end1997).
Similarly, theshallowing of themixed layer in spring1998(Nina event) is well reproducedby POG05B.
Therealisticrepresentationof theseeventsareparticularlyencouragingfor furtheruseof the1/4deg global
con�gurations.

10.5.2 The ORCA-LIM con®gurations

10.5.2.1 The ORCA025-LIM con®guration

The setupof the ORCA025-LIM in the OPA8.2 versionhasbeenachieved in 2004([GLO80]). Brie�y ,
the ORCA025-LIM con�guration (OPA8.2) is similar to the ORCA025con�guration usedto perform
the POG04experiment; the ORCA model is coupledto the full thermodynamic-dynamicseaice model
LIM (Louvain Ice Model) developpedby T. Fichefetand his teamat the "Institut d'Astronomie et de
GéophysiqueG. Lemaître"at theUniversityof LouvainLa Neuve(Belgium); theatmosphericforcing is in
"bulk" formulaemode,i.e. heatandmomentum�ux esarere-calculatedby themodelwith theappropriate
surfacemodel conditions.An adaptationof the ORCA025-LIM with the NEMO con�guration (OPA9),
initially developpedby the DRAKKAR Project,have alsobeenrecentlyachieved for Mercatorpurposes.
With a substantialoptimisationby a completere-writting of thecode(Fortran90), this new con�guration
includesdifferentimprovmentsasthepartialsteps,anew verticalgrid with re�ned surfacelayers(1m)and
anew coastalandriversrunoffs package.An interannualexperimenthasalsobeenperformedwith thesame
interannualforcingasthePOG05Bexperiment.TheAnalysisareunderprocess.
In the meantime,seaice relatedactivities hasbeeninitiated throughidenti�cation of available datasets
(essentiallyas a �rst step thesedata were from the National Snow and Ice Data Center) to evaluate
future ORCA-LIM con�gurations(see[GLO81] for more details).More recently, a closecollaboration
with theCERSAT allowedus to identify satelliteproducts(seaice concentrationandseaice drift) which
aresupposedto beusedin a nearfuturefor validationsandoperationnalpurposes(see[GLO82] for more
details).A seaiceintercomparisonprojectinvolving seaiceoperationnalsystemshasalsoinitiatedto de�ne
commonstandardseaicediagnostics.Thiscollaborationhaveendedin de�nition of "metrics"Class1in the
MERSEAProjectclassi�cationandproposalfor thefollowingsClass2 and3.

10.5.2.2 The Antar ctica zoominterannual experiment

Conjointlywith theglobal1/4deg resolution,wedevelopeda1/4deg con�gurationconstrainedto the(30�rS-
80�rS)domain.Thisdevelopmentwith theOPA8.2 versionallowedusto progressin thesetupof theglobal
con�gurationand,in thesametime,to studythefeasibilityof the1/4deg horizontalresolutionto reproduce
thelife cycle of theAntarcticapolynias.Consideringtheir signi�cative impactson climatein general(see
[31] for example),variousstudieshave recentlyput thesewell-known meso-scalephenomenaundernew
considerations.Weperformedaninterannualexperimentwith thiszoomAntarcticacon�gurationforcedby
daily ECMWF analysisandseasonalsurfacesalinity restoring.Thelarge-scaleseaice extentsimulatedby
thiscon�gurationis closeto observations([11]) duringwinterbut is largelyunderestimatedduringsummer,
especiallyalongtheEastAntarcticacoastlinewhereseaice is nearlyabsent.Theseshortcomingsraisedthe
importanceof the surfaceatmosphericforcing as the samemodel forcedby climatologicalatmospheric
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datasetssimulatedseaiceextentcloserto observations([43]). Wehaveselected6 coastalareasknown to be
favourableof polyniasformation: TerraNovaBay, MertzGlacier, Adélie,Shackletonice-shelf,PrydzBay
andEnderby. Characterisedby a relative decreaseof theseaice concentrationin timeseries,our modelled
polynias are well correlatedwith observed polynias in Shackletonice-shelf,Prydz Bay and Enderby.
Highly correlatedwith the occurrenceof the katabaticwinds in the ECMWF analysis,the polyniasare
badlyrepresentedin theTerraNova Bay, Mertz GlacierandAdélie.Thecorrelationbetweenthekatabatic
windsandtheseaice concentrationreaches0.63in PrydzBay duringwinter 1995.The increaseof these
correlationswith a positive lag (wind in advance)of few days(1 day in general)highlights the relative
inertiaof seaiceunderthedynamicalforcing.
A moredetailedanalysisof a particulareventsin the PrydzBay betweenthe 26th april and14th august
1994 revealedthe formation of polyniasare associatedwith periodsof strongwinds (above 10 m:s¡ 1)
during10-20days(Figure10.14).A closelink is alsopresentbetweenthewind andtheseaice drift. We
canalsonotethat thesurfaceair temperatureis highly correlatedwith thewinds : theair advectedby the
katabatic�o w is warmedadiabaticallyand,subsequently, the surfaceair atmosphereincreasedalongthe
shoreunderkatabaticwinds regime.As theseaice formationis closelylinked to surfaceheatlossesand,
then,to the temperaturegradientbetweenthe surfaceandthe atmosphere,the increaseof the surfaceair
temperaturecounteractstheice formation.Theoceanicheat�ux, prognosticquantityin themodel,is also
highly correlatedwith thewinds(not shown) via theverticalmixing in theupperoceaniclayers.Although
the transportof thewarm air preventsthe formationof ice in thepolynia, theverticalmixing inducedby
thewindsupwellstheheatneededto self-sustainthepolyniaandtheseaice formation.Theanalysisof this
eventhighlightedthecomplex feedbacksin thepolyniaslife cycleand,furthermore,thekey roleplayedby
the seaice in high latitudes.This studyhasalsoshown the feasibility of the 1/4deg horizontalresolution
coupledocean/seaice modelto representtheprocessesinsidethepolynias,givena moreadaptedsurface
atmosphericforcing.Part of thiswork hasbeenpublishedin theMercatorNewsletter([GLO14]).

