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Foreword

Welcometo the 2004-2005ssueof the CERFACS Scienti ¢ Activity Report.

Before turning to more scienti ¢ issuesit is worth recalling that two main eventstook placeduring the
period.Firstly, on Januarylst, 2004, SNECMA (to betransformedateroninto SAFRAN) becamehe 5™
CERFACS shareholderThis broughtnewn supportto a numberof CERFACS' researchactiities, among
which turbulent comtustion is certainly at the forefront. Secondly on June30" , 2004, we organized
a seminarbetweenshareholdes representaties, membersof the Scienti ¢ Council and leadersof our
researctteamsto look at CERFACS priorities and possiblenew researcttopics. This fruitful seminared
to somereoiganizationwith onthe onehandmuchmoreimportancegivento dataassimilationandonthe
otherhandthe establishmentf a researcheamdealingwith the environmentalimpactsof aviation. This
new organizationre ects somehav in thefollowing pages.

Now, whathave beenthemajorscienti ¢ achi&zementsf thesepasttwo years? Readinghroughthereport
will hopefullyprovide thereademvith very mary answergo this questionput let mejustselectafew results
for eachteamasanappetizer.

Parallel Algorithms

Many toolsweresuccessfullydevelopedby theteam:

— theKrylov suiteof public domainpackage$CG, GMRES,FGMRES)wasdowvnloadedmorethan3,000
timesupto 2005,shaving the greatworldwide interestin suchtools,

— improvedspectrapreconditionersllowedthetime necessarfor simulatingthe COBRA problemarising
in electromagnetipropagtionto bereducedby afactorof 3;

— afastparallelout-of-coresolver hasbeendeveloped,of specialusefor solving least-squareproblems
arisingin gravity eld computationwhich requiresonly half of the computermemorycomparedwith
the Scalapaclpackage

— the"OpenMP/MPI" paradigmhasbeenusedon SMP'sto ef ciently parallelizetheMOCAGE codeused
for atmospherichemistrysimulation.

As away to betterdisseminatéheseandotherresults,aswell asencouragingvork on new issuesanother

sessiorof the"SparseDays" meetingwasorganizedat CERFACS on June2™ and3'9, 2004.0nagreater

scaletheteamorganizedthe2™ internationalvorkshopon "CombinatorialScienti ¢ Computing"(CSCO05)
onJune21st to 239, 2005,with large Europearandoverseagarticipation.

ComputationaFluid Dynamics

With all the earlier NSMB functionalitiesbeing implementedwithin elsA, this latter code, developed

cooperatrely with ONERA, wasdeployed within AIRBUS at the beginning of 2004, with approximately

100users.

elsA hasthenallowed CERFACS scientistdo :

— capturethe transonicbuffet phenomenon in collaborationwith ONERA, the DES (DetachedEddy
Simulation)techniqueled to resultsshawving that, in contrastto the URANS approachDES is able
to catchthe physicsat theright angleof attack;
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— develop,evaluateandvalidatethe unsteadyNavier-Stokessimulationswith meshdeformatiorto capture
the utter phenomenon in collaborationwith AIRBUS, effective and accurateprediction of this
phenomenotave beenachievedfor the overall ight domain,in goodagreementvith the experimental
data.

Additional CFD actiities have beenconcerneawith appliedsimulationsof ventilationin aircraft painting

hallsandof air-conditioningef ciency within buildingswith large glasspanels.

Simulationmethoddfor turbulentcomtustionkept progressingat a very rapid pace.Let usjust mentiona

few highlightsin this eld :

— adetailedcomparisorwasorganizedbetweenthe AVBP CERFACS codeandthe CDP Stanfordcode,
bothfor thecold, andlateron, hot caseswhich con rmed the excellentcapacitiesof AVBP;

— thecapacitieof the AVBP LES toolshave beencombinedwith the power of IBM eSerer Blue Geneto
run on a high-resolutionrmesh,in orderto computeignition and ame propagtionin the comhustor of
anhelicopterturboshaftenginefrom Turbomecaln this computationall fuel injectors(18) anddilution
jets(108)areincludedanda full ignition sequencstartingfrom two ignitershasbeencomputed

— high-resolutionLES of turbulent ows in Diesel intake pipes of piston engineshave also been
successfullyperformedonanIBM Blue GeneeSerer;

— in suchsimulationdinearspeedupsf 4,078weremeasuredip to 4,096processorsn con gurationsof
40 million cells. As aresult,the AVBP codeis morethanever recognizedasthe main Frenchcodefor
unsteadycomtustionandis deployed by mary nationalandinternationalgroups,aswell asin industrial
laboratories.

ComputationaElectromagnetism

Amongthe maindevelopmentsvhich occurredover the periodoneshouldmention:

— theuseof domaindecompositiortechniqueswhich have beenappliedto stealthtechnologyby coupling
integral equationswith anasymptoticapproach this resultedin a factor5 reductionof the computing
time, withoutlossof accurary

— thecouplingof nite-elementandfastmultipolemethodswhich hasthenbeensuccessfullymplemented
to computethe effectsof a satelliteon the radiationof its geometricallycomplex antenna

— theimprovementof thecodeto take advantageof varioussymmetrie®f the simulatedobjectswhichcan
be madeout of both metalanddielectrics.

ClimateModelling, DataAssimilation,Oceanograph AtmosphericChemistryandCouplers
Occurrenceof extremeeventshasbeenexplored,the questionbeing: whatis the link betweerthe large-
scaleervironment,asde ned by weatheregimes,andtheoccurrencef extremeevents:

— in thecaseof Europearheatwaves,suchasthe onewhich occurredn 2003,it wasshovn by simulation
that changesof the warm regime occurrencdor the 3 summermonthsoccuredin responseo tropical
Atlantic forcing;

— onthecontrary weatheregimesdid not appeato bethedeterminingfactorregardingthe occurrencef
extremeprecipitation.

Inthe eld of dataassimilationnew preconditionergspectralde ation-basedBFGS)have beendeveloped

to improve overall corvergenceof the minimization. A hybrid 3D-Var/4D-Var algorithm hasalso been

developedin which the cheapef3D-Var is usedto provide a goodinitial "guess"for 4D-Var, leadingto
resultsvery closeto thoseobtainedwith the muchmoreexpensve 4D-Var method.

Dataassimilationmethodshave also beenappliedto atmospherichemistryproblems.Using the PALM

software and the MOCAGE model, data assimilationled to a signi cantly better agreementwith

independentlata,andto animprovementof boththe polarozonedepletiontiming andtheequatoriabzone
eld.

As anothervery promisingapplicationof dataassimilationa 3D-Var schemés now beingimplementedor

the estimationof neutronactivity within electricity-producinghuclearreactors.The so-calledVANARA
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systemwhich is indeedintendedto improve the estimationof the 3D neutron ux, is presentlydeveloped

andimprovedto accounfor multi-variateassimilation.

The MERCATOR groupsuccessfullyparticipatedn :

— the improvementof the operationalAtlantic oceanmodel at 1=15" degreeresolution,by developing
a multivariate optimal interpolation schemeand including, in addition to assimilationof sea-leel
anomaliesassimilationof sea-suidicetemperaturandof verticalpro les of temperatur@ndsalinity;

— theimplementatiorof the new globalocearforecastingsystemat 1=4*, which justwentinto operational
onOctober14" | 2005.

Numericalsimulationof aircraftexhaustdispersionn the atmospherdasbeenachiesed througha semi-

Lagrangiarschemdor two-phaseo w. Startingfrom initial conditionswith anexhausjetloadedwith water

vapourandsootparticles,interactiongaking placewithin the wake vortex led to ice nucleationaroundthe

sootparticlesandice crystalsformation,in goodagreementvith availableobsenrations.

Couplerswvereactively developedover the period,with :

— OASIS4beingchoserfor theEU FP'6 GEMSprojectandstayingatthe heartof the PRISMinitiative for
earth-systenmodelling;

— PALM beingimproved with accountingfor dynamicobjectsize and being appliedto newv elds like
hydrology, ecosystenmodelling,codecoupling,...

TechnologyTransfer

The so-calledN'S' ® solution, for collaboratie working for the extendedenterprisebene ted from mary
new functionalitieslike the automatichyperlink and the launch of a 3D databasedirectly out of the
powerpointdocument.

Computingresources
A new computer(Cray XD1) was installed in 2005, multiplying by 6 the internal numbercrunching
capacity The storagecapacitywasalsoincreasedy afactorof 10 overtheperiod.

CERFACSscienti ¢ productionis still increasing

— the numberof high-standargublications,i.e. in internationally-refereegburnals,is 77 for the period,
shaving anincreaseascomparedo pastyearswhenthe meanrateof publicationswascloserto 30 per
year;

— CERFACS' researcherbave producedyearlymorethan230technicalreportsbookchaptersandpapers
in conferencgroceedings

— they areactivein trainingnew researchersyith 17 Ph.D. thesedeingawardedover the period.

— they have alsovery actively developedappliedresearchwith morethan60 grantsper yearbeingheld
over the period,approximatelyl5 of themcomingfrom the EuropeanCommissionthroughits various
programme®r from otherinternationalbodies,andthe rest, of the orderof 45-50, being awardedby
nationalfundingagenciesand/orindustrialpartners

— let usalso nally mentionthat CERFACS wide-interestseminarshave attractedhigh-level and well-
known externalscientistyseebelaw).

During 2004and2005,the meannumberof (full-time equivalent) peopleworking at CERFACS hasbeen
92.15(seeTablesii to viii), with aglobalannualbudgetvaryingbetweert.3and6.4 M

| sincerelyhopethatyouwill have sometime to readthroughthedetailedactiity reportsof theteamsand
thatyouwill nd thereenoughinterestto pursueyour collaboratiorwith us,or to initiate somenew ones.

Enjoy yourreading.

Jean-Claud&NDRE
CERFACSDirector
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CERFACS Structure

As a"SociétéCivile" CERFACSis governedby two bodies Firstly, the"Conseilde Gérance"composeaf
only 5 managergin French,'Gérants")nominatedoy the 5 shareholder¢seetablei), follows quiteclosely
the CERFACS actvities andthe nancial aspectslt met8 timesduringthe period(2 April 2004,16 June
2004,15 Septembep004,16 December2004,27 April 2005,24 June2005,16 SeptembeR005and21
Decembe2005).Secondlythe Boardof Governors(in French"AssembléedesAssociés"),composedf
representaties of CERFACS shareholderaind of 3 invited personalitiesjncluding the Chairmanof the
Scienti ¢ Council.lt met4 timesduringthe period(27 Januarn2004,30 Septembe2004,27 January2005
and5 October2005).

CERFACS Scienti ¢ Council metfor the eighthand ninth times,on 21 January2005and 16 December
2005,underthe chairmanshif Prof. Jean-Fran¢oisMINSTER.

The generalorganizationof CERFACS is depictedin the CERFACS chart,wherethe two supportgroups
(AdministrationandComputing)areshavn togethemith theresearchheams.

CENTRENATIONAL D'ETUDES SRATIALES (CNES) 26%
ELECTRICITEDE FRANCE 26%
METEO-FRANCE 26%
EUROPEANAERONAUTIC DEFENCEAND SFACE COMPANY (EADS) 11%
SAFRAN 11%

Tablei : SociétéCivile Shareholders
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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
BOUALAOQUI 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 memberof the PARALLEL ALGORITHMS project.
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NAME POSITION PERIOD
POINSOr 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 memberofthe COMPUTATIONAL 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 Researclitngineer| 2002/02
CHAMPAGNEUX | ResearclEngineer| 1997/11-2005/05
SOMMERER Researclitngineer| 2002/04
BLANC ResearclEngineer| 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
Sicor 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

CERFACSACTIVITY REPOR
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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 Researclicngineer| 2003/01-2005/10
DECLAT ResearcliEngineer| 2001/08-2004/09
MAISONNAVE | Researcliengineer| 2000/12
MOREL ResearclEngineer| 2000/03
VALCKE Researclcngineer| 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 memberof the CLIMATE MODELLING & GLOBAL CHANGE project.
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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 | ResearclEngineer| 2001/01
DERVAL Researclitngineer| 2003/07
DRILLET ResearclEngineer| 1999/03
LABORIE Engineer 2005/08

TAB. v —List of memberf the MERCATOR 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 memberf the COMPUTATIONAL ELECTROMAGNETISM project.

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 membersf the ENVIRONMENTAL IMPACT OF AVIATION project.
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NAME POSITION PERIOD
LANNES ProjectLeader| 1994/01
PICARD Ph.Dstudent | 2001/10-2004/11]
ANTERRIEU | CNRS 1993/07-2004/11

TAB. viii — List of memberof the SIGNAL & IMAGE PROCESSINGproject.

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

TAB. ix — List of memberf the TECHNOLOGY TRANSFERgroup.

XXil

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 memberof the COMPUTERSUPPOR group.
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CERFACS Wide-Interest Seminars

Dominikus Noll (Université Paul Sabatier): New strategiesin robust feedbak control design.(Feh 4,
2004)

Laurent Dumas (Université Paris VI) :Méthodesd'optimisation hybride appliquéesa des probléemes
industriels.(Feh 17,2004)

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

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

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

SébastienMasson(Kanagwa, Japan). Barrier layer in the Indian oceanin a 200year simulationof the
SINTEX-Fontier, CGCM (and otheradditionalresults).(May 4, 2004)

GeneH. Golub (StanfordUniversity, USA) : Adaptivemethoddgor updating/downdatingage ranks.(June
3,2004)

Richard C. J. Sommeuwille (University of California, USA) : Evaluating new cloud-radiation and
hydmwlogic cycleparameterizations(Junel?,2004)

Frédéric Nataf (Ecole PolytechniqueParis) : Optimizedinterface conditionsin domaindecomposition
methodsn the caseof extremecontrastsin the coefcients. (Sep.23,2004)

Philippe Toint (Universityof Namut Belgium): A glimpseinto daily travelpatterns.(Nov. 4, 2004)
JamesOrr (CEA): Acidi cation del'océanau 21emesiécle (Feh 7, 2005)

Robert A. van de Gejin (University of Texas,USA) : Towardsthe nal geneation of densdinear algebra
libraries.(March7, 2005)

Bruno Kookus (Universitéde MontpellierIl) : LES,VMS-LESet LNS pour la simulationd'écoulements
compessiblesen maillages non structurés: application a des écoulementgourbillonnaires autour
d'obstacles(April 8,2005)

JoseM. Laginha M. Palma (CesA,Portual) : Wind ow predictionsoverforestedanddefolestedcomplex
terrain for wind enegy applications.(May 3, 2005)

Simon Mason (ColumbiaUniversity, USA) : Identifyingand predictingthe effectsof climatevariability on
malariaincidencein Botswana an applicationof the DEMETERproject.(Junel7,2005)

Charles Meneveau (JohnsHopkinsUniversity, USA) : Issuesand casestudiesfor experimentalalidation
of LESin incompessible (June20, 2005)
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CERFACSWIDE-INTERESTSEMINARS

Magdi Shoucri (Institut de Recherchal'Hydro-QuébecCanada) The applicationof a fractional steps
methodfor the numericalsolutionof the shallowwaterequations(June23, 2005)

Mar ¢ Garbey (Universityof HoustonUSA) : Afew challengingproblemsn computationakciences(June
28,2005)

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

Andr e Kaufmann (SiemensvDO Reyenslrg, Germary) : OnedimensionalC enginesimulation: from
acousticgo heatrelease(Sep.29,2005)

Jean-FrancoisRoyer & Fabrice Chauvin (Météo-FranceCNRM) : Impactdu réchaufementlimatique
surlesouragans.(Dec.13,2005)
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Parallel Algorithms Project







1 Introduction

1.1 Intr oduction

The researctprogrammeconductedy the Parallel Algorithms Projectcombinesthe excitementof basic
researchdiscoveries with their usein the solution of large-scaleproblemsin scienceand engineering
in academicresearchcommerce,and industry We are concernedboth with underlying mathematical
and computationalscienceresearch,the developmentof new techniguesand algorithms, and their
implementatioron arangeof high performanceomputingplatforms.

The descriptionof our actiities is presentedn several subsectionshut this is only to give a structureto
the reportratherthanto indicatearny compartmentalization the work of the Project.Indeedone of the
strengthoof the Parallel Algorithms Projectis that membersf the Teamwork very muchin consultation
with eachothersothatthereis considerableverlapandcross-fertilizationbetweenthe areasdemarcated
in the subsequenpages.This cross-fertilizationextendsto formal and informal collaborationwith other
teamsat CERFACS, the shareholdersf CERFACS, andresearchgroupsandenduserselsavhere.In fact,
it is very interestingto me how muchthe researchdirectionsof the Projectareincreasinglyin uenced by
problemsfrom the partners.

Membersof the Teamvery much play their full partin the wider academicand researchcommunity
They areinvolvedin ProgrammeCommitteedor major conferencesareeditorsandrefereedor frontline
journals,andareinvolvedin researchandevaluationcommitteesTheseactvities both help CERFACSto
contrikute to the scienti ¢ life of France,Europeandthe world while at the sametime maintainingthe
visibility of CERFACSwithin thesecommunitiesSomemeasuref thevisibility of theParallelAlgorithms
Projectcanbefound from the statisticsof accesseto the CERFACS Web pageswherea major partof all
thehits for CERFACS projectsareonthe Algo webpages.

Our main approachin the direct solution of 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. Someresearchwvork that will mostlikely have animpacton
futurereleasess discussedh thefollowing sectionsThe codecontinuego be downloadedon a daily basis
by researcherthroughoutheworld. The complex versionhasbeenaccessedxtensiely andusedin mary
applicationsparticularlyin electromagnetics.