10.5.2.3 The surfacemassbudgetwith the ORCA2-LIM con®gurations

In the framework of studyingthe surfaceatmosphericforcing appliedto the future global prototype,we
performedan experimentwith the ORCA2-LIM con�guration and forced by the interannualECMWF
analysisdatasetover the 1993-2004period.The simulatedglobal meanof the seasurfaceheight (SSH)
exhibitsavery largepositive interannualtrend(280mm:year¡ 1) whichrevealsanunrealisticaccumulation
of massin oceans.The surfacemassexcessis undoubtedlyissuedfrom the large overestimationof the
ECMWF rainfall comparedto theGPCPv2dataset([22]). Althoughno signi�cant trendhasbeenfoundin
the GPCPv2datasetand, in general,in precipitationmeasurements[33], the ECMWF rainfall exhibits
unrealistic trendsduring this decadalperiod. The ECMWF reanalysisERA-40 project shows also an
overestimationbut, with theuseof thesamesystem(model+ assimilationscheme)duringtheexperiment,
the excessremainsconstant(closeto +1mm:day¡ 1 comparedto GPCPdataset).This overestimationis
essentiallyfoundin thetropicalbandsfor bothECMWF datasets.However, medium-and-large-scalesbias
featuresarealsoobserved in variousareas: the large underestimationfound in Southernmid-latitudesis
in facta resultof a lesswell markedcircumpolartroughin theECMWF model; systematicoverestimation
(resp. underestimation)are found upstream(resp. downstream)orography (the Andes cordillera, the
Antarctic Peninsula,Greenland); underestimationis also found at the end of the Atlantic storm tracks
in the Norwegian Sea.In order to correctthis large positive SSHtrend,we have temptedto correctthis
systematicbiaspresentin the ECMWF rainfall datasetby applyingthe conceptof the methoddescribed
in [45]. Brie�y , they assumefour assumptions: 1) The ECMWF precipitation �eld shouldconformto
theobservedprecipitation�eld (theGPCPv2datasetfor our purpose); 2) Thewaterbudget, precipitation
minusevaporation (calculatedby theORCA-LIM modelin our case),hasto bezero in a global sensefor
theconcernedperiod; 3) Theevaporation �eld is treatedaserror-free; 4) Thetemporal variability is not
affectedto �r storder. Theminimisationprocedureinvolvesasinglecoef�cient, ®, calculatedasthesolution
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of thefollowing system:

PC = P ¡ ®(P ¡ POBS ) with PC + R ¡ E = 0 (10.3)

thiscanbereducedto thesimpleequation:

® =
(PC + R ¡ E)

P ¡ Pobs)
(10.4)

whereP is the ECMWF (eitheranalysisor reanalysis)precipitation(andP its mean),Pobs is the GPCP
climatologicalprecipitation(andPobs its mean).PC is the meancorrectedprecipitation,E is the mean
evaporationandR is themeanriver runoff setto 0.31mm.day-1(elaboratedfrom differentreferencesnot
listedhere)in our experiments.All thesequantitieshave beenevaluatedon oceanicvaluesonly. We have
adopteda different methodfrom the [45] paper: the correctionis appliedon the global oceanand not
only on thetropicalband; thecorrectionis appliedlocally (eachgrid point) andnot latitudinaldependent;
we usea monthlyGPCPdatasetsampling.As our differentsensitivity experimentsareall performedafter
the implementationof the4DVAR assimilationschemein theECMWF forecastsystem,in 1998,we have
appliedthecorrectionon two time series: 1993-1997and1998-2004.However, theinterannualvariability
of theprecipitationspro�le of themasssurfacebudgetin theexperimentshows largedifferencebeforeand
after1998.
The evaporationissuedfrom the previous experimenthasbeenusedto evaluatethe alphacoef�cient and
the ECMWF analysiscorrectedprecipitation.A similar experimentis thenperformedwith this corrected
precipitation�eld. With differentmeanvaluesof theevaporation�ux at differentperiods,theFigure8 and
theTable2 show anearlyclosedsurfacemassbudgetduring1998-2004: themorealphais closeto 1.0,the
morethecorrectedprecipitationis closeto observedvalueandthemoretheevaporation�ux issuedfrom the
experimentallows to closethemassbudget.Althoughtheequilibratedbudgetduringtheperiod1993-1997
is dueto thecancellationof gainedandlossof mass(Figure9), thenearlyclosedbudgetduring1998-2004
exhibits a realistictrend.Moreover, the trendof the SSHduring 1998-2004is in the orderof magnitude
of theestimatedthermostericsealevel rise (1.6 § 0.3 mm/yearfor 1993-2003)[47] or the total observed
sea-level rise(2.5§ 0.4mm/yearfor 1993-2003)[29] Themagnitudeof themassdampingis alsodivided
by more than two betweenthe �rst experimentand the correctedexperimenton the 1998-2004period.
Thestabilisationof thedampingtermafter theyear2000undera valueof 10-3*mm.day-1is particularly
encouragingWe canalsonotethat thedampingterm is no longerconcentratedin the tropicalbandbut is
spreadall overtheglobaloceanwith peaksin themid-(NorthernAtlantic) andhigh-(ArcticOcean)latitudes
(not shown).
We appliedthe samemethodof correctionon the ECMWF ERA-40 reanalysisprecipitations,performed
with the ORCA2-LIM con�guration forced by interannualERA-40 ECMWF dataseton the 1993-2001
periods.An experimentperformedin thesameconditionsbut usesthecorrectedprecipitationon the1993-
2001periods.With a meanvalueof 1.0, the alpha coef�cient revealsan appropriateevaporation�ux to
closethe surfacemassbudget.Onceagain, the interannualvariability of SSH exhibits a realistic trend
( 4mm/year).Themagnitudeof themassdampingis alsosigni�cantly reduced.However, this relaxationis
not stabilisedaftertenyearsof experiment; thisbehaviour is still underinvestigations.
Thiswork hasallowedusto closethesurfacemassbudgetin hindcastandreanalysiscon�gurationsfor the
recentECMWF analysisandreanalysisdatasets(refer to [GLO83] for moredetails).This methodshould
beappliedto thespinup to realtime for thePSY3v2prototypeaslong astheGPCPdatasetsareavailable.
Theseprecipitationdatasets,delayedto presenttime, arenot availablein real time. However, we usedthe
monthlymean�elds whicharenotdesignedto beusedin forecastmode.A methodto usetheGPCPdatasets
low frequency (monthly)variability in forecastmodeis underinvestigations.Daily GPCPdatasetswill be
alsousedin themethodto checktheinput of highervariability in thepreviousresults.This methodis also
linkedto therunoffs estimationusedin themodel.Furtherdevelopmentsshouldimplementany new runoffs
releases.
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10.6 The �rst global 1/4o operational Prototype System
PSY3(M. Drevillon)

10.6.1 Main PSY3v1developmentsin years2004-2005

PSY3 aims at delivering weekly global oceanicforecasts,allowing meso-scaleprocessesin the ocean.
In order to build the �rst PSY3 prototypes,data assimilationmethodsof growing complexity will be
implementedin thePOGcon�gurationat1/4o, startingwith SAM1v1( 10.2.1.1),assimilatingonly satellite
altimetrymeasurements.
The so-calledPSY3v1developmentbegan in 2004,by merging the sourcesfrom POG-05(ORCA 1/4o)
(see 10.5andthePSY2G1system(ORCA 2o SAM1V1), which wasdoneby E. RemyandN. Ferry. Mid
2004,M. Drévillon began to testa �rst versionof the system(the sizeof the executableis morethan60
Go), runningexperimentsof onecycleof oneweekona localopteronprocessorscluster(Baltic).
Thesetestswereconstrainedby theprogressive tuningof themachineby theMercatorsystemteam,which
consistedin several changesof Fortrancompiler, additionof processors,and the testsof a properbatch
submissionsystem.The codewasthustestedon several machinesat the sametime : Baltic at Mercator,
kami (FujitsuVPP5000)atMétéo-France,andhpca(IBM cluster)atECMWF.
After this seriesof tests,giving satisfactoryresultson Baltic by theendof 2004,themodelsourceswere
upgradedto POG05b,in orderto usetheenstrophy conservingscheme.Themeandynamictopography used
by SAM1 is thusderivedfrom thePOG05binter-annualexperiment.TheSAM1v1 sourceswereincluded
andadaptedto theSAM1/SAM2platform.
A numberof modi�cations have alsobeenmadein SAM1v1 : The vertical interpolationschemeof the
lifting/loweringmethodhasbeenupgradedto acubicspline(insteadof linearspline)by N. Ferry.
The canvaswasinitially designedto be monotonic,asthe datawaslocatedon this intermediategrid via
a dichotomyscheme.The analysis,doneon the canvasgrid, were then interpolatedon the model initial
ORCA grid (which is not monotonic).This methodproved to generatea lot of errorsin the caseof the
ORCA025grid, andthecanvaswas�nally takenidenticalto theORCA grid, andtheschemeto locatethe
dataon thegrid waschanged,basedonPSY2developments.
Thearrival of 18 new bi-processornodeson Baltic in march2005allowedto run a 20 processorsversion.
Moreover, this con�gurationis designedto runoperationallyeitheronBaltic or onKami.
The�rst globaloceanicforecastwith PSY3v1is madein autumn2005,andthesystemrunsoperationally
by theendof 2005.

10.6.2 Preliminary resultswith 2003boundary conditions

Preliminary experiments,using January2003 atmosphericforcings and satellite measurements,were
performedin orderto testthesystem,andcompareit with theotherMercatorsystems.In Fig 10.15,two
analyzedsealevel anomaliesare one month apart(from an experimentstartingJanuary2003, the 8th).
After only four cyclesof assimilationwith assimilatedSLA over a 7-daywindow, themeso-scaleactivity
is clearlyenhanced,mostlyin theGulf streamandKuroshioregions,andin thecircumpolarCurrentfor the
southernHemisphere.
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FIG. 10.12– WeeklymeanChlorophyll-A concentrationfrom MODIS-CATSAT (left column)andweekly
meanSeaLevel anomaly(meters)from PSY2v2(right column)during 6 weeksin a raw. The �rst week
(toppanels)is from July25thto 31th2004.Thelastweek(lowerpanels)is from August29thto September
4th2004.
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FIG. 10.13– Timeseries(1996-1998)of the temperaturewith depthat the Equatorand220�rE longitude
from : thePOG05Bexperiment(right)andtheTAO datasets(left).

FIG. 10.14– Time seriesof seaice concentration(blackdottedline), katabaticwindsmagnitude(red),sea
ice production(blue)andsurfaceair temperature(green)in thePrydzBay areabetweenthe26thapril and
14thaugust1994.Theblackheavy line is the10m:s¡ 1 thresholdfor thewind; theshadedblueareasin the
�gure representthepolyniasoccurrencein theexperiment.
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FIG. 10.15– PSY3v1analyzedsealevel anomalies(m) : (top)FirstSLA analysis(2003January),(bottom)
after4 cyclesof SLA assimilation(February2003)(onemonthJanuaryclimatologicalforcingspin-up)
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Envir onmental Impact of Aviation





1 Introduction

DanielCariolle

The aircraft emissionshave an impact on atmosphericchemistryand on the radiative balanceof the
atmosphere.For example,contrailsformedby condensationof watervaporontoexhaustaerosolsandsoot
particlestrigger the formationof cirrusclouds.Emissionsof nitrogenoxidesperturbthenaturalchemical
cyclesandleadto ozoneproductionor destructiondependingon localair masscompositionandinsolation.
Theseozoneperturbationsalongwith theemissionsof CO2,watervapourandiceparticlesformation,soot
particles,sulphuricaerosolsfrom theburningkerosenegive anadditionalcontribution to thegreenhouse
forcing.Themostrecentevaluationsof thoseeffectsshow theexistenceof anampli�cation factorof about
3 for greenhousepotentialfactorfrom aircraftemission: a moleculeof CO2emittedfrom a jet airplaneis
a factorof 3 moreef�cient for greenhouseforcing thanasimilarmoleculeemittedatgroundlevel.

Given theexponentialincreaseof theair traf�c it is anticipatedthat theaircraft emissionswill doubleby
year2020comparedto present.Theair traf�c would thenbeamajorplayerof theclimatechange.Thereis
nodoubtthatin futurenegotiationprocessesfor thelimitation of greenhousegasemissionsaviationsources
will be a centralissue.It is thereforeimportantthat the regulationsthat could be imposedon aviation be
basedonwell-soundscienti�c studies.
As this thematicwasrecognisedasanimportantissuefor theCERFACSshareholdersandfor theministry
of transportation(which hasthe administrative supervisionof Météo-France),it wasdecidedin 2003to
settleanew projectÒaviationandenvironmentÓwithin theCERFACSandCNRM teams.

The main objective of the project is to betterquantify the chemicaland radiative atmosphericimpacts
of aviation at the various scalesfrom the aircraft near �eld to the global atmosphere.An integrated
evaluationof the differentstepsthat involves the emissiontransformationsmustbe performed,from the
gaseousandparticulatespeciesgenerationin thecombustionchambers,their chemicalandmicrophysical
transformationsin the aircraft near�eld, their vertical andhorizontaldilution in the far wake along the
contrail path,up to the formationof corridorsby the �eets andtheir transportby the generalcirculation
of the atmosphere.At eachof thosestepsthe chemicalandradiative atmosphericperturbationsmustbe
assessed.

Duringthislast2 yearperiodemphasishasbeenplacedonthemodeldevelopments.At smallandmesoscale
the numericalmodelsNTMIX andMéso-NHhave beendevelopedin the areaof transportschemesfor
chemicalspeciesand microphysic associatedto the formation of ice particles.Preliminary resultsare
expectedby the end of the year on the coupling of NTMIX and meso-NH,that would allow contrail
simulationsfrom thenear-�eld to theatmosphericmesoscale.

On globalscalea linearizedapproachto theatmosphericchemistryhasbeendevelopedandvalidated,and
hasbeenintroducedin thelatestversionthetheCNRM ARPEGE/Climatglobalmodel.Onthesameline an
equivalentapproachhasbeendevelopedfor a radiative schemethatallows a rapidevaluationof theimpact
of possibleozonechangeon the stratospherictemperatures.Validationof the radiative schemehasbeen
performedusingtheIFSglobalmodelof theECMWFandsensitivity experimentshavebeenobtainedwith
the2D ChemicalTransportModelMOCAGE.Thenext stepswill concentrateontheextensionof theozone
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linear schemeto accountfor the injection of NOx, H2O andCO from air traf�c, andassessmentof their
chemicalandradiativeperturbations.

We have establishnumerouscooperationswithin the presentproject.First with the CNRM for the use
of Méso-NHand ARPEGE/Climatand MOCAGE models,and secondat the europeanlevel within the
QUANTIFY projectcoordinatedby the DLR whereCERFACS is responsibleof the activity II "Dilution
andProcessing".