Most of thework discussedn Section3 is concernedvith the directfactorizationof symmetricinde nite
and general sparsematrices. Considerablework has been done to understandand develop rohust
approache$o the caseof symmetricinde nite matricesandsomeof theresearctwork discussedaterhas
beenincorporatedn MUMPSOtherwork concernsthe schedulingof the multifrontal factorizationin a
distributedmemoryervironmentandhasa very signi cant impacton the performancef our parallelcode.
Someof the work on direct solvers hasbeensupportedby the bi-lateral Aurora grantthat we have with
Norway. Otherresearclon examiningthe out-of-coreparallelsolutionfor oneor mary right-handsidesis
still in its infangy but will hopefully alsoresultin future improvementsto MUMPSWe alsoreporton the
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INTRODUCTION (I. S.DUFF)

ACI-GRID Projectwith ENSEEIHTandotherson developinga Grid basedexpertsite for sparsematrices
called GRID-Tlse.The projectendedin November2005andwas a greatopportunityto develop fruitful
collaborationshetweenresearcherfrom differentareasrangingfrom numericalanalysisto middlevare
software. It hasenabledsomeof the partners,namely CERFACS, ENS-Lyon and ENSEEIHTFIRIT, to
continuesomeresearchn the framewvork of LEGO, arecentlyfundedANR project.

Although iterative methodsremove mary of the bottlenecksof direct approachesparticularly regarding
memory it is now well establishedhatthey canonly beusedin thesolutionof really challengingoroblems
if thesystemis preconditionedo createanewn systenmmoreamenabléo theiterative solver. Duringthislast
period,we have continuedour work on developingsuchpreconditionersincluding two-level schemeshat
effectively andexplicitly remaove errorcomponentsn a subspacepannedy eigervectorscorresponding
to smalleigervaluesof the alreadypreconditionedystem The useof suchatwo-level spectrascheméas
proved very powerful in the solution of very large problemsin electromagneticdncluding the industry
standardCOBRA test problem. The notion of two-level schemeshas also beenimplementedwithin a
two level multigrid schemefor solving generalunsymmetricproblemsand an examinationcomparing
variouswaysof usingspectrainformationhasbeenconductedMuch of thework hasbeento extendthese
techniquesothatthey canbeappliedto a wide rangeof problemsn differentapplicationareasThework
oninnerouteriterations pioneeredy the Teamsomeyearsago,hasbeendevelopedfurtherandextended
both computationallyand theoretically The work on matrix partitioning schemesasbeendevelopedto
provide anefcient block Jacobipreconditionefor usewith standardterative methodssuchasGMRES. It
shavs anexpectedgoodperformancen parallelcomputersSincethe GMRESandFGMRESroutinesthat
areavailableon our web pagesare high on the “google” list, arewidely used,andhave beendowvnloaded
over 5000times, a future projectmight involve developingthis preconditioneso thatit canbe usedwith
thesepackages.

The main areaof interestfor the Qualitatve ComputingGroup concernsa deepunderstandingf the
in uence of nite-precision computationon complex scienti c numerical applications.Of particular
concernare a deeperunderstandingof the role of nonlinearitiesand singularitiesin the contet of
oating-point arithmetic. A major tool in this work continuesto be the use of homotopicdeviations, a
techniquepioneerecht CERFACS by the Qualitatve ComputingGroup.An applicationof this work gives
atheoreticabasisto the sometimesinexpectedgoodbehaiour of Krylov type methods.

A majorfocusof our work on nonlinearsystemsandoptimizationhasbeenin joint work with the PALM
Projectand the Climate Modelling Group on dataassimilation.This areais becomingone of the main
interdisciplinaryfocuspointsat CERFACS. We arepatrticularlyinvolvedin a studyof solutiontechniques
for linear least-squaresomputationghat 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-Nerton iterations. We are also developing software
for solving large denselinear least-squaresystemshatis competitive with ScaLAFRACK routinesfrom
the point of view of efciency but requiresabouthalf the storage Bettertechniquedor the storageare
also being explored. This work hasled CERFACS to be includedin a list of major contrikutorsto the
ScalLARACK/LAPACK project.A new initiative in our optimizationwork is the innovative combination
of multilevel schemewwith trustregion methodsfor optimizationproblemsincluding thosearisingin the
solutionof partial differential equationsThis work is beingdonejointly with our colleaguesn Belgium
andwe have recentlyrecruiteda PhD studentto do a co-tutellethesison this topicin conjunctionwith the
University of Namut

The Parallel Algorithms Projectis heavily involved in the AdvancedTraining aspectsof CERFACS'
mission.We ran internal training coursesfor new recruitsto all Projectsat CERFACS to give them a
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basicunderstandingf high performanceeomputingandnumericallibraries. This coursewasopento the
shareholdersf CERFACS. We areinvolvedin trainingthroughthe “stagiaire” systemandfeel thatthis is
extremelyusefulto youngscientistaandengineersn boththeir trainingandtheir careerchoice.lt canalso
help us to focus our researctefforts andthus canbene t the work of the Team.A win-win situation.In
thisreportingperiod,we had ve stagiaires RemiDelmasfrom INSA, Olivier FriedmanrandChristophe
Oberdorffrom ENSEEIHT, and Xavier Moch from ENS Lyon, and Eline Jonkersfrom Delft University
in the NetherlandsMembersof the Teamhave assistedn mary lecturecoursesat othercentresjncluding
ENSICA,INPT, Toulousel andINSA. Stéphan®raletcompletechis PhDthesison“Constrainedrderings
andschedulingor parallelsparsdinearalgebra'in Septembe2004.1 amdelightedto recordthatthethesis
was of sucha high standaradthat Stéphanevas awardeda Prix Léopold Escandeby INPT. This is even
morecommendablevhenwe considerthatthe thesiswascompletedn just overtwo years. EmericMartin
completedhis PhD thesison “Spectraltwo-level preconditionerdor sequencesf linear systems'in July
2005.1t alsogivesus considerablegleasurego recordthat Sege Grattonsuccessfullydefendechis HDR
thesison “Fastand Rolust Solversin Scienti ¢ ComputingApplicationsin Geosciencesin December
2005.

Ouir list of visitorsis a veritablewho's who of numericalanalystsjncluding mary distinguishedscientists
from Europeandthe United StatesWe have includedalist of thevisitorsattheendof thisintroduction.Six
of ourvisitorsstayedor areasonablyong period.Thesewere: Abdellatif EI Ghazi(eigervalueproblems),
Gary Howell (matrix factorizations) Nang/ Nichols (dataassimilation),Marielba Rojas (optimization),
Philippe Toint (optimization),and JeanTshiman@ (optimizationand climate modelling). As always, it
wasa pleasureto welcomeGeneGolub from Stanfordwho is a greatsourceof inspirationespeciallyto
our youngerstudentsln additionto inviting our visitors to give seminarssomeof which are of general
interestto otherteamswe alsorun a seriesof “internal seminars’thatareprimarily for Teammembergo
learnabouteachother's work andarealsoa goodforum for youngresearchert honetheir presentational
skills. FrankHUlsemanriook overtheresponsibilityfor runningthe CERFACSwide interestseminargrom
Martin vanGijzenin 2005andthey bothranavery active andenegeticprogrammen supporiof thesemore
generakeminars.

We continueto have a“SparseDaysat CERFACS” meetingin Juneeachyear In 2005,our normalannual
formulawasreplaceddy the SecondnternationaMorkshopon CombinatorialScienti c Computing.This
meeting which we hostedn the mainMétéoConferenceCentre wasco-sponsoretly CERFACS,INRIA,
IRIT, RégionMidi-Pyrénéesand SIAM, andwas a greatsuccessWe attractedover 80 participantsover
half from outsideFranceand half again from outsideEurope.A numberof distinguishedscientistswho
cameto this meetingalsovisited CERFACS andmetmemberf the Team.

| am very pleasedo recordthat, over the reportingperiod, we have continuedour involvementin joint
researctprojectswith shareholderandwith otherteamsat CERFACS.

We have a projectwith EADS on preconditioningtechniquesin electromagneticswWe have continued
our joint effort with the CERFACS electromagneticgproject on the solution of discretizedMaxwell
equationsusing the boundaryelementmethodin the framewvork of a DGA/Dassaultcontract. This has
beenanoccasiorfor usto usetechniqueslevelopedfor perfectconductorsn the moregeneralcontext of
impedanceandto run experimentswvith the GMRES-DRalgorithmin this context.

We arerepresenteih the CCT of CNESon orbitograply andhave developeda strongcollaborationwith
themin the paralleldistributedgeneratiorof normalequationsandtheir subsequentholeskifactorization
for applicationsn geodesyandcomputationaklectromagnetics.

We have haddetaileddiscussionsvith EDF on parallellinearsolversandon embeddedterationsfor multi-
phaseo w. Oneof our postdocsfrankHulsemanndid suchanexcellentjob in studyingthe useof adirect
sparsesolverwithin CODEASTER, in particularcomparingtheirin-housemultifrontal codewith MUMPS
that he was offeredandacceptecemploymentwith EDF towardsthe end 2005.1 am pleasedhat Xavier
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VasseuandSege Grattonwereablesteerthis projectthroughits nal stagesandXavier is now looking at
null-spacecomputationshatareof greatinterestto EDF.

Our work on the optimizationandlinear algebraicaspectof dataassimilationhasbeenof greatinterest
to andthe subjectof somediscussionsvith the Climate Modelling and Global ChangeGroupand Météo
France.We now have a strongand growing collaborationwith the Climate Modelling Teamon aspects
of dataassimilation,and continueto co-hostJeanTshimang a researchefrom Belgium who is doing a
PhD at Namurwith Annick Sartenaenn the contet of this work, we have alsohostedvisits from Amos
Lawlessfrom the UK MET Of ce andfrom Nang/ Nicholsof the University of Readingwho workspartly
in numericalanalysisand partly with the meteorologydepartmentWe have alsohosted,supervisedand
workedwith HervélLe Berre,whowasworking ontheparallelizatiorof the Mocagecodein theframeavork
of acontractbetweenCERFACS andMétéoFrance.

We help the otherProjectsat CERFACS at all levels from the “over-a-cofee” consultang to moremajor
collaborationsTheseincludeadviceon the elsA codeof CFD andmary aspectof numericalalgorithms
with Global Change We areinvolvedin closecollaborationsover linear solversin electromagneticodes
with the EMC team.We have alsointeractedwvith the CSGgrouponissuesconcerningnew computerchips
andtechnologies.

As apostscript] shouldrecordmy thanksto my threeseniorsLuc Giraud,Seige Gratton,andMartin Van
Gijzen,for doingall the hardwork to ensurehe smoothrunningof the Team.SadlyMartin left ustowards
theendof 2004 to take up a poston the faculty at the university of Delft in his native Netherlandslit was
with very mixed emotionsthat we learnedthat Luc had accepted professorshimt INPT. | say“mixed”
becausepn the one hand,we really will miss his enegy and ability asdeputyProjectLeaderin chage
of the day to day running of the Team.On the other hand,we are delightedfor him that he hassucha
prestigiougpostandalsothatheis not moving far from us sowe cancontinueto welcomehim asa senior
visitor, thus strengtheningven more our stronglinks with ENSEEIHTFIRIT. It is now Sege who hasto
bearthemary responsibilitieof theday-to-daymanagement.amvery pleasedo saythathedoessoin an
excellentfashionandis well supportedn his efforts by our enthusiasti@andtalentedpostdocs.
lain S. Dulff.
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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

We considetthe problemof designinga dynamicschedulingstrat@y thattakesinto accounbothworkload
and memory information in the context of a parallel multifrontal factorization.The originality of our
approachis that we baseour estimationgwork and memory)on a static optimistic scenarioduring the
analysisphaseThis scenarias thenusedduringthefactorizatiorphaseo constrairnthe dynamicdecisions.
Thetaskschedulehasbeenredesignedo take into accounthesenew featuresMoreover, the performance
hasbeenimproved becausehe new constraintsallow the new scheduletto make optimal decisionsthat
wereforbiddenor too dangerousn unconstrainedormulations.Performanceanalysisin [1] shav thatthe
memoryestimationbecomesnuchcloserto the memoryeffectively usedandthat, evenin a constrained
memoryernvironmentwe decreas¢hefactorizatiortimewith respecto theinitial approachThealgorithms
will beintegratedinto the next releaseof MUMPS

[1] P.R.Amestg, A. Guermouche].-Y. L'Excellent,andS. Pralet,(2004),Hybrid schedulingor the parallelsolution
of linearsystemsResearcheportRR-5404 INRIA. Also availableasLIP reportRR2004-53andasanENSEEIHF
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 scalingand choosingpivots when using multifrontal methodsin the LD LT
factorizatiorof symmetriande nite matriceswherel is alowertriangulamatrixandD is ablockdiagonal
matrix with 1£ 1 and2£ 2 blocks.

Our main contritution is to de ne a nev methodfor scalingand a way of using an approximationto a
symmetricweightedmatchingto prede ne1l£ 1 and2£ 2 pivots prior to the orderingandanalysisphase.
We alsopresenhnew classe®f orderingscalled“(relaxed) constrainedrderings'that selectpivots during
thesymbolicGaussiareliminationusingtwo graphs: the rst onecontainsnformationaboutthe structure
of thereducedmatrix andthe secondnegivesinformationaboutthe numericalvalues.

We performexperimentsvith our symmetricpreprocessing [ALG47] andwe validateour heuristicswith
a symmetricmultifrontal codeMA57[2] on realtestproblemsin [ALG48, ALG28]. Our testsetsinclude
bothaugmentednatricesandgenerainde nite matrices.

[2] I. S.Duff, (2002),MA57 - A new codefor thesolutionof sparsesymmetricde®niteandinde®nitesystemstechnical
reportRAL-TR-2002-024 RutherfordAppletonLaboratory
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2.3 Unsymmetric orderings using a constrained Mark owitz scheme

P. R. Amestoy: ENSEEIHT, France; X. S. Li : LAWRENCE BERKELEY NATIONAL LAB Berlelegy, CA;
S.Pralet : CERFACS, France

We considerthe LU factorizationof unsymmetricsparsenatricesusinga three-phasapproachanalysis,
factorizationandtriangularsolution).Usually the analysisphaserst determinesa setof potentiallygood
pivots and then ordersthis set of pivots to decreasdhe llI-in in the factors.We presentin [ALG32] a
preprocessinglgorithmthat simultaneoushachieresthe objectives of selectingnumericallygood pivots
andpreservinghe sparsity We describethe algorithmicpropertiesanddif culties in implementationBy

mixing the two objectives we shav that we canreducethe amountof Il in the factorsand canreduce
the numberof numericalproblemsduring factorization.On a setof large unsymmetriareal problemswe

obtainaveragegainsof 14%in the factorizationtime, 12%in the sizeof the LU factors,and21%in the
numberof operationgperformedn thefactorizationphaseFull detailsof ourimplementatiorareavailable
in [ALG28].

2.4 Pivoting strategiesfor sparsesymmetric inde nite systems

|.S. Duff : CERFACS, France; S. Pralet : ENSEEIHT, France

We considetthedirectsolutionof sparsesymmetricinde nite matricesWe developnew pivoting stratgies
that combinenumericaland static pivoting. Then an iterative re nement processusesour approximate
factorizationto computea solution.We shav that our pivoting stratgiesare numericallyrobust, that few
stepsof iterative re nement are requiredand that the factorizationis signi cantly fasterbecauseof this
static/numericatombination.Furthermorewe proposeoriginal approacheshat aredesignedor parallel
distributedfactorization A key point of our parallelimplementatioris the cheapandreliableestimationof
the growth factor This estimationis basedon an approximationof the off-diagonalentriesand doesnot
requireary supplementarynessages.

2.5 Solving sparselinear systemsn an out-of-core environment

P. Amestoy: ENSEEIHT, France; |.S. Duff : CERFACS, France; T. Slavova : CERFACS, France

In collaborationwith INRIA and ENSEEIHT, we are working with MUMPS ( Multifrontal Massvely
ParallelSolver) to solve large-scaleequationsusingdirectmethodsTheaim of ourresearchs to designan
out-of-coreimplementatiorof the solutionphaseef cient at reducingmemoryusageandcomputingtime
for bothsequentiahndparallelervironments.

Preliminaryresultsindicatethat,in asequentiaérnvironment the out-of-coreimplementatiorns competitve
with respecto the standardn coreimplementationAlthoughreasonabl@erformancecanbe obtainedon
amoderatenumberof processorsnuchwork still hasto be doneto improve the parallelbehaiour 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, direct sparselinear solver MUM PS

into CODE ASTER
O. Boiteau: EDF DivISION R& D, France; F. Hilsemann: CERFACS, France; X. Vasseur. CERFACS,
France

Thelongtermgoalof this collaboratioris theintegrationof theparallel,directsparsdinearsolver MUMPS
into CODE ASTER, a structuralmechanicxodedevelopedat EDF. Thetopic of the shortnote[4] is the
comparisorof the linear solver MUMPS with the inbuilt serial multifrontal out-of-coresolver of Cobe
ASTER for two andthreedimensionalinear problemsarisingin structuralmechanicslt summarizeghe
backgroundf this study explainsthe mainstepsof this comparisorandpresentgew results.

A moredetailedstudywasperformedon a large numberof testcasedatein 2005. This comparisorwas
doneboth in termsof run time performanceand stability using backward error estimateslt hasbeen
found that MUMPS is an attractive alternatve to the currentmultifrontal solver in CoDE ASTER asits
run time behaiour is morepredictableandit offers error diagnosticanditerative re nementfeatureshat
arecurrentlynot availablein the inbuilt solver. A technicalreporton this work will be publishedearlyin
2006.

[4] O.BoiteauandF. H Isemann, (2005),Suvi de la collaborationCERFACS/EDFR&D autourde MUMPS et de
CodeAster, Tech.Rep.CR-123/2005/032EDF R&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 sparsecalculationswe areinvolved asone of the leadingpartnersof a ACI-Grid
project (fundedby the FrenchMinistry of ResearcHrom December2002 until November2005). This
projectusesthe Grid at severallevels. It addsnew servicego the Grid andusethe Grid capabilitiesto run
theseservicesThe principal servicesaremainly twofold :
— to provide the userswith automaticexpertiseon sparsedirectsolversusingmatriceseitherfrom thedata
baseor provided by the user(a naturalfollow up stepwill beto extendthis to iterative solvers).
— to make available to the scienti c communitya set of test problemsthrougha database.The set of
exampleswill grow dynamicallyasuserssubmitnew problemshatareintegratedwithin the dataset.
Experiment®onthe Grid-5000platformhave beenperformedTheresultsof theprojecthave beenpresented
atvariousconference$s, 7, 5]. More informationon the projectcanbefoundfrom the URL :
http  ://www.enseeiht.fr/lima/tlse

[5] E. Caron, F. Desprez,J.-Y. L'Excellent, C. Hamerling, M. Pantel, and C. Puglisi-Amesty, (2005), Future
Geneation Grids, vol. 2 of CoreGridSeries,SpringerVerlag,ch. Use of A Network EnabledSener Systemfor
a Sparse.inearAlgebraApplication.

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

[7] M. Dayd, A. Hurault,andM. Pantel (2005)Gr|d|®cat|0nofSC|ent|®cAppI|cat|onsUsmgSoftwareComponents
the GRID-TLSE Projectasan lllustration, In Proceeding®f CSITO5 Fifth InternationalConfeenceon Computer
Scienceand InformationTechnolagies, Yerevan,Armenig 419+427.

CERFACSACTIVITY REPOR 9



3 lterative Methods and Preconditioning

3.1 Combining directand iterati ve methodsfor the solution of large
systemsn differ ent application areas

I. S.Duff : CERFACS, Franceand RUTHERFORD APPLETON LABORATORY, England

We rst considethesizeof problemghatcancurrentlybesolvedby sparsalirectmethodsWe thendiscuss
thelimitations of suchmethodswherecurrentresearchs goingin moving theselimitations,andhow far
we might expectto go with directsolversin thenearfuture.

This leadsus to the conclusionthat very large systemsby which we meanthreedimensionalproblems
in morethana million degreesof freedom,requirethe assistancef iteratve methodsin their solution.
However, eventhestrongesadwcatesanddevelopersof iterative methodgecognizeheir limitationswhen
solvingdif cult problemsthatis problemsthatarepoorly conditionedand/orvery unstructuredlt is now

universallyacceptedhatsophisticateghreconditionersnustbe usedin suchinstances.

A very standarcandsometimesuccessfutlassof preconditionersrebasedon incompletefactorizations
or sparseapproximateinverses,but we very much want to exploit the powerful software that we have

developedfor sparsadirectmethodsover a periodof morethanthirty years.We thusdiscussvariousways

in which a symbioticrelationshipcanbe developedbetweendirect anditeratve methodsn orderto solve

problemghatwould beintractablefor oneclassof methodsalone.ln theseapproachesye will useadirect

factorizationon a“nearby” problemor on a subproblem.

We thenlook at examplesusingthis paradigmin four quite differentapplicationareas the rst solvesa
subproblenandthe othersa nearbyproblemusinga directmethod.

We presentedhis work [ALG51] ata conferenceén Delhiin Decembef004.

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

We describea methodfor constructingan efcient block diagonal preconditionerfor acceleratingthe
iterative solutionof generalsetsof sparsdinearequationsOur methodusesa hypeigraphpartitioneron a
scaledandsparsi edmatrix andattemptgo ensurethatthe diagonalblocksarenonsingulaanddominant.
We illustrateour approactusingthe partitionerPaToH andthe Krylov-basedsMRESalgorithm.We verify

our approachwith runs on problemsfrom economicmodelling and chemicalengineering traditionally
dif cult applicationsfor iteratve methods.Our approachand the block diagonalpreconditioninglends
itself to goodexploitationof parallelism.Thiswe alsodemonstraté/Ve presentedhework atthe PMAA'04

conferencen Marseillesandhave submittedt to the JournalParallel Computing/ALG50].
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3.3 Additive 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 fastesttechniquesfor solving linear systemsarising from the
discretizatiorof partial differentialequationsThe coreof the multigrid algorithmsis a two-grid procedure
thatis appliedrecursvely. A two-grid methodcanbe fully de ned by the smoothetthatis appliedon the
ne grid, thecoarsegrid andthe grid transferoperatorso move betweerthe ne andthe coarsegrid. With
theseingredientsboth additive and multiplicative proceduresanbe de ned. In this project,we develop
preconditionergor generabkparsdinearsystemshatexploit ideasfrom thetwo-gridmethodsThey attempt
to improve the corvergencerateof a prescribedgreconditioneM ; thatis viewedasa smootherthe coarse
spaceis spannedy the eigervectorsassociatedvith the smallestigervaluesof the preconditionednatrix
M1A. We derive both additve and multiplicative variantsof the iteratedtwo-level preconditionerdor
unsymmetridinear systemshat canalso be adaptedor Hermitian positive de nite problems.We showv
thatthesetwo-level preconditionershift the smallesteigervaluesto oneandtendto betterclusteraround
onethosethatM ; alreadysucceedetb move to the neighbourhooaf one.We illustratethe performance
of our methodthroughextensive numericalexperimentson a setof generallinear systemsFinally, we
considertwo casestudies,onefrom a non-overlappingdomaindecompositiormethodin semiconductor
device modelling, anotherone from electromagnetisnapplications.Resultsof this study are presented
in [ALG38].

3.4 A comparative study of iterative solvers exploiting spectral
information for SPDsystems

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

Whensolving the SymmetricPositve De nite (SPD)linear systemAx = b with the conjugate gradient
method,the smallesteigervaluesin the matrix A often slow down the convergence.Consequentlyif
the smallesteigemvaluesin A could be somehav “removed”, the corvergencemay be improved. This
obsenation is of importanceeven when a preconditioneris used,and someextra techniquesmight be
investicatedto futherimprove the corvergencerate of the conjugate gradienton the given preconditioned
system. Several techniqueshave been proposedin the literature that either consist of updatingthe
preconditioneror enforcingthe conjugate gradientalgorithmto work in the orthogonalcomplementof
aninvariantsubspacessociatedvith the smallesteigervalues.Among theseapproachesve consider rst
atwo-phaselgorithmusinga de ation-typeidea.ln a rst stagethis algorithmcomputes partialspectral
decompositiorsimply usingmatrix-vectorproducts More preciselyit combinesChebyshe iterationswith
ablock Lanczosprocedurdo accuratelycomputean orthogonabasisof the invariantsubspacessociated
with the smallesteigervalues.Then,the solutionon this subspacés computedusinga projectorwhile the
solutionin the orthogonalkcomplements obtainedwith Chebyshe iterationsthatbene t from thereduced
conditionnumber

For the sale of comparison,this eigen-informationis usedin combinationwith other techniques.n
particularwe considetthede atedversionof conjugategradientsAs representate of techniquesxploiting
the spectralinformationto updatethe preconditionemwe consideralsothe approachethatattemptto shift
thesmalleskigevaluescloseto onewheremostof the eigervaluesof the preconditionednatrix shouldbe
located.In this work, we studythesevariousvariantsaswell asthe obsered numericalbehaiour on a set
of model problemsfrom the Matrix Market or arising from the discretizationof some2D heterogeneous
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diffusionPDEproblemsvia nite-elementtechniquesWe discusgheirnumericalef ciency, computational
compleity andsensitvity to theaccurag of theeigencalculation.
For moredetailson this work 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 presentedn [ALG7]. It is basedon and extends
sometheoreticalresultsin [8, 9]. In a backward error framework, we studythe corvergenceof GMRES
whenthe matrix-vectorproductsareperformednaccuratelyThisinaccurayg is modelledby a perturbation
of the original matrix. We prove the corvergenceof GMRESwhenthe perturbationsize is proportional
to theinverseof the computedresidualnorm; this impliesthatthe accurag canberelaxed asthe method
proceedsvhich givesriseto theterminologyrelaxed GMRES.As for exact GMRES,we shav underproper
assumptionshat only happy breakdevns canoccur Furthermorethe corvergencecanbe detectedusing
a by-productof the algorithm. We explore the links betweenrelaxed right-preconditionedsMRES and
e xible GMRES. In particularthis enablesus to derive a proof of cornvergenceof FGMRES.Finally we

reportresultson numericalexperimentdo illustratethe behaiour of therelaxed GMRESmonitoredby the

proposedelaxationstratgjies.

[8] V. SimonciniandD. B. Szyld,(2003),Theoryof InexactKrylov Subspac&lethodsandApplicationsto Scienti®c
Computing 25, 454+477.

[9] J.vandenEshofandG.L. G. Sleijpen,(2004),InexactKrylov subspacenethoddor linearsystems26, 125+153.

3.6 Incremental spectral preconditioners for sequencesof linear
systems

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

In mary scienti ¢ applicationsa setof linear systemawith the samecoefcient matrix but differentright-
handsideshave to be solvedin sequenceSucha situationexistsfor instancan the calculationof theradar
crosssectionfor electromagneticalculationsor in the calculationof eigervaluesusing shift and invert
techniquesetc. Ef cient methodsfor tackling this problemattemptto bene t from the previously solved
right-handsidesfor thesolutionof thenext. Thisgoalcanbeachiezedeitherby regycling Krylov subspaces
(seefor instancg14] andreferencesherein)or by building preconditioneupdatesasedon nearinvariant
subspacinformation(seefor instancd10, 11, 12] andreferencesherein).In this work we investigatethe
useof Krylov linearsolversbasednanArnoldi processthatarevariantsof GMRES.In particular because
we aim atremoving the possibleslovdown effect of thesmallestigewvalues we consideithe GMRES-DR
solver [13]. The harmonicRitz vectorscomputedby this linear solver for a givenright-handsideareused
to updateanincrementabkpectralow-rank preconditionef11] thatis usedfor the next right-handside.We
implementseveral stratgjiesto extract the appropriatespectralinformationandillustrate their numerical
behaiour on someacademicproblemsfrom the Matrix Market as well asfrom large computationsn
industrialelectromagnetiapplications.

Resultsof this studyarepresentedn [ALG55, ALG27)].

[10] J.BaglamaD. Calwetti, G. H. Golub,andL. Reichel,(1999),Adaptively PreconditionedsMRES Algorithms,
SIAMJ. Scienti®cComputing 20(1), 243+269.

[11] B. Carpentieri). S.Duff, andL. Giraud,(2003),A classof spectrakwo-level preconditionersSIAMJ. Scienti®c
Computing 25, 749+765.
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[12] J.Erhel,K. Burrage andB. Pohl,(1996),RestartedsMRESpreconditionedy de ation,J. ComputAppl.Math.,
69, 303+318.

[13] R.B.Morgan,(2002),GMRESwith de atedestarting SIAMJ. Scienti®cComputing 24(1), 20+37.
[14] M. L. Parks,E. de Sturler G. Mackey, D. D. Jhonsonand S. Maiti, (2004), Reg/cling Krylov subspace$or

sequence®f linear systems,TechnicalReport UIUCDCS-R-2004-242XCS), University of lllinois at Urbana-
Champaign.

3.7 Parallel algebraic preconditioners for the solution of Schur

complementsystemsn 3D

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

Domaindecompositiormethodsare a naturalway to parallelizethe numericalsolutionof elliptic partial
differentialequationdor 2D and3D problems|n this studywe considerthe parallelsolutionof a standard
nite elementdiscretisationof 3D elliptic problems.The methodusedis a preconditionedconjudate-
gradientsolver following [16, ALG19] on the Schurcomplemensystemfor the interfaceunknovns. An
additive Schwarzpreconditioners computedvhich consistof thelocal assemble&churcomplements$or
eachsubdomainTheseSchurcomplementsre computedusingthe MUMPS [15] packageWe alsoused
a sparsi edversionof this preconditionerwhereelementsvhoserelatve magnitudesarebelow a certain
tolerancearedropped this typically resultsin Cholesly factorsthatretainonly about10% of the original
densefactors.The resultingblock-preconditionerare comparedwith an approachthat consistsin using
a sparsi edapproximationof the completeSchurcomplementThis latter sparsi ed Schurcomplemenis

factorizedn parallelby MUMPS andusedasa preconditioner

The methodswere implementedon an IBM SP by assigningeachsub-domainto a single processand
using MPI for the parallel communication.The numericalresultshave beenobtainedfor a numberof
model problems,including problemswith variable and discontinuouscoefcients [17]. The preliminary
resultsindicatea good parallelscalability of thesemethodsfor 3D problems,in thatthe corvergencerate
is not seriouslydegradedasthe numberof domainsincreasesk-urthertestsarebeingcarriedout, including
comparisonsvith adirectsolver andtheresultswill bethe subjectof aforthcomingreport.

[15] P.R.Amestq, I. S.Duff, J.-Y. L'Excellent,andJ. Koster (2001),A fully asynchronousultifrontal solver using
distributeddynamicscheduling SIAMJ. Matrix Analysisand Applications 23, 15+41.

[16] L. M. Canalho,L. Giraud,andG. Meurant,(2001),Local preconditioner$or two-level non-oserlappingdomain
decompositioomethodsNumericalLinear Algebra with Applications 8, 207+227.

[17] L. Giraud,S. Mulligan,andJ. Rioual, (2004), Algebraic preconditionergor the solutionof Schurcomplement
systemsSIAM Conferencen ParallelProcessindor Scienti®cComputing talk.

3.8 Parallel Distributed Numerical Simulations in Aeronautic
Applications

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

Numerical simulation plays a key role in industrial designbecauset reducesthe time and the costto
develop new products.Becauseof internationalcompetition,it is importantto have a completechain of
simulationtoolsto performef ciently somevirtual prototyping.In this paperwe describewo components
of large aeronauticnumerical simulation chainsthat are extremely consumingof computerresources.
The rst concernscomputationaluid dynamicsfor aerodynamicstudies.The secondis usedto study
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the wave propa@tion phenomenand concernsacoustics Becausehosesoftwaresare usedto analyse
large and complex casestudiesin a limited amountof time, they areimplementedon parallel distributed
computersWe describehephysicalproblemsaddressebly thesecodesandthemaincharacteristicsf their
implementationFor the sale of re-usabilityandinteroperability the softwareis developedusing object-
orientedtechnologiesWe illustrate their parallel performanceon clustersof symmetricmultiprocessors.
Finally, we discusssomechallengedor the future generation®f paralleldistributed numericalsoftware
thatwill have to enablethe simulationof multi-physicsphenomenan the contet of virtual organizations
alsoknown asthe extendedenterprise.

Resultsof this studyarepresentedn [ALG30]

3.9 Boundsonthe eigervaluerangeandonthe eld of valuesof non-

Hermitian andinde 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-)Positte De nite nite-element matricesusing the extreme eigervaluesof the elementmatrices.

Since elementmatricesare small in size relative to the assemblednatrix, theseeigervalue boundsare

cheapto compute.

We have generalisedhe boundsproposedy Friedfor non-Hermitiarandinde nite matricesln particular

we have derived boundson the Field of Values,on the spectrumandon the numericalradiusfor boththe

standarcandthe generalisegbroblem.

We have illustratedour boundswith an examplefrom acousticghat involvesa comple, non-Hermitian

matrix.

As anapplicationwe have usedour estimatesn the GMRESalgorithmfor solvinglinearsystemsto derive

anupperboundon the numberof iterationsthatis neededo achieve a residualnormthatis smallerthana

giventolerance.

We presentedurresultsatthelCCAM 2004conferencén Leuven.ThereportfALG61] hasbeensubmitted

for publicationin JCAM.

[18] I. Fried,(1973),Boundson the spectralandmaximumnormsof the ®nite elementstiffness, exibility andmass
matrices|nt. J. Solidsand Structues 9, 1013+1034.

3.10 Inner-outer iterations
F. Chaitin-Chatelin : CERFACS AND UNIVERSIT ToOULOUSE 1, France; N. Megrez : CERFACS
AND UNIVERSIT TouLousE 1, France, G. L. G. Sleijpen : UTRECHT UNIVERSITY, Netherlands
J. van den Eshof: UNIVERSITY OF DUSSELDORF, Germany; M. B. van Gijzen : CERFACS, France

Thereareclasse®f problemsfor which the matrix-vectorproductis a time consumingoperationbecause
an expensve approximationmethodis requiredto computeit to a given accurag. Ohviously, the more
accuratethe matrix-vector productis approximatedthe more expensve or time consumingthe overall
procesdecomesThequestiornof how to controltheaccurag of thematrix-vectorproductif theouterloop
is aKrylov methodhasbeenextensiely investicatedat CERFACS[19, ALG7, 20, ALG42]. Thiswork has
led to the developmentof so calledrelaxationstrategiesin which the accurag to which the matrix-vector
multiplicationis computeds reducedvhenthe processomescloserto the solution. Thesestratgiesmay
yield a signi cant reductionof the computingtime while the target accurag is still achiesed. However,
they arefar from beingwell understoodheoreticallyand experimentally On the theoreticalside, some
progresasbeenmadeby usingthetheoryof HomotopicDeviation. We describebelav somealgorithmic
adwancesvhich aresupportedy extensve numericalevidence . Theresearchhatwe describehas(in part)
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beencarriedoutin collaborationwith the University of Utrechtandwassupportedhroughthe Van Gogh
programméor Dutch-Frenctscienti ¢ collaborations.