Thenext sectionsdetailstheresultsobtainedwithin theperiodcoveredby this report.
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2 Small-scale simulations of aircraft
emissions

2.1 Development of NTMIX model for contrail formation and
aircraft emissions(R. Paoli)

A two-phase�o w modelbasedonamixedEulerian/Lagrangianapproachwasdevelopedin NTMIX solver
to simulatetheformationandevolutionof acontrailin anaircraftwake.Large-eddysimulationswereused
for thecarriergaseousphase,while aLagrangianparticletrackingmethodwasusedfor thedispersedphase,
consistingof ice crystalsandexhautssootparticles.A microphysicalmodelfor vapourcondensationwas
also integrated,so that the proposedmethodprovidesa detailedmonitoringof the evolution andgrowth
of eachcrystalandclusterof crystalsin thewake. Theanalysis,initiated in 2003at Stanford,focusedon
the interactionbetweena trailing vortex andan exhaustjet loadedwith sootparticlesandwatervapour,
andwas�nalized in two journalarticlesby Paoli et al. [PAE1] andPaoli andGarnier[PAE2]. This work
hasbeenrecentlyextendedby Cariolleetal. [PAE4] includingameasuredaircraftwakeasthebackground
�o w-�eld, insteadof ananalyticalvortex model,seeFig. 2.1.The thermodynamicconditionsfor contrail
formationwere identi�ed by tracking the spatialdistribution of supersaturationSice aroundparticlesas
shown in the snapshotof Fig. 2.1. This is a key variablesincethe growth rateof eachparticledepends
on the local supersaturation,_r p » Sp, which in turn dependson the local temperature.Therefore,dueto
theexhaustcooling in theplume,watervaporcondensesover sootparticlesandforms ice crystalswhose
sizesgrow until thermodynamicequilibriumbetweenthetwo phasesis reached.Theevolutionof themean
crystalradiusr av g in Fig. 2.2shows that it attainsanasymptoticvaluearound1¹m which is in therange
of observationsreportedin theliterature.
In the framework of our long-termcollaborationwith Univ. of Strasbourg, a moduledevelopedby Prof.
MirabelâÆAŹsgroupwhichprovidesauni�ed treatmentof aerosols,sootandiceparticleshasbeenrecently
installedonCERFACSmachines.The�nal goalis to developanintegratedtool to predictthechemicaland

SMALL-SCALE SIMULA TIONS OF AIR CRAFT EMISSIONS

using widespreadand portable output format such as NetCDF. Somepreliminary academiccases
wererun for the sake of validation, such as3D shear
o w under a singlebell mountain. A strategy
to properly initialize these simulations in Mso-NH to cover the mesoscale100 km domain is now
investigated, as well as the possibleuse of a nested version of Mso-NH. Emphasis is put on the
contrail-to-cirrus transition that occursafter the vortex breakdown, due to the combined action of
wind shearand strati�cation, with the wake and atmospheric turbulence. The overall approach of
thesemesoscalesimulations will be validated using existing (in situ and satellite) observations.

2.3 Numerical algorithms: Semi-lagrangian metho d (R.
Paoli)

A signi�can t part of the team activit y has been dedicated to the development of an e�cien t
numerical algorithm to transport the dispersedphasein two-phase
o w simulations (aerosolsand
ice crystals in the present case). To that end, a semi-lagrangianscheme has been implemented
in NTMIX, as it is usually employed in the atmospheric sciencecommunit y for its computational
e�ciency in long-lasting simulations. The �rst tests for conserved scalarsare promising, the next
step will be to apply the method to the transport of number density and sizedistributions of the
dispersedphase.

10 Jan. 2004{ Dec. 2005

FIG. 2.1 – Contrail formation in a measuredaircraft wake. Left, initial vorticity distribution. Right, iso-
surfaceof ice supersaturationSice at t = 8sec: green,Sice =0 = 0; yellow, Sice = 10%; sootparticles
andicecrystalsarerepresentedby blackandwhitedots,respectively.
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FIG. 2.2– Icecrystalradiusevolution.Left, temporalevolutionof themeanradiusr av g. Right : crystalsize
spectrumat t = 8sec:

FIG. 2.3– Velocityvectorplot in 3D shearunderasinglebell mountainsimulatedwith Méso-NHcode.

microphysicaltransformationsof exhaustsin thewake.An âÆAIJoff-lineâÆA�I couplingwasobtainedby using
theparticle-trajectorysolutionscomputedby NTMIX asinputparametersfor theboxmodel.Thefeasibility
of anâÆAIJon lineâÆA�I integrationinto a cfd coderepresentsa challengingscienti�c andtechnicaltask,and
is still anongoingaction.

2.2 Simulation at mesoscale: setting-upM�so-NH and coupling with
NTMIX (R. Paugam, R. Paoli)

The object of this topic is to extend the simulationsdescribedabove to cover the far-�eld wake (5 to
10 km from the aircraft), and the following dispersionregion (10 to 100 km from the aircraft) using
the Météo-FrancemeteorologicalcodeMéso-NH.A signi�cant effort hasbeenmadeto understandthe
complex structureof Méso-NHandthedevelopmentof postprocessingtoolsusingwidespreadandportable
outputformat,suchasNetCDF. Somepreliminaryacademiccaseswerealsorun for thesake of validation.
An exampleis the 3D shear�o w over a singlebell mountainreportedin Fig. 2.3. The �gure shows that
orographicforcing producesgravity wave propagatingright- andupward.A strategy to properlyinitialize
thesesimulationsin Méso-NH to cover the mesoscale100 km domain is now investigated,as well as
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FIG. 2.4– Snapshotof particle-ladenslabadvectedin isotropicandhomogeneousturbulence.Left : scalar
�eld in a Semi-Lagrangiansimulation.Right : (reconstructed)numberdensity�eld in a fully Lagrangian
simulation(initially 100particlespercell).

thepossibleuseof a nestedversionof Méso-NH.Emphasisis put on thecontrail-to-cirrustransitionthat
occursafter the vortex breakdown, dueto the combinedactionof wind shearandstrati�cation, with the
wake andatmosphericturbulence.The overall approachof thesemesoscalesimulationswill be validated
usingexisting (in situandsatellite)observations.

2.3 Numerical algorithms : Semi-Lagrangian (R. Paoli and the

cfd/combustion team)

A signi�cant part of the teamactivity hasbeendedicatedto the developmentof an ef�cient numerical
algorithmto transportthe dispersedphasein two-phase�o w simulations(aerosolsandice crystalsin the
presentcase).To that end,a Semi-Lagrangianschemeadvection hasbeenimplementedin NTMIX for
its goodcomputationalef�ciency in long-lastingsimulations,asalreadyexperiencedin the atmospheric
sciencescommunity. Thesekind of methodscan also be designedto supply local diffusion around
propagatingfrontsof non-diffusivescalars.In particular, aConservativeQuasi-MonotoneSemi-Lagrangian
scheme(CQMSL) hasbeenimplementedthat switchesfrom high-orderHermite to low-orderLagrange
interpolationin the vicinity of stronggradients.Conservation is further guaranteedvia a-posteriorimass
recovering.A preliminarytestwasrun,consistingin aDirectNumericalSimulationof aparticle-ladenslab
advectedin isotropicandhomogeneousturbulence.Thescalar�eld shown in Fig. 2.4comparesreasonably
with thenumberdensity�eld reconstructedfrom a fully Lagrangian-particlesimulation.Next stepswill be
to includethe dispersedphasevelocity in the numericalmethod,aswell asthe advectionof particlesize
distributions.
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3 Large scale ozone distribution and
radiative response

3.1 Linearization of the atmospheric chemistry (D. Cariolle, H.
Teyssèdre)

A linearizedozoneschemeis usedin theARPEGE/Climatmodel.It hasbeendevelopedby Cariolleand
Déqué(1986)in orderto studytheinteractionsbetweentheozonedistributionandtheclimateevolution. It
is computationallyef�cient andcanbeusedfor �rst rapidassessmentof impactswithout theneedto use
moresophisticatedchemicaltransportmodelssuchasMOCAGE,whichis muchmoreresourcedemanding.

The ozoneschemeneededto be updated,the major objectiveswere �rst to remove asmuchaspossible
the biasof the parameterizationandsecondto bettertake into accountthe effectsof the heterogeneous
chemistry. In particularattentionhasbeenpaid to the systematicunderevaluationof the ozonecontent
at the equatorin the lower stratospherethat hasbeenpointedout with the original parameterization.To
thisendthephotochemical2D MOBIDIC modelthatgeneratesthecoef�cients of theparameterizationhas
beenupgradedafterdetailedanalysisof therelativeeffectsof transportandchemistryandcomparisonswith
variousclimatologicaldatasets(Cariolle[PAE6]).
Thefollowing improvementshave beenintroduced:
- careful analysis of the computationmethods to obtain the meridional residual circulation from
ARPEGE/climat
- removal in thechemicalcomputationsof thecold biasfound in theARPEGEforcing in themiddleand
highstratosphere
- analysisof thein�uence of horizontalandverticaldiffusion
- evaluationof thecomputationsmethodusedfor thephotolysisrates
- introductionof a new formulationfor theozonedestructiondueto heterogeneouschemistrybasedon the
local total ozonechlorine
- upgradethechemistryaccordingto theJPL-2003-25recommendations
- tune the vertical diffusion coef�cient above the equatorialtropopauseto be in betteragreementwith
distributionsof CH4 andN2O measuredby HALOE
- increasethewashout ratesin theboundarylayerto improvedthetroposphericozonecontent(lessN Ox)

After having introducedseveralimprovementsin thoseareastheMOBIDIC modelproducesasigni�cantly
improvedO3 simulation.This derivednew versionv2 of theparameterizationhasbeenextensively tested
using the MOCAGE CTM and the ARPEGE and IFS models.As an example, �gure 3.1 shows the
comparisonbetweentheTOMS dataandtheMOCAGE ozone�eld for a 4 yearsimulationusingthev2.1
scheme.As canbe seenthe model reproducesquite well the ozonevariability at the equator, the spring
maximaat theNH high latitudesandtheozonedestructionin theSHnearthepolein Septembre-Octobre.
In orderto usethe linearizedschemefor emissionscenariosfrom aircraft it mustbe furtherdevelopedto
includethe in�uence on ozonechemicalproductionanddestructionratesof theperturbationsdueto NOy
species(mainlyN O+ N O2 andH N O3), CO andH2O. To thisendtheMOBIDIC modelwill beusedand
comparisonwith theMOCAGEmodelwill beperformedusingemissionsand/ordistributionsof perturbed
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FIG. 3.1– Total ozonedistributionsgivenby theMOCAGE simulationsat T21 usingthev2.1schemeand
forcedby ECMWFoperationalanalyses,andTOMSdata.

speciesfrom the FP5SCENICproject.This task is undertaken by D. Cariolle in collaborationwith the
CAIAC team(H. Teyssèdre)of theCNRM.

3.2 A linear approach to the atmospheric radiati ve transfer
(D. Cariolle, J.-J. Mor crette)

A linearizedmodelof theatmosphericradiative transferhasbeenderivedfrom thedetailedradiativemodel
usedat theECMWFwithin theIFSoperationalmodel.
A columnversionof the radiative operationalcodehasbeenusedto derive the sensibilitymatrix of the
radiative tendenciesto temperature[DQ/DT] and ozone[DQ/DO3]. Thesematrix are the jacobiansof
the radiative codeasa function of temperatureandozone.They have beencalculatedby applying local
perturbationsto a 1D vertical temperaturepro�le representative of theequatoriallatitudefor equinox(see
table I). For the computationof [DQ/DT] a perturbationof +/- 5 K hasbeenappliedat eachlevel, the
radiative codeintegratedand the tendenciescalculated.Similarly, for the computationof [DQ/DO3] an
O3 perturbationof +/- 20 % hasbeenappliedat eachlevel. Thematrix [DQ/DO3] is in fact thesumof 2
matrices,onefor thelongwave andonefor theshortwave radiations.
Thelinearradiationmodelsimply worksasfollowing. Givena verticalpro�le thatdeviatesfrom ¢ T and
¢ O3 from thereferencedpro�le it is thenpossibleto evaluatetheperturbationof theheatingrate¢ Q using
thematrixproduct:

¢ Q = [DQ=DT] ­ ¢ T + [DQ=DO3] ­ ¢ O3 (3.1)

This modelhasbeentestedusinguniform temperatureandozoneperturbations(with sometestsof mixed
O3 andT changes)over the vertical (as large as20 K and50% ozone)andheatingrateswere found to
deviate lessthana few percentrelative to full radiative calculations.This meanthat for a large rangeof
temperatureandO3 changesthe responseof the radiative modelis approximatelylinear, provided that in
thecalculationof partialderivativescareis takento allow for theradiationexchangebetweenlayers.
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The importanceof the exchangebetweenlayersis illustratedby calculatingthe vertical dependenceof
the radiative dampingtime. The radiative dampingtime is de�ned hereasthe time necessaryto dampa
speci�c temperatureperturbation.It is obtaineddirectly from the linearmodelby integratingequation(1)
with ¢ O3 = 0, and¢ T = 1 K, the result¢ Q givesthe dampingtime ¿ = ¢ Q¡ 1 at eachlevel. If the
temperatureperturbationisappliedtoonelevelonly, oneobtainsthetimenecessarytodampthetemperature
anomalyhaving thedepthof thecorrespondinglayer. In thatcasethe¢ Q termis equalto thediagonalterm
of thematrix [DQ/DT]. In caseof a temperatureperturbationwith effecton thewholevertical,oneobtains
theso-calledNewtoniandampingtime, thetime to dampthelocal temperatureanomalytakingaccountof
the in�uence of the changesin the radiative �ux escoming from all levels above andbelow the level in
consideration.

Figure 3.2 shows the vertical distributions of ¿ when the temperatureperturbationaffects one layer, 3
layerscenteredat a givenlevel, 5 layers,7 layersandsoon...If theradiationexchangebetweenlayerswas
unimportanttheverticaldistributionsof ¿ shouldbeveryclosefrom oneanother.
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FIG. 3.2– Radiativedampingtimeasafunctionof thedepthof thetemperatureperturbation.Thedarkblue
curve correspondsto perturbationof onemodellayer, red for 3 layers,greenfor 5 layers,light blue for 7
layersandpurplefor 9 levels.