In [21] we have investicatedthe possibility of increasingthe computationabain that canbe obtainedby
applyinga relaxationstratgy usinga nested Krylov method.The advantageof this approachs thatthe
matrix-vectorproductsin theinnerloop only have to be computedo alow accurag. The accuratenatrix-
vectorproductsin the outerloop ensurethatthe targetaccurag canbe achieved. A revisedandimproved
versionof [21] hasbeenacceptedor publicationin JCAM ([22]).

In the pastyearwe have progressedn two differentways. Firstly we have studieda suitablestratey to
control the error in the matrix-vector multiplicationsin restartedGMRES. Our rst obsenration is that
restartedsMRESis a nestednethodwith full GMRESin theinnerloop (in which only amodestresidual
reductionhasto beachiezed) andRichardsors methodin the outerloop. We have foundthattherearetwo
differentwaysto controlthe errors,andthe appropriatevay dependn how the residualsareupdatedlf
theresidualsarecomputedecursvely arelaxationstratgy shouldbeapplied.If theresidualsarecomputed
directly form thelatestiterand ,however, asimilar stratgy asfor Newton's methodhasto beemployed,i.e.
in the bgginning of the processthe matrix-vectorproductscanbe performedwith low accurag, while the
accurag hasto be increasedvhenthe approximatesolutioncomescloserto the true solution.Our results
were presentediuring a mini-symposiumon innerouteriterative methods(organisedby M. van Gijzen)
atthe NAA'04 conferencen RousseBulgaria.[ALG63] hasbeenacceptedor publicationin a volumeof
LectureNotesin ComputerSciencgSpringer).

We have alsomadeprogressn the theoreticalunderstandingf the relaxationstratgies.In [ALG64] we
provide insightinto why someiterative methodsare more sensitie to errorsin the matrix-vectorproduct
thanothers.Thekey obsenationis thatthe sensitvity for errorsin the matrix-vectorproductis determined
by the conditioningof the basisvectorsto which the matrix-vectorproductis applied.The papefALG64]
hasbeenacceptedor publicationin the proceeding®f the Third InternationalWorkshopon Numerical
AnalysisandLattice QC.

As partof the partnershipbetweerEDF and CERFACS, consultingwork wascarriedout with N. Megrez,
a visiting post-docfrom UT1 (Ceremath)jn which we have analyseca nestedalgorithmfor multi-phase
o w calculationsOne of the main dif culties in the presenformulationsis that specialprecautionshave
to betakento presere positive volumefractions.In this work we have suggeste@lternative formulations
of thecurrentalgorithmfor which we canderive atime-stepsuchthatpositive volumefractionsarealways

presered.

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

[20] A. Bouras,V. Frayss,andL. Giraud, (2000), A relaxationstratgy for innerouter linear solversin domain
decompositiomethods;TechnicalReportTR/PA/00/17.

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

[22] J.vandenEshof,G.L. G.Sleijpen,andM. B. vanGijzen,(2005),Relaxatiorstratgiesfor nestedrylov methods,
117, 347+365.
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3.11 Rounding error analysis of the classical Gram-Schmidt
orthogonalization process

L. Giraud : CEeRFAcS, France; J. Langou : UNIVERSITY OF TENNESSEE, U.S.A;
Mir oslavr Rozlonik : ACADEMY OF SCIENCES OF THE CzECH REPUBLIC, Czet Republig
J. van den Eshof: HEINRICH-HEINE-UNIVERSITAT, Germany

thatA = QR, whereR is uppertriangularmatrix of ordern. In this work we focuson the ClassicalGram-
Schmidt(CGS) orthogonalizatiorprocessDue to roundof errorsthe setof vectorsQ producedby this

methodcan be far from orthogonaland sometimeghe orthogonalitycan even be completelyabsent.n

this work we provide two resultson the numericalbehaiour of the classicalGram-Schmidalgorithmthat
enableusto predictthelevel of orthogonality(the quality) obtainedafterthe orthogonalizationUp to now

therewasno boundavailablefor the lossof orthogonalityof vectorscomputedby the CGSprocessin the
rst partof thework, we derive anew boundfor thelossof orthogonalityin the CGSprocessProvidedthat
thematrix AT A is numericallynonsingularwe shav thatthelossorthogonalityof thevectorscomputedoy

the CGSalgorithmcanbeboundedy atermproportionako thesquareof theconditionnumberi.e. - 2(A),

timesthe unit roundof. We illustratethroughan numericalexperimentthatthis boundis indeedtight.

In someotherapplicationst maybeimportantto producea setof basisvectorsfor which the orthogonality
is closeto the machineprecision.In this casethe orthogonality of the vectorscomputedby a Gram-
Schmidtprocesscan be improved by reorthogonalizationwhere the orthogonalizationstepis iterated
twice. In the secondpartof this work we analysethe CGSalgorithmwith reorthogonalizationwhereeach
orthogonalizatiorstepis performedexactly twice The mainresultof this sectionis a proof of thefactthat,
assumindull rankof thematrix A, two iterationsaresufcient to guaranteghatthelevel of orthogonality
of thecomputedvectorsis closeto the unit roundof level.

Theseaesultsareimportantfrom atheoreticapointof view ; they Il thelastgapsin theunderstandingf the
ClassicalGram-Schmidalgorithm.Froma computationapoint of view, theseresultsarevery useful; they

enableusto choosehefastestlgorithmdependingnthelevel of orthogonalityneededy 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 embeddedrylov solvers preconditionedy
a sparseapproximatenverseis investigatedfor the solution of large linear systemsarisingin industrial
acousticandelectromagnetisimulations We usea boundaryelementsntegral equationmethodto solve
theHelmholtzandthe Maxwell equationsn thefrequeny domain.Theresultinglinearsystemsaresolved
by iterative solversusingFMM to acceleratehe matrix-vectorproducts.The simulationcodeis developed
in a distributed memoryervironmentusingmessagassingandit hasout-of-corecapabilitiesto handle
very large calculations.When the calculationinvolves one incident wave, one linear systemhasto be
solved. In this situation,embeddedolvers canbe combinedwith an approximateinversepreconditioner
to designextremelyrobustalgorithms.For radarcrosssectioncalculations several linear systemshave to
be solved. They involve the samecoefcient matrix but differentright-handsides.In this casewe propose
a block variantof the singleright-handside schemeThe ef ciency, robustnessaand parallelscalability of
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our approackhareillustratedon a setof largeacademi@ndindustrialtestproblems For moredetailson this
work we referto [ALG57].
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4 Qualitative Computing

Groupmembes : FrangoiseChaitin-Chatelin Morad AhmadnasabCERRACSand Université Toulousel.

The work of the Qualitative ComputingGroupis an on-goingcollaboratve effort to assesshe validity of
computersimulationsThecentralquestioris to assesthevalidity of computeresultswhichareseemingly
wrong suchasin chaoticcomputationsThis goal canbe reachedvy discovering the laws of computation
which govern nite-precisioncomputationsn the neighbourhooaf algebraicsingularities.

Someof theselaws arenow well understoodor NumericalLinear Algebra. For example,onecancite i)
therole of thenormwisebackwarderrorto assesshereliability of numericalsoftwarein nite precisionii)
therole of nonnormalitywhich makesapproximatedingularitiesappeamuchcloserthanthey arein exact
arithmetic.

These laws for nite-precision computationsare derived from underlying laws for mathematical
computationSomeof thesemorebasiclaws canbeestablishedby analytictools (comple variablesmatrix
algebra) They include:

a) thebasicrole of non linear ities in computersimulationsusing oating-point arithmetic,

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

¢) theunreasonableobustnes®f Krylov-type methodgo perturbationsn thedata.

Theircommonfeatureis thatthe analysisof round-of is essentiall\2-level (full versusmachineprecision).
This 2-level analysisis sufcient for most matrix algorithms.But it cannotcaptureessentialaspectsof
nonlinearcomputationsuchaschaoticiterations.Thesephenomenaignalstrongnonlinearitiesvhich are
active at morethantwo levels. We currently explore suchmultiscaleinstability phenomendy meansof
NumericalNonlinearAlgebra.

Our researcltand understandindnasbeendriven by work on practicalnumericalsoftware applicationsin
physicsandtechnology which comefrom CERFACS partnersin May 2004 FrancoiseChaitin-Chatelin
wasoneof the veexternalexpertsin chageof thereview, for theEDF Scienti ¢ Council,of theirambitious
programmeo turnto “Numerical Simulationonly” (Tout numériquetthe 2010horizon.

We review belov thework accomplisheavith respecto Qualitatve Computing.

4.1 Homotopic Deviation in Linear Algebra

It is customaryn NumericalLinearAlgebrato analyseherobustnessf amethod/problenmvolving asdata
thematrix A 2 C"£" by consideringall (or a subsebf) perturbationgt A of A. This leadsto perturbation
theoryandis successfulvhenk4 Ak is nottoo large.

This approachnds its limits in the caseof highly nonnormalmatricesfor example.A fruitful alternatve
is to considera structurally x edfamily 4 A = tE, wheret 2 C, E 2 C"£", This leadsto the linear
couplingA + tE.

The variation of the spectrumof linear operatorsand matricesunder the in uence of one or several
parametershas long beenan active domain of researchgiving rise to the elegant analytic/algebraic
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spectraltheoryinitiated by Puiseux.The caseof a linear dependencen a parametet 2 C, of the form
A(t) = A + tE hasbeenparticularlystudied[29, 30, 25]

We considertheresohent eld z 7! R(t;z) = (A + tE j zl)i 1 fort 2 C. Its singularitiesast varies
de ne thespectraleld t 7! ¥{A(t)) which denoteghe spectrunof A(t). Forz 2 re(A) = Cn¥A), we
usethe multiplicativerepresentation

A+Ei 2yt = (ar 2yt E@ )10

Fora x edzin re(A), themapt 7! R(t; z) is analyticfor jtj < W = ® [29, 30].

In HomotopicDeviation theory we speci cally look beyond analyticity in t, for jtj > ®. Our tools are
elementaryjinearalgebrapasednthe Jordanstructureof 0 2 ¥(E). Therankde cient matrix E is called
the deviation, andtheterm“perturbation”coversthe casewherejtjkEKk is limited, with rankE = r - n.
Our work provides an elementaryanalysisfor z;t 2 e=-c [ 1 of singularperturbationtheory for
matricessinceE is singular(r < n) in the caseof interestwherethe Sherman-Morrisofiormulaplaysa
key role.

Whenr = n, limj;;z R(t;z) = Oandlimj;;, - ¥{A(t)) = 1 . Butwhenr < n, adifferentandmore
interestingsituationprevails, characterizedy the spectralpropertiesof therationalmatrix

z! M, = (det(zl,i A)'* V" adj(zl,j A)U2C'e"

whereE = UVH U;V 2 C"2' r < n, andz variesin C outside¥{A).

For almostall z in re(A) = Cn¥A), M, hasrankr and R(t; z) is analytic for jtj large enough,

iti > = W 1, 2 ¥M,), suchthatlimj;ju R(tz) 6 0. For® < jtj < ~, theresohent

existsalmosteverywherein re(A). Thespectrum¥{M ;) representsher f inite eigervaluesof the pencil

(Aj zl)+ tE forz x edinre(A), when0 2 ¥M,).

Thepointsin re(A) suchthatM, is singulararethef rontier points,whereno analyticityatl holds.At

ary frontier point,thepencil (A i zl) + tE haslessthanr nite eigemvalues.It mayhave noneiff M, is

nilpotent.Whenjtj ! 1 , we canpredictwhensomeof theeigemvalues, (t) 2 ¥{A(t)) cornvergeto points

in thefrontier set,asprovedin [27, 28, ALG42, ALG43, ALG46, ALG29].

Linearizationof quadraticeigenproblem®ften leadsto a situationwhere0 2 ¥{E) is semi-simpleThe

paper [26] treatsan examplefrom computationalAcoustics,wheret representshe complex admittance.

This joint work with Martin Van Gijzenwill appeaiin NLAA. It consistof a practicalapplicationwhere

the homotopy parameteis complex. The pointswherethe matrix pencilshave no nite eigervaluesare

givena physicalinterpretation they arepointswhereno resonancecanoccur

An applicationto theincompleteArnoldi method(E singulardefectie of rank1) hasbeenmade.

The paper [ALGA42] is a written versionof the keynotepresentatiorthat FrangoiseChaitin-Chatelinvas

invited to presentatt NAA 2004in RousseBulgaria. Thetalk wasactuallydeliveredby Martin van Gijzen.

The restrictve conditionsplacedby the genericapproachof Lidskii have beenrelaxed in [ALG46].

Numericalexperimentswere performedby Morad Ahmadnasalio illustrate hov nite precisionaffects

themathematicatheory

Preliminary results indicate that nite precision computationtends, in this case,to reproducethe

mathematicateality muchmorefaithfully thanwe have beenusedto. If thisis con rmed, thisphenomenon

is yetanothemreasorto manel atthe “unreasonablefobustnes®f Krylov methodgo perturbations.

The homotopicbackward analysisof eigervalueshasbeenpresentecby Morad Ahmadnasalat the 2nd

SMAI conferencgEvian, May 2005 [24] and at the University of Versaille Saint-Quentin(July 2005)

[23].

[23] M. AhmadnasabHomotopic Backward analysisfor matrix eigervalues. Presentationn CERFACS, and
Universit VersaillesSaint-QuentirenYvelines.5 July 2005.

[24] M. AhmadnasalandF. Chaitin-ChatelinBackward analysisfor matrix eigervalues. 2 me Congr s Nationalde
Math matiquesAppliqu es etIndustrielles Evian- France23 - 27 May 2005,Evian- France Poster
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[25] F. Chaitin-ChatelirandV. Frayss ,(1996),Lectueson Finite PrecisionComputationsSIAM, Philadelphia.

[26] F. Chaitin-Chatelinand M. B. van Gijzen, Analysis of parameterisedQuadratic Eigervalue problemsin
ComputationaAcousticswith HomotopicDeviation, to appeatn NLAA 2006.

[27] F. Chaitin-Chatelin(2002),AboutSingularitiesn InexactComputing,TechnicaReportTR/PA/02/106.Erratum:
p.2,line 14, read'associatedvith eigervaluesnonequalto lambda'.

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

[29] F Chatelin,(1983),Spectal Approximationof Linear Opelators, AcademicPressNew York.

[30] F. Chatelin,(1993),Eigervaluesof matrices EnlaggedTranslation.

4.2 Numerical Nonlinear Algebra

Nonlinear Algebra is the required framewvork to deal with matrix computationswhich are strongly
nonlinearand which do not lend themseles to a computationallyreliable linearization.To exploit the
algorithmicdynamicscreatedoy thenonlinearitiegarisingfrom multiplication),oneis led to malke full use
of theinductive comple structureof multiplicationwhich is a characteristiof (possiblynonassociatie)
Dickson algebras [34, 32, 33]. By doing so, one goesbeyond the classicalframevork of (associatie)
Clifford algebraswhich is usedso succesfullyin AlgebraicGeometryand TheoreticalPhysicsto describe
phenomenavheremultiplicationis inherentlynoncommutatve, but remainsassociatie.

Associatvity putsan arbitrarylimit to the type of nonlinearitieswhich canbe considered they cannot
be chaotic.The possibility to go beyond this limit is numericallyvery importantto assesshe validity of

computersimulationsin thechaoticregime. This ambitiousgoalimpliesgoingevenbeyondthe framewvork

of Dickson algebrasvheremultiplication is neitherassociatie nor isometric,but remainsquadraticand

exible. A quadraticalgebrais suchthat x? is a real linear combinationof x itself and kxk?, where
k:k denotesthe Euclideannorm. This property can be relatedto the logistic equation(in real variables
and underadditive form) x = x2? + ¢, making a signi cant connectionbetweenDickson algebrasand

the quadraticpolynomial iterationswhich candisplay chaos [38, 35]. A body of theoryis developing

[ALG39, 37, ALG40, ALG45, 38, 31, 36] togethemwith experiments[35], which connectvariousaspects
of Computation(Analysis,Algebra,Geometryand Arithmetics)in new algorithmic ways.The rst item

in our agendais to determinethe numberof hierachicallevels to be taken into accountin very unstable
phenomendleadingto chaos),n orderto adjustthetamgetedaccurag to the inherentinstability, therefore
minimizing the overall computingtime.

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

[32] F.Chaitin-ChatelinLe réle dela multiplicationenCalculScienti®que.S minairedu Dpt. dePhysiqueTh orique,
Universit Paul SabatierToulouse 11 January2005,talk.

[33] F Chaitin-Chatelinl.e SensdesNombres.GrandS minaire d'Ouverture,Universit Paul SabatierToulouse5
February2004,talk.

[34] F. Chaitin-Chatelin(2000,pp.83+92),The computingpower of Geometryln NumericalAnalysis D. F. Grif®ths
andG. A. Watson,eds.,CRCPresd.LC.