This is the casein the upper stratosphereabove 30 km where the different evaluationsof ¿ show a
goodconvergenceasthedepthof the temperatureperturbationincreases.In thataltituderangethematrix
[DQ=DT] is diagonallydominantandit makessenseto considertheNewtoniandampingtime asthetime
representative to dampany temperatureperturbation.In contrastbelow 25 km, in the lower stratosphere,
the dampingtime increaseswith the depthof the temperatureperturbationwith no sign of convergence.
For examplemorethan60 daysareneededto relaxthetemperatureto thereferencepro�le for ananomaly
spanningfrom 20 hPa to 100 hPa, a value consistentwith the time taken by the IFS model to respond
to the ozoneperturbationdescribedabove. As discussedby many authors,in the lower stratospherethe
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equilibrium temperaturesarevery sensitive to the convergenceof the infraredradiation�ux es.What we
have shown is that it canbeaccountedfor within a linearframework, andthatperturbationsthataffect the
lowerstratospherecantakeseveralmonthsto displacethemodelequilibriumstate.

The responseof the linear radiationmodel to ozonechangewas found to be very consistentwith the
sensitivity of the ECMWF generalcirculationmodel (Cariolle [PAE5] ; Cariolle andMorcrette[PAE3]).
In particular, thelowerstratospherictemperaturesof thelinearmodelandof theGCM respondsimilarly to
changesin the vertical ozonegradientin the uppertroposphere-lower stratosphere.We canconcludethat
theGCM sensitivity to ozoneis mostlya linearresponsevia changesin thesolarandlong wave radiation
absorption,combinedwith thevery long radiative dampingtimesthatprevail in thelower stratosphere.On
time-scalesof severalmonths,heattransport,chemistry-temperatureinteractions,possiblere-adjustments
in thewatervaporandclouddistributions,anddynamicalfeed-backsdo not play an importantrole in the
GCM response.The presentlinearizedapproachto radiative transfercan thereforeconstitutea valuable
meanto obtainat low computationalcosta �rst guessof thestratospherictemperatureresponseof coupled
GCM-ChemicalTransportModelsto ozonedistributionchanges.

This linearizedcodewill beusedwithin theMOBIDIC modelandusedto evaluatetheupperatmosphere
temperatureevolution due to aircraft inducedozonechange.This task is undertaken by D. Cariolle in
collaborationwith the J.J. Morcrette from ECMWF, DLR and the University of Readingwithin the
QUANTIFY project.
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1 Introduction

Pierre-Henri Cros

For thesetwo years,the N'S3 group hasfocusedits activity on the developmentof an expertisein the
domainof heating,ventilationandair conditioning(HVAC) systemsandon the improvementof theN'S3

solution.

TheHVAC activity hasintroducedtheCFD simulationtowardtheresponsibleof theventilationsystemof
professionalbuilding or plant.

Firstusedin additionof acampaignof measuresit is now asked,thanksto theobtainedresults,to studythe
ventilationsystemof building onproject.

The versionof the N'S3 solutionachieved in 2004hasbeentestedin 2005by Airbus andTurbomecain
orderto de�ne improvementsto bedoneto make it useon regularbasisby them.

Theversionachievedin 2005hasbeeninstalledat Turbomecasitein Bordeson a rentingbasisandis used
for their daily work with CERFACS.

The resultsobtainedwith the Airbus testgroupallows N'S3 groupto submit its usein the framework of
the Virtual TestingAirbus project.The challengewill be to contribute to a bettercollaborationbetween
Computationandtests.
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2 Heating, Ventilation and Air
Conditioning Flow Modelling

In the �eld of air�o w modelling, the group hascarriedout CFD simulationsin the domainof heating,
ventilationandair conditioning(HVAC) systems.This activity hadbeeninitiated in the framework of the
FP5EuropeanprojectASICA whichallowedacquiringexpertisesin the�eld.
Theobjectivesof this activity areto modelandsimulateair�o ws in buildings,theuseof reliable,ef�cient
and�e xible predictive CFD software's, andthe supplyof supportto traditionaldesignandexperimental
methodsfor themanagementof comfortconditionsin buildingsandHVAC systems.

2.1 Industrial ventilation simulation in a largeworkshop(G. Jonville,
C. Garrigue, consultantT. Schönfeld)

In theframeof the �rst phaseof this project,numericalair�o w simulationsof the industrialventilationin
a very large aircraft workshophave beenperformedduring 2004and2005.The main objectiveswereto
studytherelevanceof industrialventilation�o w modellingby meansof CFD modellingandto de�ne the
reliabledomainof air�o w predictions.
Dependingon the industrial con�guration, several casesof the ventilation systemhave beenmodelled.
Further, different geometricrepresentationsof the material environment in the workshop have been
considered.
The air inlet ventswerepositionedeitheron the ceiling, eitheron somewalls. The air outlet ventswere
positionedon the�oor .
Realistic inlet, outlet and wall boundaryconditionshave beende�ned basedon measureddata from
measurementcampaignsonsite.Somemeasuredvaluesof air velocityandtemperatureinsidetheworkshop
werealsoavailable.Structuredandunstructuredcomputationalgrids with up to 2M hexahedralcells and
3.5M tetrahedralcells(Fig. 2.1)weregeneratedby meansof advancedCFDgrid generationtools.

FIG. 2.1– Unstructuredtetrahedralmeshesgeneratedaroundgenericaircraftplacedin industrialworkshop.
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Physicalandnumericalmodelshave beenimplementedfor settingup theair�o w simulationruns: steady
Navier-Stokesequationsfor modellingthetransportof momentum,k- modelfor modellingturbulenceand
energy equationfor temperature.Thecomputationshave beenperformedwith a bi-processorcomputerof
4Gbmainmemorycapacity. Therun timesrangebetween18and34CPUhoursfor onecomputationcase.

FIG. 2.2– Pathlinesillustrating�o w �eld in workshopfor differentcon�guration.

The numericalapproachto the air�o w investigation showed that advancedCFD software,pre andpost-
processorswith asigni�cant level of complexity and�e xibility havesuf�cient potentialto predicttheglobal
air�o w in large industrialbuildings with a goodaccuracy at reasonablecost.Somecorrelationsbetween
simulationresultsandobservationsonsitehave beenunderlined.
The simulationsallowed visualisingand understandingof the physical phenomena,to provide velocity
directionandintensity, temperaturedistributionandparticlespath(Fig. 2.2).
The �rst phaseof this project proved that the numericalair�o w simulationin buildings is a reasonable
supportto the traditionaldesignandexperimentalmethods.Theapproachis very informative in practical
designandapromisingessentialtool for themanagementof largeindustrialworkshopsandHVAC systems.