[35] F. Chaitin-ChatelirmndM. Ahmadnasak{Work in progresso appeaasCerfacsTechnicaReport January2006),
Thelogisticsof FeigenbaunandMandelbrotin realvariablesrevisited.

[36] F. Chaitin-Chatelin(2003),The Arnoldi methodin the light of HomotopicDeviation theory TechnicalReport
TR/PA/O3/15.

[37] F Chaitin-Chatelin,(2003), Elementsof Hypercomputation®n R and Z, with the Dickson-Albertinductive
process.TechnicalReportTR/PA/03/34.

[38] F. Chaitin-Chatelin(Working NotesDecembeR005,to appearlsCerfacsTechnicalReport),Computinglessons
from thelogisticiteration.
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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 the corvergencepropertiesof a new recursve multiscaletrust-reggion algorithm
for unconstrainedptimization[39], we presentin [41] the numericalexperiencegainedso far with a
particularimplementationof the consideredalgorithm appliedto a few signi cant test problems.We
illustratethe strengthof methodof this type.

Corvergence properties of trust-region methodsfor unconstrainednoncoiex optimization is also
consideredn the casewhere information on the objective function's local curvatureis incomplete,in
the sensethat it may be restrictedto a x ed setof “test directions” and may not be available at every
iteration[40]. It is showvn that corvergenceto local “weak” minimizerscanstill be obtainedundersome
additionalbut algorithmically realistic conditions.Thesetheoreticalresultsare thenappliedto recursve
multigrid trust-region methods,which suggests new classof algorithmswith guaranteedecond-order
convergenceproperties.

[39] S.GrattonA. SartenaemandP. Toint, A numericalexplorationof recursve multiscaleunconstrainedptimization,
In In Oberwolfah Reports. Optimizationand Applications J. Z. F. Jarre,C. LemarAlchal, ed. To appear

[40] S. Gratton,A. Sartenaerand P. L. Toint, (2005), Recursie Trust-Region Methodsfor Multiscale Nonlinear
Optimization: PreliminaryNumericalExperienceTechnicalReportin preparationCERFACS, Toulouse France.

[41] S. Gratton,A. SartenagrandP. L. Toint, (2005), Second-ordecorvergencepropertiesof trust-region methods
usingincompletecurvatureinformation, TechnicalReportin preparationCERFACS, Toulouse France.

5.2 Sensitvity of somespectral preconditioners

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

It is well known that the cornvergenceof the conjugate gradientmethodfor solving symmetricpositive
de nite linearsystemsiependso alargeextenton theeigervaluedistribution. In mary casesit is obsered
that “removing” the extreme eigervaluescan greatly improve the corvergence.Several preconditioning
techniquesdasedon approximatesigenelementhave beenproposedn the pastfew yearsthat attemptto
tacklethis problem.Theproposedipproachesanbesplitinto two mainfamiliesdependingnwhetherthe
extremeeigervaluesaremovedexactlyto oneor areshiftedcloseto one.The rst techniquds oftenreferred
to asthe de ating approachywhile the latteris referredto asthe coarsegrid preconditioneiby analogyto
techniquesrst usedin domaindecompositionmethodsMany variantsexist in thetwo familiesthatreduce
to the samepreconditionerd the exacteigenelementareused.In this work, we investigatethe behaiour
of someof thesetechniquesvhentheeigenelementareonly known approximatelyWe usetheperturbation
theoryfor eigervaluesandeigervectorsto investigatethe behaiour of the spectrunmof the preconditioned
systemausinga rst orderapproximationWe illustratethe sharpnessf the rst orderapproximatiorand
shaw the effect of the inexactnesf the eigenelementsn the behaiour of the resultingpreconditioner
whenappliedto acceleratéhe conjugategradientmethod We shav how this analysiscanbeusedto screen
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spectrainformationin the caseof a sequencef SPDIinearsystemsccuringin anonlinearprocessSuch
anapplicationcanbeseenin variationaldataassimilation42] wherethe Gauss-Neton methodsconsistin
solvinga sequencef normalequations.

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

5.3 An investigationof incremental4D-Var using non-tangentlinear
models

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

We investigate the corvergenceof incrementalfour-dimensionalvariational data assimilation(4DVar)
when an approximationto the tangentlinear modelis usedwithin the innerloop. Using a semi-implicit
semi-Lagrangianmodel of the one-dimensionathallov water equationswe perform dataassimilation
experimentsisinganexacttangentinearmodelandusinganinexactlinearmodel(i.e. perturbatiorforecast
model).We nd thatthetwo assimilationsorverge at a similar rateandanalysisarealsosimilar, with the
differencebetweerthemdependenbntheamountof noisein theobsenations.To understandhenumerical
resultswe presentheincrementa#tD-Var algorithmasa Gauss-Netoniterationfor solvingaleast-squares
problemandconsideiits x edpoints.

5.4 Partial condition number for linear least-squaesproblems

M. Arioli : RUTHERFORD APPLETON LABORATORY, England, M. Baboulin : CERFACS, France;
S.Gratton : CERFACS, France

We considerthe linear least-squareproblemminy, gn KAy | bk, whereb 2 R™ andA 2 RMEN s a
matrix of full columnrankn andwe denoteits solutionby x. We assumeéhatboth A andb canbe perturbed
andthattheseperturbationg@remeasuredisingthe Frobeniusor thespectrahormfor A andthe Euclidean
normfor b. We areconcernedvith the conditionnumberof alilaegrfunction of x (LTx whereL 2 R"£k)
for which we provide a sharpestimatethatlies within afactor 3 of the true conditionnumber Provided
thetriangularR factorof A from AT A = RTR is available,this estimatecanbe computedn 2kn? ops.
We alsoproposea statisticaimethodbasedn [43] thatestimateshe partial conditionnumberby usingthe
exactconditionnumberdn randomorthogonalirectionsIf R is available,this statisticalapproactenables
usto obtainaconditionestimateatalower computationatost.In the caseof the Frobeniushorm,we derive
aclosedformulafor the partialconditionnumberthatis basedn the singularvaluesandtheright singular
vectorsof the matrix A.

Thetheoreticaresultsandnumericalexperimentgelatedto this studyarepresentedn [ALG33].

[43] T.GudmundssorG.S.Kenng, andA. J.Laub,(1995),Small-samplestatisticalestimategor matrixnorms,SIAM
J. Matrix Analysisand Applications 16, 776+792.

5.5 Distrib uted packed storagefor largeparallel calculations

M. Baboulin : CERFACS, France; L. Giraud : CERFACS, France; S. Gratton : CERFACS, France;
J. Langou : UNIVERSITY OF TENNESSEE, USA

Following a speci ¢ work on the Cholesly factorization[ALG6], we proposein [ALG36] a distributed

pacledstorageformatthatexploits the symmetryor thetriangularstructureof a matrix. This formatstores
only half of the matrix while maintainingmostof the ef ciency comparedo full storagefor a wide range
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of operationsThis work hasbeenmotivatedby thefactthat, contraryto sequentialinearalgebralibraries
(e.g.LAPACK [44)]), thereis no routine that handlespacled matricesin the currently available parallel
distributedlibraries.The proposedilgorithmsexclusively usethe existing ScaLARACK [45] computational
kernelswhich provesthe generalityof the approachprovideseasyportability of the code,ef cient re-use
of existing softwareandgoodload balanceof the applicationeven for high processorcounts.We present
performanceesultsfor the Cholesly factorizatiorandfor theupdatingof the R factorof aQR factorization.

[44] E.AndersonZ.Bai, C.Bischof,S.Blackford,J.DemmelJ.Dongarra,J.D. Croz,A. GreenbaumS.Hammarling,
A. McKenng, andD. Sorensen(1999),LAPACK User's Guide SIAM. Third edition.

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

5.6 Trust-region methods with dynamic accuracy and nonlinear

least-squaes

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 adaptve stratgies for stochasticprogramming.We have

constructe@ cornvergentmethoddesignedor stochastiprogramsasen expectedvaluegALG65], and
have appliedit for mixedlogit models,a classof problemsencounteredh discretechoicetheory We have

howeveridenti ed problemsarisingwhenusingsomepopularclasse®sf Hessiarapproximationsespecially
the BHHH one[46]. Suchdif culties are similar to thosethat can be encounteredvith nonlinearleast-
squareproblemsfor the Gauss-Neiton method.Thesesimilaritiesareat the origin of a projectwherewe

considertheseproblemsinsideanuni ed framewvork. We have identi ed the origins of the poornumerical
performanceandwe considerhybrid stratgyiessuchasthatdevelopedby Denniset al. [47], which canbe

showvn to be corvergent. The next stepwill be to completethe implementationthat hasbeeninitiated in

orderto numericallyvalidatethetheoreticadevelopments.

[46] F. Bastin,C.Cirillo, andPh.L. Toint, (2006.In press)Applicationof anadaptve Monte Carloalgorithmto Mixed
Logit estimation,TransportationReseach Part B.

[47] J.E.Dennis,D. Gay andR. E. Welsch,(1981),An adapte nonlineareast-squarealgorithm,ACM Transactions
on MathematicalSoftwae, 7, 348+368.

5.7 Trust-Regionalgorithms applied to discrete choicemodelling

Dick Ettema : UNIVERSITY OF UTRECHT, TheNetherlands Fabian Bastin : CERFACS, France; John
Polak : IMPERIAL COLLEGE, UnitedKingdom; Olu Ahiru : IMPERIAL COLLEGE, UnitedKingdom

In this researchwe have consideredthe applicationof trust-region methodsto discretechoice models
involving randomparametersso that the problemcanbe viewed asa stochastigprogram.We have more
speci cally studiedamodelof activity andtrip schedulinghatcombineghreeelementshathave previously
beeninvestigatedin isolation: thedurationof actiities, thetime-of-daypreferencdor actiity participation
andthe effect of scheduledelayson the valuationof actwities. The modelwastestedusinga 2001 dataset
from the Netherlandsandresultsare presentedn [48]. The methodis corvergent,anderror components
includedin the modelsuggesthat thereis considerablainobsered heterogeneitywith respectto mode
preferenceandscheduledelay

[48] D.Ettema/F. Bastin,J.Polak,andO. Ashiru, (2006),An errorcomponent$ramework for joint choicemodelsof
actiity timing andduration,Tech.Rep.TR/PA/06/2, CERFACS, Toulouse France.
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6.1 PhaseClosure Imaging and Differ ential GPS

A. Lannes: CERFACS, France

Thenearestattice-pointproblemsarisingin PhaseClosurelmaging(PCl) andin Differential GPS(DGPS)
sharea commonfeature.Their statementappealdo elementarynotionsof algebraicgraphtheory In both
casestheoriginal dataarede ned ontheedgeof thegraphto beconsideredthe calibrationgraphin PCI,
andthe GPSgraphin GlobalNavigation SatelliteSystemgGNSS).

Thesedataare biasedby differencesetweernunknonvn termsde ned on the verticesof the graph: phase
shiftsin PClandclock offsetsin GNNS.Theeffective dataarethenclosuretermsin thesensef Kirchhoff :
the sumsof the original dataon the directededgesof the n cyclesde ned by the choiceof a spanning
tree.By constructionthesedataare no longerbiased.The original phasedataare de ned modulo2¥%in
interferometry or modulothe carrierwavelengthsn GPS.The “closureintegers”involvedin the related
nearestattice-pointproblemsareassociatedvith thesecycles.

As summarizedbelow, the studiesperformedat CERFACS in 2004-2005have shavn that the notion of
spanningtree of maximalweight plays an essentiapartin the applicationsconcernedy this approach.
(Furtherdetailsareto befoundin [ALG20] for PCI,andin [ALG21] for DGPS.)

6.2 PhaseClosure Imaging

A. Lannes: CERFACS, France

The edgesof the calibration graph correspondo the baselinesfor which the phase? ¢ of the Fourier
transformof thecalibrationsourcecanberegardedasrelatively well knovn. Oneachconnectedomponent
of this graph themainentriesof theproblemaretheclosurephases () := a () ; a () supscriptsl ands

standfor dataandsourcerespectrely. Theseclosurephasesrerelativeto thecyclesde ned by theselected
spanningree.

The calibrationfunctionalto be minimizedis de ned by a relationof theform f (©) := karc(® | ©)k

where®© is an Optical Path Difference(OPD), a phasefunctionwhich takesits valueson the edgesof the

graph.At thgendof theinitialization step,the baselingphasefunction? involvedin the de nition of f is

of theform = L, @ Iy with 2 ) A arc(® (). Here,f» g, is the standardbasisof cycle-entryphase
spaceThecompleity of thecorrectionstepdepend®n thesizeof theresidualclosurephaseg (V).

As shavn in [ALG20] , theminimaof f correspondo particularpointsof Z" :

a, (a[?l]; B ;aL;”]) for theglobalminimum;
ar (a[?lyl; T ;a[_@]) for the nearessecondaryminimum (if ary);
etc.
Thesepoints lie in a corvex set of R" centeredon the closure point B A (A®;:::; A(M) where

A0 A a()=21): a, is the point of Z" closestto the oat solutionh, the distancebeing thatinduced
by a givenquadratidform g. The matrix of q is theinverseof the variance-cwariancematrix of the closure
phases.
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Whenthe residualclosurephasesarerelatively large, say between/=3 and 2/£3 (in absolutevalue),the
correctionstepis delicate. The situationswheref (©»-) is of the orderof f (©,) with arc(® | ©,) very
differentfromarc(® i ©,) mustbediscardedThe calibrationgraphmustthenbetruncatedoy removing
the cycle-entryedgedor which theresidualclosurephasesaretoo large. The spanningreeto be selected
is thereforethe spanningreeof maximalweight.

Theapplicationsof this analysisconcernjn particular the situationswherethe self-calibrationprocedures
must be conductedwith much care. The delicatesituationscan be diagnosedand dealtwith. It is thus
possibleto nd a good compromisebetweenthe coverageof the calibrationgraph (which mustbe as
completeaspossible) andthe quality of the solution(which mustof coursebereliable).

6.3 Differential GPS

A. Lannes: CERFACS, France

Oncetheobsenationshave beenscreenedor strongbiasesuchascycle slips,multipath,etc. thestatistical
modellingof the problemmay still be unsatisctoryfor somerecever-satellitepairsat certainepochsThe
datavalidationtestsdevelopedat CERFACS areaimedat detectingthesefailures[ALG21].

In the processof nding areliablesolutionfor the DGPSinteger ambiguitya, it is importantto identify
theepochdor which thereferencephysicalmodellingis not acceptableRecursie testingprocedurehiave
alreadybeendevelopedfor this purposeOnethusgetsa rst estimatea of theglobal oat solutionb. The
next stepisto nd theintegerambiguitysolutioncorrespondingo this oat estimateTheinputfor thislast
stepmustthereforebe very reliable. The datavalidationtestsdevelopedat CERFACS e ne therecursve
proceduregn question.Thetimeto x theoptimalintegerambiguitya shouldtherebybereduced.
Relyingonthecurrentestimatea of b, onetestswith regardto themodelunderconsiderationthe quality of
thedataobtainedatsomegivenepoch Thecorrespondinghaseesiduadiscrepangis afunction+® (r; s)
whosevaluescan easilybe computed Denotingby ~ a relaxationparameteof the orderof the standard
deviation of the carrierphasdnformation,let usnow assumehat,for a givenepoch the phasediscrepang
condition|+® (r;s)j -  is satis ed on all theedgesof the GPSgraph.Clearly, the correspondinglataare
thenphysically reliable.Evidently, thesmaller’, themoreseverethe criterion.
Thephaseesidualdiscrepang is obtainedvia the pseudo-imerseof the phaseclosureoperatorTheclosure
operationwhich generalizeshatof doubledifferencing depend®n theselectedspanningree.Theresults
(of course)do not dependon that choice.To identify the edgeson which the GPSdataare not reliable,
it is however preferableto choosethe spanningtree of maximal weight. This crucial point is clari ed
in [ALG21].
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ForschungszentrurfiBFI1), SchlossDagstuhl,Germay.

[ALG66] F. Chaitin-Chatelin,(2004), The dynamicsof matrix couplingwith an applicationto Krylov methods,In
Lecture Notesin ComputerScienceProceedingf NAA2004,RousseBulgaria, Z. L. etal., ed., SpringefVerlag,
14+24.

[ALG67] L. Giraud and M. B. van Gijzen, (2004), Large scale acousticsimulationson clustersof SMPs, In
Integral Methodsin Scienceand Engineering Analytic and NumericalTechniques C. ConstandaM. Ahues,and
A. Larguillier, eds. Boston,Birkhauser61+66.

[ALG68] G.L. G. Sleijpen,J.vandenEshof,andM. B. vanGijzen, (2004),RestartedSMRESwith Inexact Matrix+
VectorProducts)n Lectuie Notesin ComputerScienceProceeding®f NAA2004 Roussaulgaria, Z. L. etal., ed.,
SpringefVerlag,494+501.
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1 Introduction

TheCFDteamat CERFACSdevelopsandapplieshigh-performanceodedor uid mechanicapplications

in two main elds :

— AemndynamicsDevelopingadvancedsimulationcodesfor aerodynamicapplicationsn Europewasone
of theinitial goalsof the CFD actvity at CERFACS for Airbus andis still a centraltheme.After the
NSMB codewas stoppedin 2003, mostefforts have focusedon elsA which is developedby ONERA
andCERFACS. New collaborationsvith DLR in 2004and2005have alsostartedaroundthe tau code.
Unsteadyaerodynamics,uid structureinteraction,vortex dynamics,efcient numericalmethodson
high-performancenachinesare centralthemesfor the group. They are now accompaniedy shape
optimization,CFD for turbomachinenandaeroacoustics.