2.2 Air¯o w simulations in an enclosure polluted by particles
(G. Jonville)

A studyhasbeenrealisedconcerningthenumericalsimulationof internalair�o w in a ventilatedenclosure
pollutedby particles.Theenclosurerepresentsanindustrialroom.Theaim wasto optimisetheventilation
systemaccordingto theef�ciency of extractingparticles.
For the CFD simulationsthe enclosurewas modelledas a 3D parallelepipedbox. The air inlet was
positionedontheceilingandtheair outletonthe�oor with identicalmass�o w rates.Severalcon�gurations
have beenconsidereddependingon thesizeof theinlet andoutletsurfaces.
Structuredcomputationalgridswith 850,000hexahedralcellshavebeengeneratedby meansof anadvanced
CFD grid generationtool. For settingup the air�o w simulationruns,steadyNavier-Stokesequationsin
conjunctionwith a k- turbulencemodelhave beenused.Thetransportof particleshasbeencomputedwith
a discretephasemodel.Particlesof 20 diameterand1600Kg/m3 wereuniformly injectedin theenclosure
ataninitial timeandweretrackedaccordingto theresidenttime (Fig. 2.3).
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FIG. 2.3 – Initial particlesinjection (left) andpathsof someparticlescoloredby residenttime (right) in
small inlet surfacecon�guration.

The resultsallowed comparingthe extractiontime of particlesbetweeneachcon�guration andto choose
thebestsolutionin termsof extractionef�ciency andimplementingfacility. Thissolutionwasimplemented
at theendof 2005andtheair quality in theindustrialroomwasindeedimproved.

2.3 Air conditioning system simulation in a glass-fronted cabinet
exposedto solar radiation (G. Jonville)

A studyhasbeenconductedconcerningtheinternalair�o w simulationin a building to verify andvalidate
theair conditioningsystemoperationandtheair temperaturedistribution.
The building underconstructionis destinedto receive fragile objectsandto welcomethe public. Objects
will beexposedatdifferentlevelsin a largeandroundedglass-frontedcabinetof 9mheight.
Thecabinetis dividedby verticalgirdersto glasscaseswith a ventilationsysteminstalledin eachoneto
controlthetemperature.Coolingair is injectedfrom �oor andextractedin theupperpart.
Oneglasscasehasbeenchosenfor thesimulationin thesituationof which thethermal�ux on theexternal
glasswasmaximum.
Adaptedphysicalmodelshave beenusedfor settingup theair�o w simulationruns: steadyNavier-Stokes
equationsfor modellingthe transportof momentum,k- modelfor modellingturbulence,energy equation
for temperature,gravity, convectionandradiationmodels.
Theglasscasegeometryhasbeenmodelledanda structuredcomputationalgrid with 750,000hexahedral
cellshasbeengeneratedby meansof anadvancedCFDgrid generationtool.
The resultsshow thermalstrati�cation in the glasscase(Fig. 2.4), with a global averagetemperatureof
31�rC. The averagetemperaturescomputedon four differentlevels from the temperature�elds (Fig. 2.4),
allow identifying excessively high temperaturein theupperpart.Theseresultsprovedbeforeinstallingthe
system,thenecessityto modify theglobaldevice in orderto obtainthecerti�cation for exposingobjects.
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FIG. 2.4 – Distribution of air temperaturein central plane showing thermal strati�cation (left) and
temperature�eld in horizontalplanes(right).
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3 Development of collaborative working
solutions

S.Milhac

3.1 Presentationof the N'S3 solution

TheN'S3 solutionis a ComputerSupportedCollaborative Working (CSCW)tool designedto easetheco-
operationbetweenremotepartnersin thecontext of numericalsimulationsprojects.It is designedto replace
a realmeetingroomin adistributedworkingenvironment.

The N'S3 solutionallows the userto exploit all the classicalWEB conferencingtools asthe audio/video
system,the sharingapplications,the whiteboardandthe chat,but alsoto co-visualizeandco-manipulate
3-dimensionaldatawith hispartners.TheN'S3 solutionis designedto beof very intuitiveuse: mostof the
functionalitiescanbe activatedwith simplemouseclicks. A particulareffort wasalsomadeto develop a
clearergonomicinterface.Thestrategy is to usethreemonitors.Eachhasaspeci�c role.Thecentralscreen
containsthe tools for controlling the conference.On the left screen,the usualof�ce applicationscanbe
sharedfor interactive andcollaborative editing.Theright screenis devotedto the3D co-visualization.

FIG. 3.1– N'S3 solution,aclearergonomicinterface.

Since2004,differentfunctionalitieshavebeenaddedto enrichthesolution:
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Functions Version2004 Version2005
Audio, video,whiteboard,chat,applicationsharing X X
Desktopsharing X
File sharing X
Progressbar X
Onemouse,onekeyboard X
Viewer3D for CAD andCAE Data X X
CAE 3D databasesharing X X
Changescalarvariablesof the3D visualization X X
Changevectorvariablesof the3D visualization X

In addition,theN'S3 solutionproposesthefollowing speci�cities:
– Launchthepresentationof thenumericalsimulationresultsdirectlyoutaPowerPointdocument:

FIG. 3.2– N'S3 hyperlink.

– Cutandpasteasnapshotof the3D dataontothewhiteboardandaddcomments;
– Save thewhiteboardcontentasabasisfor theminutes.
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FIG. 3.3– N'S3 snapshot.

3.2 N'S3 group'sstrategy

TheN'S3 group's strategy is :
– Integrateef�cient andeasyto useCOTS1 or develophisown speci�c applications,
– ProposeanintuitiveGUI managingall theapplicationsandfacilitatingtheuseof theN'S3 solution.

3.2.1 COTS of the N'S3 solution

COTS areusedto supportWeb conferencingfunctions.The IBM solution is usedfor audio/videowhen
theWindows solutionhasbeenselectedto supportwhiteboard,chat,applicationsharingand�le transfer.
Desktopsharingis possiblevia theVNC application.

To getanintuitiveGUI which is thekey pointof theN'S3 solution,theCOTShavebeencustomizedthanks
JavaandC++developmentsto proposeonly theusefulfunctionsandhavethemaccessiblevia simpleclicks.

1ComponentOnTheShelf
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FIG. 3.4– COTSof theN'S3 solution.

3.2.2 N'S3 developments

For the 3D data, the N'S3 group has developeda universal viewer called NS3D. It is collaborative
visualizationsoftware allowing co-editing and co-manipulatingnumericalsimulation 3D data without
having thesourceapplicationonbothsides.NS3D,written in C++ andbasedonOpenInventor, hasvarious
input interfaces.At the momentRadioss,Nastran,LS-Dyna and Ensightare fully supportedand many
othersarebasicallydeveloped(Abaqus,Ansys,Fluent,Tecplot,) The datacomingfrom differentsource
applicationsaremappedto a commonN'S3 format.Theviewer functionslike zooming,rotating,clipping
andanimationareproposed.In additionthe usercanshow coloredsurfaces,cutting surfaces,isosurfaces
andtracelines.To make it easyto use,NS3Doffersasetof functionswhicharede�ned by theuserandthe
complexity of thevisualisationtaskis thenreducedto acoupleof parameters.

FIG. 3.5– NS3D.
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3.2.3 Intuiti veGUI

To getanintuitiveGUI, theN'S3 grouphasimplementedtheN'S3 layermadeof scriptsandJavaapplets.

Therule of theN'S3 layer is to take in chargetransparentlythehardwaresettingsandthecommunication
betweenall theapplications.Theobjective is to facilitateandminimizetheactionsof theuserto implement
avirtual meeting.TheN'S3 layerhelpson four aspects:

– Hardware settings : From the starting process,the settings of each PC and their gateway are
transparentlytaken in charge. To increasethe commodityof the N'S3 solution,the N'S3 layer shares
onemouseandonekeyboardfor bothcomputers.TheUSB harddrive is automaticallymountedwhen
dataarerequired.

– Ergonomicinterface : TheN'S3 layermanagesthesizeandpositionof eachframeonthethreescreens.
A toolbaron thecentralscreenproposesshortcutsto themostusedfunctionalities.

– Applications communication : The different collaborative tools, COTS or NS3D, are automatically
startedwhenneededandall functionalitiesarereachablefrom simplebuttons.Moreover, theN'S3 layer
assurestheN'S3 hyperlinkandsnapshotfunctionalities.

– User information : In additionaprogressbarandalertmessageskeeptheuserinformedaboutthestatus
of hisactions.

As shown in the �gure, theN'S3 layer is not a simpletool but associationof differentkindsof tools and
technologies:

FIG. 3.6– N'S3 layer.
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3.3 N'S3 solution compared to others

TheN'S3 solutionis uniqueby providing within a videoconferencingtool a viewer 3D for CAD andCAE
dataallowing real-timeco-visualizationandco-manipulationwith transientdata.

Functions WebEx Workspace3D N'S3 solution
Audio - video X X X
WhiteBoard X X X
Chat X X X
Applicationsharing X X
Desktopsharing X X X
Recording X X
File sharing X X X
Viewer3D for CAD Data X X
Viewer3D for CAE Data X
CAE 3D databasesharing X
Changevariablesof the3D visualization X
Copy onwhiteboardof 3D databaseviews X
Launch3D databasefrom pptdocument X

FIG. 3.7– N'S3 comparative
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1 Introduction

NicolasMonnier

1.1 Key responsibilities

Key responsibilitiesof CERFACS' "ComputerSupportGroup"are:
– To de�ne CERFACS' Computerand Network architecturesand perspectives for their upgradeand

evolution;
– To provide, integrate and maintain all necessaryand selectedCERFACS' hardware and software

solutions;
– To addressCERFACSteams'needswith integratedsolutionsandservices;
– To assistresearchers,providing them technicaland applicationexpertise including assistancewith

programmingandoptimisation;
– To spreadall necessarypracticalinformationadvisingCERFACS' usersin theirmainareasof interest.
Thissupportactivity is theresponsabilityof a � vepeopleteam.

1.2 General strategy

Generalstrategy is :
– Listeningto theusers'needs,federatingthemto bene�t from scalingfactors;
– With thehelpof HPCNsuppliers,allow CERFACS' researchersto work in anup-to-datesoftwareand

hardwareHPCNenvironment(Storagecapacities,Computingpower, Post-processingandNetworking);
– Ensuredevelopmentsportability throughtheaccessto awide rangeof architectures;
– Establishpartnershipfor accessibilityto high-endcon�gurations.
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2 Architecture and Actions.

Isabelled'Ast, GerardDejean, FabriceFleury, PatrickLaporte

2.1 CERFACS' computing resources(As of Dec05).

During theperiodCERFACS' computerresourceshave seentwo mainimprovements:
– Computingpower : 6 times fasterwith a Cray XD1 installation.The new computer, installedin june

2005,offersa peakperformanceof 576G�ops with 120AMD Opteronprocessorsinterconnectedon a
Crayhighspeedandlow latency network, 240GB of memoryand3 TB of disk.

– Storage: 9 timesmorecapacityon two new �leservers.The�rst one(Network applianceFAS 960with
3.6 TB of �ber channeldisks) is dedicatedto high bandwidthaccessto critical �les, the secondone
(Network applianceR200with 16 TB os SATA disks) is dedicatedto the storageof large simulations
results.

2.2 Softwareenvir onmentand Support.

CERFACS' softwareenvironmentcoversthreedomains:
– Scienti�c developmenttools: CERFACS' usersneeda wholearrayof toolswhich allow themto create,

test,debugandexploit theircomputationalsimulations.In this frame,onelooksfor availability of awide
rangeof scienti�c tools (compilers,pro�lers, debuggers,scienti�cal libraries,andparallelizationtools)
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andtheir associateddocumentation.Theavailability of severalOperatingSystemsassociatedwith their
scienti�cal developmentenvironmentguarantesportability of developmentson a wide rangeof Unix
machines;

– Jobanddatamanagementtools : giving usersa completesetof tools is not enough.Onehasto provide
a job managementenvironmenton the centralcomputers,including batchqueues,rulesof usageand
accountingmeansto optimiseglobalthroughputof CERFACS' computers(LSF andPBSbatchsystems
arecurrentlyin use).On theotherhand,the"ComputerSupportGroup"providesdatabackup/ restore
(TimeNavigator);

– Dedicatedapplicationsservers : in addition to developmentandmanagementtools, several dedicated
applicationserversareessentialto completeahigh-level softwareenvironment.Theseapplicationservers
are either an extensionof computing facilities (Visualizationservers, Data A ManagementServer,
MatLabservers)or anintegralpartof CERFACS' infrastructure(Webservers,Mail server, printerserver,
NIS, ...).

2.3 AVBP and elsA standard production on Cray XD1 and HP
Alphaserver

Our Cray con�guration (116 computingprocessors)allows researchersto use 16 processors/ 32 GB
memoryfor theirday-to-daystandardssimulations.Theserversupportsupto sevensimultaneousstandards
simulations,it is near two times more than on our Alphaserver which supportsonly four standard
simulations,eachof themusing8 processors/ 16GB memory.

Theperformanceratio (elapsetime for a standardsimulationon AlphaServer / elapsetime for a standard
simulationon XD1) is 1.25for elsA and2.05for AVBP : a xd1 standardsimulationis two timeslargeron
Craythanon AlphaServer andtherestitutiontime is two timesfasterfor AVBP and1,25fasterfor elsA on
thenew server.

2.4 AVBP and elsA performance results on GigaEthernet and
In�niband

To prepareour last tenderof offering (new computingsolution) we measureAVBP and elsA scaling
performanceon clusterswith low latency interconnectand clusterswith GigaEthernetinterconnect.
Measurementshavebeendoneon thesamecomputerin dedicatedmode,weonly switchfrom onenetwork
to theother.

Numberof processors 1 4 8 16 32
AVBP elapsetimeonGB 1369 409 213 135 99
AVBP elapsetimeon IB 1373 350 177 92 48

Numberof processors 1 4 8 16
elsAelapsetimeonGB 2100 833 709 490
elsAelapsetimeon IB 2086 653 398 271

With 16 processorsinterconnectedwith In�niband network we got AVBP resultstwo timesfasterthanon
thesame32processorsinterconnectedwith GigaEthernetnetwork,elsAis evenmoredemanding: thesame
simulationran fasteron 8 processorsinterconnectedon In�niband thanon 16 processorsinterconnected
with GigaEthernet.
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