— Comhustion. The LES tool developedby CERFACS and IFP (AVBP) hasbecomea standardool for
reacting o ws at mary placesin Europe(CNRS laboratoriesONERA centers,Universitiesin Spain,
England,Netherlandsor Germary, etc). Industrial partners(fSNECMA, TurbomecaSiemens Alstom)
have continuedtheir collaborationwith CERFACS to increaseAVBP capabilitiesand validateit in
multiple casesLES is not yetindustrializedbut is usedon a daily basisfor industrialapplicationsLES
toolsarealsobeingcoupledto othersolversto predictacousticelds or structuremechanicahndthermal
loading.A signi cant work of consolidatiorof CFD toolsfor comhustionis alsoundervay by comparing
andcouplingexisting RANS (ReynoldsAveragedNavier Stokes)toolswith LES. Thistaskis necessary
to understandherespectre strengthslimitationsandpotentialcombineduseof RANS andLES

With more than 50 scientists(including PhD students) the CFD teamis an active partnerin various

elds : researchteachingformation,interactionwith industry In termsof man-paver, theturn-over of the
teamremainshigh with only 10 permanenscientistsand more than 40 othersstayinglessthan4 years.

Most scientistsleaving CERFACS nd positionsright away and mary keepin touch with CERFACS.

The collaborationwith frenchlaboratoriess alsoexcellent: CERFACS provides codesto mary CNRS

or university laboratoriesand participateso multiple contractswith otherresearchinstitutions.European

supports very strongwith multiple FP'6 programmegFluistcom,Fuelchief Preccinstalntellect, FarWake,

Vital, Molecules...)which were active in 2004and2005andwill be replacedby new projects(Quantify,

Timecop,Eccomet,Simsac,TLC...). The EST Marie Curie project Eccometis an excellentexample of

recentCERFACS success it will allow CERFACSto hire 12 EuropearPhD studentsn thenext 4 yearsas
well as10 visitors. Thesescientistswill beworking ontwo-phaseo w comhustionat CERFACS,ONERA

andIMFT andstronglycontritute to the advancemenof fundamentatesearchn this eld. The Eccomet
projectwasinitiated andis coordinatecdy CERFACS (Dr B. Cuenot): it alsoshovsthat CERFACSis now

well integratedin theresearcttommunity
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2 Combustion

Thecomhustionteamat CERFACSdevelopsfundamentaimodelsfor reacting o wsandappliesthemto real
con gurations.Fundamentatesearchin comhustionincludes ame dynamics,chemistry interactionwith
walls, heattransfer radiationin reacting o ws, multiphasereacting o ws, ame / acousticinteractions...
Most of thesestudiesareperformedusingtheoryandDirect NumericalSimulationtools.

Theapplicationto realcon gurationsis adirectextensionof theresultsobtainedrom fundamentatesearch
wherecorrespondingnodelsareintroducedn solversusuallydevelopedat CERFACS (or in collaboration
with CERFACSpartnersfor RANS (ReynoldsAveragedNavier Stokes)andLES (Large Eddy Simulation)
codes.

Thesetwo aspectgfundamentatesearctversusapplicationdgn complex casesmustbe balancedo ful Il
the task of the team.The academicpart, for example,is necessaryo maintainthe teamexpertiseand
attracthigh-level researcherérom Francebut also from foreign universities.The contractsobtainedin
2005con rm that CERFACS can nd fundingfor thesefundamentahspectsThesestudiesaredescribed
in Section2.1. LES of two-phase o ws is the fastestgrowing actvity in the teamandis describedin
Section2.2 while the unsteadycomtustion work (in gaseouso ws) is presentedn Section2.3. Since
2003,CERFACShasstartedworking again on RANS methodsmainly to developnev numericalmethods,
to useRANS codesfor optimizationor to coupleRANS and LES tools : thesestudiesare describedn
Section2.4. Finally, Section2.5 describeghe software engineeringasksneededo male all large LES
studiesat CERFACS possible: optimisation,parallelization,visualization,etc. Many of thesetasksare
the productof intensecollaborationswith nationalcomputingcenterssuchas CINES or IDRIS andwith
companies in 2005,for example AVBP, the LES codeof CERFACSwasportedsuccessfullyon BlueGene
machinesachiezing speedup of the orderof 49000n 5000 processor®n applicationsprovided by PSA,
SiemensandTurbomeca.

2.1 Basicphenomena

To sustainthe developmentof modelsfor RANS or LES, and to understandhe details of turbulent
comhustionandits interactionwith otherphenomenaa numberof fundamentalorks are conductedoy
the team.Basic studiesare performedon the role of liquid Ims in pistonengines(in collaborationwith
IFP), the o w and ame structurein rocket enginesthe modellingof perforatedplatesthat canbe found
in gasturbines,andin parallelon the developmentof a two-phaseo w versionof AVBP, the structureand
ignition of two-phaseames.

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 comhustion
chambercausesmportantdepositionon the walls, leadingto anincreaseof unkurnt hydrocarbongHC)
releaseln IDE enginesgspeciallyduringthestartingregime, thefuel jetimpactsdirectly onthe pistonand
createsa liquid Im thatis a sourceof HC productionand smole during the comhustionphaself mary
studiescanbe found on theinteractionof a ame with adry wall, little is knovn aboutthe ame behaior
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whenit approachealiquid Im. In particularthe quenchingf the ame andthe distanceof quenchingare
still openquestions.

Here, Direct Numerical Simulations(DNS) of the ame-wall interactionwith a liquid fuel Im were
performedwith the codeNTMIX3D and publishedin the last Symp.on Comh [CFDZ2]. DNS allowed
to understandhe mechanisménvolvedin theinteraction like for examplethe Im evaporationdueto the
presencef the ame andits impactonthe ame structureTherole of theliquid Im wasalsostudiedby

comparingthe interactionof the ame with a wet anda dry wall. Simulationresultsshov thatthe ame

guenchesnuchfurther away from the walls whena liquid Im is presentandthatthis effectis increased
by high wall temperaturesTheliquid Im is mainly alteredby thewall temperatur@ndnot by the ame.

Basedon theseresults,a nev modelfor theevaporationof aliquid Im in thepresenc®f a ame hasbeen
establishedor RANS calculationsandtestedn the C3D codeof IFP for pistonengines.

FIG. 2.1- Depositionof aliquid fuel Im in DirectInjectionEngineg(IDE).

2.1.2 H, -0, ame ignition and structure (A. Dauptain, B. Cuenof)

The ignition processof rocket enginesmustcontrolignition but alsominimize the risk of explosionand
destructiorof theengine In suchsystemschemicalphenomenarecoupledto highly compressibleo ws,
characterizedy structuredike shocksand slip lines. The numericalsimulationof rocket ignition then
requiresobustandaccuratenethodsableto handlestiff chemistryand o w structureswith strongpressure
gradients.

In a rst step,the autoignitionof a mixing layer betweenhydrogenand hot oxidizer was simulatedwith
Direct NumericalSimulations,usingrealistictransportlaws, shaving a behaiour which differs strongly
from methaneutoignitionbecausef the high diffusivity of hydrogen Resultsverereportedn Comh Sci.
Tech.[1].

FIG. 2.2— Supersonid¢i, - O, comhustion: instantaneousemperatureeld.

In a secondstep,LES of undergpandedsonicjets were performedwith AVBP after someadaptationto
handlesupersonico ws with shocks.This allowed a completespectralstudyof the unsteadyfeatureshat
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aretheinitial sourceof the acousticnoise,feedingthe screechinstability. The compressiorzonehasbeen
particularily studied,evidencingthree different types of excitations[CFD4(Q. Finally LES was applied
to supersonicomiustion casessuchasthe ame of Cheng[2]. The agreemenbetweennumericaland
experimentalresultsis fair : computationscapturethe lifted ame (Fig. 2.2), the meanvaluesof speed,
temperatureand speciesconcentrationsyhile the levels of RMS valuesare also correct. LES results
con rm thein uence of supersonicompressibl@atternon comhustion.

[1] R.Knikker, A. DauptainB. CuenotandT. Poinsot(2001),Comparisorof computationainethodologies
for ignition in diffusionlayers,ComhustionScienceand Technolagy, 17510),1783-1806.

[2] T.S.Cheng,J.A. Wehrmger, R.W. Pitz, O. Jarrettand G.B. Northam,(1994), "Ramanmeasurement
of mixing and nite ratechemistryin a supersonidydrogen-airdiffusion ame", Comtustionand Flame
99:157-173

2.1.3 Direct and Large Eddy Simulations of Effusion Cooling (S.Mendez F.
Nicoud, T. Poinsof)

In almostall comhustion systemssolid boundariesnustbe cooled.One possibility often chosenin gas
turbinesis to usemultiperforatedwalls. In this techniquefreshair comingfrom the casinggoesthrough
the perforationsandentersthe comhustionchamberThe associatednicro-jetscoalescdo give a Im that
protectsthe internal wall facefrom the hot gases.The numberof submillimetric holeson a perforated
plateis far too large to resole eachhole andallow a completedescriptionof the generation/coalescence
of individual jets. Effusion is however known to have drasticeffects on the whole o w structure,andto
modify noticeablythe ame position.

FiG. 2.3—Visualizationof thestructureof the o w arounda perforatedplateobtainedoy Direct Numerical
Simulation(velocity iso-surfce).

As a consequencenew wall modelsfor turbulent o ws with effusion are requiredto perform predictve

full scalecomputationsOnemajordif culty in developingnew wall functionsis thatthe boundary ux es
dependon the detailsof the turbulent o w structurebetweenthe solid boundaryandthe fully turbulent
zone.

Measurementsn realistic con gurations are dif cult to perform and generallydo not provide enough
detailedinformationto allow a completeunderstandingf the phenomenanvolved. This canbe overcome
by usingnumericalsimulation.Althoughlimited to very smalldomains Direct NumericalSimulationis a
rst andcrucial stepto describethe detailsof the o w in the nearzoneof a perforationplate. Figure2.3

shavs an exampleof the velocity eld obtainedaroundone perforation(the domainhasbeenduplicated
four timesfor clarity). In this simulation,the main global characteristicef the o w have beenvalidated
by comparisorwith experimentaldata.A databasecanthenbe generatean this con gurationin orderto
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build anappropriatevall modelfor perforatedwvalls. In asecondstep,RANS computationandLarge Eddy
Simulationsof afull burnerwith the new perforatedvall law is performedo validatethe model[CFD53.

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

A critical issuefor ames in liquid fuel comhustorsis the ignition processthat combinesevaporation
and comhustion, and is signi cantly differentfrom the ignition of gaseousames. In this processand
in additionto chemicalkinetics data,parametersik e the dropletsize andits distribution have important
impacts.Theignition of a reactve mixturein simulationsis often obtainedby unplysical methodsHere
a realistic spark plug model hasbeenimplementedn AVBP, wherethe enegy depositiondue to spark
dischage is modeledby a sourceterm addedto the total enegy equation.A comprehensk theoretical
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FIG. 2.4—Typicaltemporalariationof gastemperaturatthecenterof the ame kernel.ty4 isthedeposition
time andtsy is thetime atwhichtheliquid dropletsreachthe saturatiortemperature.

and numericalstudy of ignition in a one-dimensionaton guration has beenperformed,starting from
the sparkenepgy depositionwithin the sprayto the ame stabilisation.Figure 2.4 shavs a typical time
evolution of temperaturet the centerof the ame kernel. Threestagescanbeidenti ed : in a rst stage,
the enegy depositionresultsin a fasttemperaturdancrease then enegy depositionis stoppedand the
main phenomenomf the following stageis the preheatingf thedroplets nally in thelaststage starting
whenthedropletshave reachedheir staturatiortemperatureignition occurs leadingto a sharpincreasenf
temperatur@nda subsequergtabilisationon avaluecloseto the ame temperature.

Two ignition criteria were determinedpasedon global parameter®f the two-phaseo w andthe spark,
thatcanthereforebe calculateda priori. Therelevanceof thesecriteriahas nally beenevaluatedagainsta
seriesof one-dimensionabnition simulationg1].

[1] N. LamarqueG. Boudiet B. CuenotandT. Poinsot,"NumericalStudyof Two-phasd-lamelgnition by
a SparkPlug", submittedo Proc. of the Comhustioninstitute 31 (2006).

2.2 LES of two-phasereacting ows

Most aeronauticatomhustorsburn liquid fuel usinginjectorswhich atomisetheliquid jet or Im in small
dropletsof size 10 ; 200 !m . Thesedropletsare dispersedby the turbulent ow, partially vaporised

and nally mixed with air. Modelling the liquid phasein a LES solwer is a dif cult issuefor which two
main classesof methodsare available : the Euler framewvork (EF) and the Lagrangeframeavork (LF).
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The LF describesthe liquid phaseas a large but nite numberof dropletswith their own trajectory

velocity, temperature@nddiametemwhile the EF considerghe disperseghaseasa continuouseld whose
characteristicare determinedhrougha setof conseration equationdor the liquid volume fraction, the

liquid phasevelocity andtemperatureandthe rst/secondordermomentsof the sizedistribution. Because
it is easierto implement,paralleliseand couplewith the gas o w solwer, the EF hasbeen rst chosento

studyturbulenttwo-phasecomhustionwith AVBP.

A rst EF prototype(AVBP-TPF)hasbeenvalidatedin 2004 andallowed to demonstratéhe feasability
of two-phasereacting ow LES in industrial gas turbines.The potential of LES for thesesystemswas

particularly highlighted by the simulationof ignition sequence# helicopterand aircraft engines.n a

secondphaseof development,a new versionof AVBP-TPF hasbeenwritten that includesa numberof

improved models,in particularfor particle dispersionand polydispersesprays,and a better control of

numericalerror In 2005the developmentof a LF solver hasalsobeenstartedwith the PhD of M. Garcia,
in collaboratiorwith StanfordUniversity

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

Large-EddySimulations(LES) of turbulenttwo-phaseo ws in comtustionchambersvith AVBP-TPFare
basedon the Mesoscopidormalism[1]. This approachusesrst conditionalensembleveragingandthen
volume ltering. It leadsto a transportequationfor the so-calledMesoscopicEulerianParticle Velocity
(MEPV) whichrepresentshelocal instantaneouselocity eld sharedy all thedropletsor particlesatthe
samespatiallocation. Theremainingpartof eachsingleparticlevelocity, calledthe RandomUncorrelated
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FiG. 2.5—Instantaneouslds of axial gasvelocity andparticlevolumefraction,con guration of Hishida
etal. [2] (collaborationwith IMF Toulouse).

Velocity (RUV), leadsto a stresstermin the MEPV equationwhich needsto be modelled.The volume

Itering addsstandardsubgridstresSGS)terms,closedwith a Smagorinsi-like modelwhich provedto

be successfuln a priori testingon Homogeneoussotropic Turbulence.Specialcareis requiredto solve

the Eulerianequationdbecausehe dispersehbhaseimplies the resolutionof sharpparticle concentration
gradients.3rd order accurateschemeqTTGC,TTG4A) have beenimplementedand testedin the code
AVBP for thedisperseghasewhile arti cial dissipatve termshave beenadaptedio dampspuriousmodes
in regionscontainingsharpgradients.

In collaborationwith IMF Toulouse two experimentalcon gurationshave beenselectedo studydroplets
dispersionand validate its modeling. One is the gas-solidturbulent con ned round jet experimentally
investicated by Hishida et al. [2]. The other con guration is a 'bluff body' type ow experimentally
investicated by Boree et al. [3] which is closer to comlustion chamberdevices. Results are very

encouraging: the particle mass ux and radial velocity uctuation predicted pro les are usedto

characterizehe effect and the accurag of the particle RUV and subgrid stressmodelling. Besides the

predictionsarefoundto be very sensitve to particleinlet conditionsandspecialcarehasbeendevotedto

improve them. In particular a turbulent velocity componentpartially correlatedwith the uid one, has
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beenaddedo themeaninlet MEPV.

[1] Févrietr P, Simonin,O. & Squires,K. D. , "Partitioning of particle velocitiesin gas-solidturbulent
owsinto a continuouseld anda spatially-uncorrelatedandomdistribution : theoreticaformalismand
numericalstudy",J. Fluid Med., in press(2006).

[2] Hishida,K., Takemoto,K. & Maeda,M., "Turbulent characteristicef gas-solidstwophasecon ned
jet", Japaneselournal of MultiphaseFlow, 1(1) :56-69(1987).

[3] Borée,J., Ishima, T. & Flour, 1., "The effect of massloading and inter-particle collisions on the
developmentof the polydispersedwo-phaseo w downstreamof a con ned bluff body", J. Fluid.Med.,
443:129-165(2001).

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

Dependingonthedropletsdiametersthe ames obsenedin liquid-fueledcomhustorsmaybeeitherpurely
gaseougfor small droplets)or non-homogeneousn which casedropletsmay burn in clustersor even
individually. But evenin thesimplestcaseof gaseousames, thepresencef adisperseghasdeadsto very
high local variationof the fuel vaporandthereforeof equivalenceratio. To evaluatethe capacityof AVBP
to captureall thesephenomenaa two-phasereactingLES of anindustrialcomhustionchamberhasbeen
performed Figure2.6 shavs the resultof a calculationof the reacting o w insideonesectorof arealistic
aircraft comtustor fed with liquid keroseneLike in the true geometry air is enteringthroughswirling
inlets, cooling Ims anddilution holes.Resultsshav that the overall shapeof the ame is captured.The
gaseousame structure behindthe evaporationzone,is very similar to the classicalgaseousame found
in aswirledburner The maindifferenceis in the stabilisationrmechanismg¢ontrolledby the evaporationin
thetwo-phaseame.

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
various altitudes, i.e. differentatmosphericatonditionsof pressureand temperatureln that context, a
comprehensi understandingf the physicsinvolvedin theignition processs a usefulgain for comtustor
designersThe principle of ignition is to give aninitial input of enepgy, ableto initiate the comhustionand
setastable ame. This enegy canbeprovidedeitherby a sparkplug or by theuseof anadditionalignition
injector. In both casesjgnition sequencesretransientphenomenahat canbe computedby LES. To be
accuratesuchsimulationshave to take into accounthe effectsof the presencef liquid fuel asa dispersed
phase AVBP hasbeenusedto computetwo-phaseignition in realistic comhustors.Figure 2.7 shavs a
snapshobf theignition sequencealculationin one periodicsectorof a helicopterannularcomhustor In
thissimulation theignition burnerinjectshotgasesntheleft andright periodicplanesof thecomputational
domain.After a certaininductiontime, the maininjectorignitesandhot gasesappeaiin this zonetoo. The
completeignition sequencéastsapproximatelys50 ms.

2.2.4 Polydispersesprays(J. Lav drine , J.-B. Mossg B. Cuenof)

Spraysissuedfrom the injectorsusedin gas turbinesor in piston enginesare not monodisperseand
presendiameterdistributionsof differentshapesgdependingon the atomisatiorprocessThe polydisperse
characteristiof a sprayhasa greatin uence on all the variablesdescribingthe liquid phase asthe drag
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FIG. 2.6— Steadytwo-phasecomhustionin a SNECMA comhustot

t=26.87 ms

FiG. 2.7—- Snapshobf theignition sequencén a Turbomecaomhustor

forceandthe evaporationarestronglylinkedto the sizeof thedroplets.

In the eulerianframewvork describedn the previous sectionstherearetwo mainwaysto take into account
asizedistributionin a spray: eitherthrougha seriesof classe®f dropletsof the samesize,or throughthe
computatiorof evolution of thelocal sizedistribution. For compatibilityandfeasabilityreasonsthe second
approachhasbeenretained(Thesisof J.-B. Mossa),assuminga presumedshapefor the size distribution

andcomputingits moments.

The methodologyhasbeenvalidatedon the simple caseof aliquid jet in atranswersegas o w, for which

analyticalresultsare available.It hasbeenthenappliedto a full burner which allowedto demonstratéts
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capabilityto capturethe main effects of polydispersionWith this model,the implementatiorof droplets
break-devn andcoalescences straightforvard.

2.3 LES of unsteadycombustion

Unsteadycomlustionis now a major eld of applicationfor Large Eddy Simulations(LES) of reacting
o ws. Theseapplicationgnclude predictionsof comhustioninstabilitiesbut alsoof ignition or quenching.
In 2004and2005,CERFACS hasleadmultiple investigationsaroundthesetopicsanddevelopedadditional
toolswhich areneededor thesestudies: LES toolsbut alsoacousticanalysisandsometimesR ANS tools.
Con gurationscomputedat CERFACS weretestedexperimentallyat the sametime elsevherein Europe,
providing CERFACSwith a uniquedatabasefor validationof the AVBP code.As aresult,multiple papers
have beenproducedsince 2004 [CFD19 CFD2Q CFD9, CFD15 CFD27 andthe studieson unsteady
comhustionarea very importantpartof theteams work.

LES aloneis not sufcient to understandturbulent comhustion in con ned chambers: theory and
experimentsshav that acousticsplay a very important role in mary cases,especiallyin triggering
comhustion instabilities. Thereforewriting codesable to describethe structureof acousticmodesin
comlustion chambersand their coupling with comhustion is required: this is doneat CERFACS and
discussedn Section2.3.4and?2.3.5.In May 2005,CERFACS hasorganizeda workshopin Toulouseon
comlustioninstabilitiesandLES (with the supportof the EuropearCommission)which gathereredmost
100scientistdrom 10 countriescon rming theimportanceof this topic.

Section2.3.1recallsthe submodelsisedfor LES andSection2.3.2shavs oneexampleof LES validations
for non-reactingo ws wherethe CERFACS codeAVBP wascomparedo experimentgperformedin DLR
andwith an LES codedevelopedat Stanford.Acousticsarediscussedn Sections2.3.3to 2.3.5.Ignition,
quenchingand ashback arediscussedn Section2.3.6while multiburnercomputationsare presentedn
Section2.3.7. Effects of radiationand instability on NOx formation are discussedn a stagedburnerin
Section2.3.8. A ramjetLES is nally discussedn Section2.3.9 beforepresentingLES applicationsin
pistonenginegSection2.3.10).

2.3.1 LES modelsfor combustion at CERFACS

Building an ef cient LES tool in complex geometrychambergequiresa compromisebetweenprecision
andcompleity : all submodelgor turbulence boundaryconditionsturbulence/ ame interactionjgnition,
ame / wall interaction..arechoserto offer homogeneougerformancandimplementatiortostswhichare
compatiblewith theuseof acompressiblexplicit solveronverylargegridsandlargenumberof processors.
Mostmodelsdevelopedby CERFACSjointly with Institut Francaisdu Pétrolehave beenalreadypublished
by CERFACSandaredescribedn theliterature.

The DTF (Dynamically ThickenedFlame)modelinitially written by Colin et al (Phys. Fluids 12, 2000)
continuego performvery well in the new con gurationsandhasbeenusedwith virtually no modi cation
[CFD20, CFD15 CFD4]. This modelinitially writtenfor premixed ames is now usedfor diffusion ames
with successNote however, that mary ames studiedat CERFACS are categorizedas diffusion ames
becausehe fuel is injectedthroughholesinsidethe chamberHowever resultsshov thatthese ames are
usuallylifted with signi cant mixing upstreanof the ame sothatvery few diffusion ameletsarefound.
An importantsubmodelis the chemicalscheme initially mary computationsvith the DTF modelwere
performedwith one-stepschemesNow two-stepand four-step schemesare usedand the DTF model
hasbeenmodi ed to accomodatehesemultistepschemeg§CFD35. The constructionof theseschemes
is performedby comparingtheir resultson simple laminarpremixed ames and usinggeneticalgorithm
techniquesievelopedby C. Martin in his PhD[CFD29 to t the resultsof the reducedschemesvith the
dataobtainedwith full schemesThis wasdonefor methanepropaneheptaneJP10andkeroseneThese
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scheme$ave alsobeenextendedo includeNOXx in certaincasesFor thesecasessimpleradiationmodels
have alsobeendevelopedin AVBP [CFD61, CFD33.

Boundaryconditionsand acousticwave managemendf boundariesare still key issuesfor LES codesin
which ary error createdat boundarywill generallyamplify in the domain.Selle[CFD18 hasshavn that
thetruere ection coefcient of a'non-re ecting' boundarycouldbepredictedanalyticallyandthatcorrect
scalingsfor relaxationcoefcients onnon-re ectingboundariehave beenproposed.

Important work was also requiredto extend LES from academiccon gurations to real comhustion
chambersBeingableto modelmultiperforatedplatesfor exampleis mandatoryfor mary chambersvhere
multiperforationis usedonalargeportionof thechambewalls[CFD53. Cooling Ims alsoraiseadditional
dif culties. In mostcasesmodelsfor thesephenomenarebasedn separat®NS (seeSection2.1).

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

Duringthe PRECCINSR EC programmetheaccurag of LES wastestedfor swirled o ws by comparing
LES velocity elds with measurementgerformedat DLR in a swirled premixed injector (Fig. 2.8) where
swirl is producedby tangentialinjection downstreamof a plenum. A central hub is usedto stabilize
the ame. Experimentsinclude velocity measurementfor the cold ow aswell as a study of various
comhustionregimes.

FROM X=15m
SEIIRLER
[ 15

TO OUTLET

Plenum Swirler Chamber

FiG. 2.8—Con guration (left). Locationof cutsfor velocity pro les (right).

Coldandreactingoremixed o wswerecomputedsuccessfullandpublishedn Comh andFlame[CFD15.
In 2004and 2005, this studywasusedasa benchmarkoy Stanfordand CERFACS to comparetheir LES
codesA typical exampleof resultfor non-reactingo w resultsis givenin Fig. 2.9. TheRMS axial velocity
elds shaw verygoodagreemenetweerthe LES codesandtheexperiment Eventhoughsmalldifferences
areobsened (nearwalls for example),it is quite interestingto seethatfully differentcodesleadto very
similar accurag onthis con guration.

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

Systemidenti cation by forcing is a normal procedureduring investigations of comhustorsstability :

burnersareforcedin orderto examinetheirresponséo acoustiovavesenteringtheair or thefuel inlet. This

identi cation canbe performedexperimentallyor numericallyusingLES. But the costof suchexperiments

is highandLES arebeingdevelopedto replaceaxperimentdor thistask.At CERFACS, multiple studiesof

thistypeweredevotedto systemidenti cationsin 2004and2005:

— A theoreticalstudy of how forcing should be performedand postprocessedas doneby Trufn and
PoinsofCFD22 onalaminarpremixed ame for which experimentakesultsof the EM2C laboratoryin
EM2C Pariswereavailable.
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FIG. 2.9—Cold ow : RMS axial velocity pro les. Circles: LDV ; solid line : LES (AVBP); dottedline :
LES (Stanford).

— ChambemB : forcedresponsef a large scaleindustrialgasturbine [CFD4] mountedin a squarecross
sectionchambeiin KarlsruheUniversity (bilateralwork with Siemens).

— ChambelC : anexperimentbuilt at TwenteUniv. in the DESIREEC project. The computatiorincludes
both mixing from the methangets andcomtustionin the chamberFluid structureinteractionbetween
the oscillatingcomhustionandthe chambemall is onegoal of thiswork [CFD62 wherewall vibrations
canbemonitored.

Studying the theoreticalaspectsof comhustor forcing using a simple laminar ame proved to be a
usefulanalysis[CFD22 which demonstratedhat mary similar studies(experimentalor numerical)lack
consisteng andmay leadto erroneougesultswhenthe point usedto measurehe uctuating velocity is
locatedtoo far upstreanfrom thechamber

From compressor = :
o Diagonal DIAGONAL INLET EXHAUST SECTION

swirler

Axial
swirler

FiIG. 2.10— ChambemB : burner(left) andcomtustionchambeiatITS Karlsruhe(right).
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Applying LESto measureame responsén ChambeB wasadif cult challengébecausdt is ahigh-paver
swirledburner It is installedin two differentinstitutesin Karlsruhe,eitherin a square(ITS) or a circular
(EBI) comtlustionchamberFig. 2.10shavs the mainfeaturesof the burnerin which this identi cation is
performed: a centralaxial swirler (coloredin dark) is usedto inject and swirl a mixture of naturalgas
andpreheatedir. The main part of the comhustionair aswell asfuel is injectedby the diagonalswirler
throughholeslocatedon both sidesof the vanesin orderto achieve swirling. Perfectlymixed gasesenter
the diagonalswirler while pureair entersthe axial swirler : the ame insidethe chambeiis in a partially
premixedregime.

FiG. 2.11-ChambeB (Fig. 2.10)with pilot ames on,forcedby acousticexcitation.Snapshobf the ame
visualizedby anisosurficeof temperatur@at T = 100K. Theleft andright resultscorrespondo different
geometrie®f the swirler.

This burner and mary of its evolutions have beenanalyzedin the PhD thesisof L. Selle (2004), G.
Stafelbachand A. Giauque(2006). Comparisonf LES resultswith other methodsand experimental
resultsare given in [CFD4]. An exampleof resultsis presentechereto illustrate the power of LES in
predictingeffects of geometricalchangeson the ame responseFor this study the ame is pulsatedat
various frequenciesby modulatingthe inlet velocity. Two con gurations are computedto evaluatethe
responsef the burnerasa function of the geometryof the swirler. This responses the building block of
acousticsolversthatpredictthestability of comhustorg(seeSection2.3.4).Fig. 2.11shovs aninstantaneous
view of the ame front for a piloted ame duringforcing for two differentswirler geometriesTheimpact
of this smallgeometricamodi cation onthe ame respons@ndshapds very strong.

The geometryof burner C (designedfor the EC Desire project, PhD of A. Sengissen)s displayedin
Fig. 2.12: for this ame the computationmust describeboth mixing from the four methanejets with
air and comtustionin the chamberThis experimentwasdesignedor LES validation: the setup canbe
meshedandcomputedentirely with LES. Anotherspeci city of the Twenterig is thatforcing is achieved
by modulatingthefuel o w rateandnottheair. LES resultspredictthemeano w eld with greataccurag
aswell asthe ame transferfunction over a wide rangeof forcing amplitudes|CFD62. Unsteadywall
pressureelds measuredn the LES have alsobeencomparedvith Twentemeasurementsndshovn good
agreementallowing to predictthevibrationintensitiesof the chambemvalls.
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FIG. 2.12— Comlustor C. Left : geometry: the whole shadedareais meshedand computed.Right :
isosurbicesof Ycn 4 = 0:1 andisosurficeof temperaturd = 1000K.

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

Acousticsplay akey rolein comhustionandmustbeaccountedor bothexperimentallyandnumerically To
understanadton ned ames, developingacousticcodessolving the wave equationin complex geometries
for reacting o wsis thereforeanecessargtep.CERFACSis developingsuchtools (PhDsof A. Kaufmann,
L. BenoitandC. Sensiau).

The rst tool called Soundtubgorovidesthe low-frequeng longitudinal resonanimodesin a network of
interconnectediuctswith variablesectionsandtemperaturesThe seconcdtool is a full three-dimensional
Helmholtzsolver (called AVSP) solving the Helmholtzequationin the frequeng domain.It is coupledto
the LES codeAVBP : they usethe samegrids; the meantemperatur@ndmassfraction elds requiredby
AVSP (to know thesoundspeedrndthe ame transferfunction(to know theacoustid ame coupling,see
Section2.3.3)areprovidedby AVBP.

FiG. 2.13— Acousticanalysisin a gasturbine annularchamberLeft : typical geometryfor one burner
Right: AVSPresultfor the 2ndannulacmmode(RMS pressurenoduluson walls).

As anexample,Fig. 2.13showvs a geometryof a singlegasturbineburnerandthe structureof the second
annulamodeevidencedby AVSPin afull annularchambemith 18 burners.Thesemodesareoftencrucial
for the stability of the comhustor
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2.3.5 Acoustic/ combustion theoretical tools (C. Martin , A. Giaugue, F. Nicoud ,
T. Poinsot, M. Brear)

At the moment predictingat the designstagewhethera given comhustorwill oscillateis still achallenge.
If andwhenit oscillatesmeasurementandcomputationsometimegive indicationsof thereason®f the
problembut it is usuallytoo late.Beingableto predictthesephenomenaequireshedevelopmentof anewv
approachin which LES andacousticsools are coupled: the joint usageof LES and Helmholtz solvers
offers a new and powerful approachfor suchphenomenand hasbeenexploited for variousgeometries
in the lasttwo years.In a Siemenscase[CFD4], AVBP and AVSP were usedtogetherto understandhe
responsef achambeto forcing.

Section2.3.4 hasshavn how acousticcodeswere developedat CERFACS. In parallel, new theoretical
tools mustbe built to analyzeresults: oneapproacthis to look for proper'enemjies’ to analyzethe growth
of modesandto examineall termsin the budgetof theseenegy equationsThis methodgeneralizeghe
usualRayleighcriterionandwasexposedin 2005in atheoreticalpaperby Nicoud and Poinsot{CFD1(
following initial ideasproposedby B.T. Chuin 1965.Among all possibleenegiestestedat CERFACS,
a classicalchoiceis the acousticenegy e; (PoinsotVeynante,RT Edwards,Chapter8) which follows a
budgetequationgivenhby :

@
@
wherethe © subscriptrefersto meanquantitiesandthe ! to acousticvalues.If integratedover the whole

volumeV of thecomhustorboundedby thesurfaceA, it yields:

q z Z z

—  gdV = S1dV p1ti:RdA (2.2)

dt v A
wheren is the sugace normal vector The surface A consistsof walls, inlet and outlet sections.The
RHS sourceterm |, s;dV correspondgo the well-known Rayleighcriterion gndis the sourceof the
oscillations.But thereare othertermslike acoustic ux eson outletsandinlets , piti1:RdA which also
have a very strongeffect on the instabilities: thesetermscannot be measuredxperimentallyand most
studiesconsideronly the termthey canquantify (the Rayleighterm)which is clearly just one part of the
problem[CFD5(. LES offersa new approachoy giving accesgo all termsof Eq. (2.2).1n the PhD of C.
Martin [CFD50, CFD29, afull closureof the acousticenegy equationfor a burnerdevelopedby Ecole
Centralewithin the Fuelchiefprojectwasperformedfor the rst time (AIAA J.2006in press)In thesame
studyLESwasusedto computetheself-excitedunstablenodesof thedevice andAVSPwasableto recover
thesemodesandto predicttheir occurrenceln 2005,Pr M. Brear(MelbourneUn.) hasspent5 monthsat
CERFACS to studyenepgy equationgor comlustion stability. This studyshouldbe continuedin 2006 at
Stanfordduringthe SummerProgram.

1p] _CiY
3% and s; = Ty P (2.1)

. 1
=s1j r ¢(pithy) with e = él/@u§+

2.3.6 Ignition, quenchingand ashback (Y. Sommeter, G. Staffelbach M. Boileau,
T. Poinsof)

Unsteadycomhustionis amajor eld of researctior applicationslgniting acomhustoris acentralissuefor
helicopteror aircraftenginesPredictingquenchingr ashbackis anotheimportantissueduringtransients.
By improving mixing upstreamof the comtustion chamber mary devices usedto reducepollution by
increasingmixing can also createthe possibility for the ames to propagte upstreamof their normal
stabilizationzone therebyrisking the destructiorof theinjectoror a partof it. Predictingsuchphenomena
is alsoa challengefor modellingbecauseduring ashback,the ame regime changesonsiderablyfrom
partially premixed to almostpurely non premixed ames. CERFACS and EM2C Paris have developed
a joint experimental/ numericalproject which lead to the demonstratiorthat LES can indeed predict
guenchingand ashbackin swirledburners.Resultsverepublishedn J.of Turb. [CFD2(.
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FiG. 2.14— Effectsof pilot ame ow rateon ame stabilizationin ChambeIC. Whenthe pilot fuel ow
rateis not adequatéright picture),the ame lifts from the centralhubandoscillates.

This studywasextendedtio morecomplex casesn 2005: Fig. 2.14shavs anexamplewherethe effectsof
piloting on ame stabilizationwerestudiedin ChambeB (Fig. 2.10).For this burner decreasinghefuel
o w rategoingthroughthe pilot injection (left pictureto right picture)leadsto alossof stabilizationwhich
is amajor problemfor operability

Additional studiesof ignition have beenperformedn helicopterenginedor full con gurations(Section2.5)
andin spark-ignitedpiston engines(Section2.3.10). For thesestudies,the thickened ame model was
coupledto a sparkmodel. At the sametime, other modelsfor sparkignition (basedon ame surface
approaches)ave alsobeencodedby IFPin AVBP (PhDof S.Richard),leadingto similar results.

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

Most academicstudiesof comhustionin gasturbinesare performedusinga single gasturbineburnerand
installingit into alaboratorycomhustionchamberHowever realgasturbinesusel6 to 24 burnersinstalled
in thesameannularchamberln suchsituationscouplingmayoccurbetweerburners: in regionswherethe
issuing amesfrom neighbourindurnerameet strongturbulenceandheatreleasecantake placeandleadto
instabilitieswhich cannotbeobsenedin singleburnerscon gurations.In cooperatiorwith Siemend$Gand
DLR, within the EC projectDESIRE,CERFACS s studyinga chamberequipedwith threeburners(PhD
of G. Stafelbach).This LES hasbeenperformedfor threeburners(5 million cells) andstartedfor thefull
machine(40 million cells: seeSection2.5). 1t is the largestcomputatiorever performedwith comhustion
in suchageometrylt requiregypically 64to 128processorto runef ciently for the3 burnerrig andit was
performedwith up to 5000processorsn thefull geometryon a BlueGenearchitectureFig. 2.15shavs an
instantaneousosurfhiceof temperature.

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

Nitric oxide formationin gasturbine comtustion depend=on four key factors: ame stabilisationheat
transfer fuel-air mixing and comhustion instability. The designof moderngas turbine burnersrequires
delicatecompromisedetweenfuel ef ciency, emissionsof oxidesof nitrogen(N Ox ) and comhustion
stability. Burnerdesignsallowing substantiaN Ox reductionare often proneto comhustion oscillations.
Theseoscillationsalsochangethe N Ox elds. Being ableto predictnot only the main specieseld in a
burnerbut alsothe pollutantandthe oscillationlevelsis now a majorchallengeor comtustionmodelling.
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FIG. 2.15— Three-lurnercomtustionchambeof DLR. Isosurbceof temperaturd=1000K.

This mustincludearealistictreatmenbf unsteadyacoustigphenomenéwhich createnstabilities)but also
of heattransfermechanismgconvectionandradiation)which controlN Ox generation.

In this study LES was appliedto a realistic gas turbine comhustion chambercon guration where pure
methanes injectedthroughmultiple holesin a cone-shapetiurner Mixing and comhustionare handled
simultaneouslysingthe DTF modelandatwo-stepchemicalschemeSimulationshave shovn theimpact
of cooling air and heattransferon nitric oxide emissionsaswell asthe effects of comtustioninstability
on nitric oxide emissions.Additionally, the comhustion instability is analysedin detail, including the
evaluationof the termsin the acousticenegy equationandthe identi cation of the mechanisndriving
the oscillation.Fig. 2.16 shovs the geometryof the burneranda typical o w snapshoturingcomhustion
instability displayinganisosurficeof fuel masdfraction (0:1) (shaving the methangets)andanisosurfice
of reactionrate(shaving the ame position).Thisregimecorrespondso apulsatingame. Thecomparison
of the LES datawith experimentsis alsogoodasshavn in Fig. 2.17 (J. Fluid Mech. 2006; paperunder
revision).

2.3.9 Ramijet (Y. Sommeter, L. Gicquel, A. Roux, T. Poinsof)

Comlustioninstabilitiesarecommonin ramjetengines they canleadto vehicledamageandstill remain
a dif cult problemto solwe at the designstagesThe LES tools of CERFACS allow to investicate ame

dynamicsandpredictcomhustioninstabilitiesfor highly compressibleo wsasfoundin ramjetenginesThe
researclramjetstudiedfor MBDA is a two-inlet side-dumpramjetcomhustorexperimentallyinvestigated
by ONERA andthe ight casecorrespondgo a high-altitude ight condition. Boundaryconditionsare
‘exact' becauseheinlet is perfectlynon-re ectingandthe outletis a choked nozzle.Fig. 2.18 shaws the
complity of the ame topology Two distinct ames areobsered andstabilizedby differentprocesses
the rst ame islocatedn thehead-en@ndanchoredy therecirculationzonedueto jetimpingementvhile
thesecondame is locatedin the comhustionchamberndfed by hot rich burnedgasescomingfrom the
headendandfreshgasedirectly comingfrom the air intakes.Comparisondetween_LES andLDV elds

aregoodbothfor meanandRMS elds. LES revealsa high frequeng 'screech-like' modeoftenobsenred
in suchside-dumpcon gurations.The frequeng obsened by LES matchesxactly the secondranserse
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FIG. 2.16—LES of comhustionin a stagedourner

FiG. 2.17— Comparisonof LES and experiment: meanaxial (left) andradial (right) velocity elds on
trans\erseaxisfor variousdistancego inlet. Circles: experimentgDLR), solidline : LES.

modeof the chambeipredictedby AVSP suggestinghatthis oscillationis probalydueto thermo-acoustic
resonances.

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

Another eld whereLES is developingfastis ow in pistonengines.Togetherwith IFP, CERFACS has
extendedits LES tools to piston engines.Two main directionshave beenpursued: computingmultiple
successie cyclesand computingsteady o w with LES throughvalves. Of course beingableto develop
high- delity computation®n moving gridsandmanaginggrid displacements complex geometriesvere
themajordif culties in thistask: AVBP wasmodi ed in depthto allow moving meshcomputationgndnew
numericaltechniquesvererequiredto handletheseproblems.Solutionsusednow in AVBP aredescribed
in aJCPpapermpublishedn 2005[CFD9].

With this tool, for the rst time, CERFACS and IFP have producedin 2005a computationof all phases
of comhustionin engines(intake, compressioncomhustion and exhaust)over multiple cycleswith LES.
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FiIG. 2.18— Ramjetcon gurationandinstantaneousisualizationof the ame (white iso-surfice) x-plane:
fuel masdraction; z-plane: pressureeld.

Resultsopena pathwhich hasnever beenfollowedbefore: investigatecycle-to-gs/cle variationsin engines.
Fig. 2.19 shavs an example of the ame front positionin an engineat the samecrank anglefor four
successie cycles.Obviously LES doescapturevariationsbetweercycles.

FiG. 2.19- Fieldsof reactionrate(markingthe ame position)in a planenormalto cylinder axisfor four
cyclesatthesamecrankangle: all cyclesaredifferent(LES with AVBP).

LESwasalsousedto predictpressuréossesand o w structureduringintake in ajoint studywith PSAand
Ford (Fig. 2.20).It wasshovn to bemuchmoreaccurateghanRANS for thistypeof o w [CFD64, CFD21].
This con guration wasrun on CERFACS computersbut was alsotestedwith a 20 million cell grid on a
BlueGenecon guration (Section2.5).

2.4 AdvancedRANS toolsfor combustion

Despitethe progressof LES, mary industrialapplicationsare still easierto handlewith classicalRANS
(Reynolds AveragedNavier-Stokes) methods.CERFACS develops activities in this eld along three
directions: (1) hybrid numericalmethodsfor RANS comhustion codes,(2) couplingtools for shapeand
regime optimizationusing RANS tools and (3) crosscomparisorof RANS andLES codes.RANS codes
canbeusedto initialize LES for exampleor in anintegrateddesignchain: this canbedoneef ciently only
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FIG. 2.20—-LES of the ow eld in asteadybenchfor 4 valve enginetests.

if bothapproachegive sufciently closeresults.Thereforeunderstandinghe 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 the evaluationof the next generatiorof aeronauticagasturbines.
However, currentN3S-Naturversionsarelimited to triangularandtetrahedriacell topologies.In an effort
to reducethe associatedomputationacostwhenappliedto ever more complex geometriesCERFACS
participatesin the developmentof advancednumericalschemego handlevariouscell topologies.This
work constituteshe bulk work of the PhD dissertatiorof Valérie Auffray conductedn conjunctionwith
the INCKA specialistsandunderthe supervisionof the SAFRAN group.A stronglink with the methods
usedat CERFACSfor LES in AVBP is favoredfor futureinteractionbetweerthetwo codes.

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

Presentoperatingconditionsof comtustion chambersare essentiallydictated by mechanicallimits of
the componentdocateddownstreamof the chamber the chamberdesignmustbe tunedso asto satisfy
pre-requisitesn the temperaturepro le at the outlet of the chamberfor example.The aim of this work
(performedwithin the EC projectINTELLECT DM) is to apply to comlustion,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 assesshe automaticchainandthe optimisationalgorithmsimplementecht
CERFACS. Differentcostfunctionsandoptimizationmethodsareavailable[CFD44] and3D optimization
testson realcomhustorsarecurrentlyconducted.

2.4.3 Comparisonof RANS and LES (E. Duchaine A. Roux, L. Gicquel, T. Poinsot)

ComparingRANS andLES resultson the sameburneris aninterestingexercice.A directcomparisorof
the time averagedsolutionsobtainedwith the two approacheéndfor the samecon guration constitutes
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(@) (b)

FIG. 2.21- Comparison®f (a) meantemperatureand (b) meanaxial velocity obtainedwith N3S-Natur
andAVBP for anaircraftburner

a rst steptowardthe properuseof bothmethodsby industry Figure2.21 presentsolutionsfrom RANS
andLES computationgN3S-NaturandAVBP respectiely) for anindustrialgasturbineof SAFRAN. Such
anassessmerallows gaugingof eachapproactwhencomparedvith the experimentbut alsoevidenceghe
necessityof a propertreatmenif RANS s to be consideredisaninitial solutionfor LES.

2.5 Software engineering

Developingandusinglarge LES andDNS codesrequiresspeci ¢ efforts : the codesbut alsotheassociated
preandpost-processingpolsrequiredto prepard_ES runsandexamineresultsmake softwareengineering
acritical taskat CERFACS. Multiple actionstook placein thelasttwo years.

2.5.1 Sourcemanagement(Y. Sommerer)

AVBP is developedjointly by CERFACSandIinstitut Francaisiu Petrole(IFP) andusedby mary European
institutions.Multiple laboratoriesalso bring speci ¢ submodelsto the code.The sourcemanagemenis
performedby CERFACSusingCVSin orderto managehis multi-sitesandmulti-developerservironment.
A softwarequality practiceis establishedo minimize the developmentrisks. Regular meetingstake place
betweenFP and CERFACS to de ne the versionsevolutions. Two levels of non-rgressiontestcasesare
used:

— CTEA (AutomaticElementaryTestCasesyun on aweeklybasisduringdevelopment,

— QPF(Quality ProgramForm) performedfor eachnew version(every ninemonths).

Anotherspeci ¢ benchmarks run frequentlyon variouscomputationaarchitectureso verify bothsingle-
processoefciency andparallelperformancesThe AVBP documentatiorfUser'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, QPFsandinformationmanagementequire
morethan5 manyearsfor the CFD teamevery year

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

Theprevioussectionshave shavn anincreasef problemssizeandcompleity of mostLES at CERFACS.
Simultaneouslythe new generatiorof supercomputersopenshe pathfor studieswhich werenot possible
up to now, suchasignition sequencesr completeannularchambersomputationsThe recentevolution
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of massiely parallel clusters(up to thousandgrocessorsjeinforcesthe importanceof sustaininghigh

performancdevelsonthousand®f processors

— CPUandMessageassing optimization,usingthemostmodernpro ling tools,is donejointly with the
CERFACS Parallelalgorithmteamto usethe mostef cient MPI functionsandminimize CPUcost.This
work is akey to reachlinearspeedupsip to 5000processors.

— Domain decomposition: the algorithm used for domain decompositioncontrols the speedup for
massvely parallel cases AVBP is linked with the most moderndecompositiordomainalgorithmsin
orderto minimize the frontier interface betweenneighborsdomains(i.e. minimize the point-to-point
communications).

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

CERFACS collaborationswith computer companiesand computing centersallow to extend LES to
‘frontier' simulations therebytestingthesesupercomputersandanticipatingthe problemslinkedto very
large computationsn termsof memory parallelismand pre/post-processingwo application elds were
usedin 2005for thesetests:

— Pistonengines

— Full gasturbines(aeronauticaandindustrial)

FiG. 2.22— LES of ignition in a helicoptergasturbineusingjets of hot gasesComputatiorwith AVBP on
2048processor¢BlueGenecon guration).

High-resolutionLES of turbulent o ws in Dieselintake pipes(10 millions cells; 1024 processorsyvere
performedon an IBM eSenrer Blue Genemadeavailable to CERFACS by IBM. test casesdatawere
provided by PSA. In DI enginesaerodynamicglay a key role : the designof intake pipesis crucial,

requestingsigni cant optimizationsandespeciallywith CFD. For such o ws, classicaturbulencemethods
lackfor accuray : therevolutionintroducedby Large Eddy Simulation(LES) methodsn thelasttenyears,
allows now a precisecomputatiorof the o ws but the sizeof the modelsmalesthemimpossibleto berun

on mostof thecomputerswith classicalarchitectures.

In 2005,AVBP wasportedon a BlueGenemachineand LES wasrun on a high-resolutionrmesh,in order
to computea typical Diesel intake geometry(seeFig. 2.20). Instantaneouselocity elds exhibit mary
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structureon the valve jets andshaw thatthe high-resolutionLES reveals o w featureswhich werenever
computecbefore.

Inthe eld of aeronautigasturbinesafull comhustionchambemwascomputedvith LES onBlueGeneand
CINES computerg20 millions cells cases2048processorsBM BG/L and32to 128 processor€INES
SGI 03800in a joint CINES/CERRCS project). Computingcomhustionin a full comhustion chamber
hadlong beenout of reachof ComputationaFluid Dynamictools.In 2005,AVBP wasusedon BlueGene
on high-resolutionmeshesjn orderto computeignition and ame propagtion in the comtustor of an
helicopterturboshafenginefrom TurbomecgSafrangroup).In thisgeometry(Fig. 2.22),all fuel injectors
(18) anddilution jets(108)areincludedandafull ignition sequencstartingfrom two ignitersis computed.
Industrial gas turbine (40 millions cells; 1000to 5120 processordBM BG/L) were also computedas
test casesfor massiely parallel machines.For suchturbines,recentCERFACS LES studiesshav the
importanceof burner- burnerinteractionand azimuthalacousticmodesto accuratelypredictthe ame
stability. Thisrequiresfull chambeicomputationsvith all burners(24 usually)andhugeCPU capacitiesA
SiemendPG con gurationwasrun on IBM BlueGene/L{ThomasWatsonResearctCenterandRochester
respectiely 2d and22thin the 26thtop500list) andlinear speedupup to 5000processorsvere measured
(Fig. 2.23).Typically, aspeedup of 4078on 4096 processorsvasobtained.

5000 —

— Ideal speedup
+ AVBP

4000 —

3000 —

Speedup

2000 —

1000 —

1000 2000 3000 4000 5000
Number of processors

FIG. 2.23— Speed-upgbtainedwith AVBP on BlueGeng ThomasWatsonResearclCenter)

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

CERFACS continuesto collaboratewith Frenchnational computingcentersCINES, IDRIS and CEA.

Becausef their excellentparallelscalability AVBP and/orNTMIX areoftenusedto benchmarkmachines
for thosethreeinstitutionsin orderto stressthe whole con guration machine.ln parallel, a joint effort

with constructordike IBM [1] or Crayasbeendonein 2005to optimize AVBP on speci ¢ processorand
interconnectiometworks: Pover PC440- IBM BlueGene/LandOpteron- Cray XD1.

[1] IBM RedBook (Chapter8.4): http ://www.redbooks.ibm.com/abstracts/sg246686.17@pen
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The coreactiity of the AAM (Aerodynamicand Applied Methods)teamis concentrateen developping
aerodynamiceiumericaltoolsthatarein usedeitherin industryor in researchaboratoriesThe closelink
with researcHaboratoriesallows to rapidly transferadvancedtechnologiedo the industrialworld. Most
of the effort is dedicatedo improve the multibloc structuredsolver calledelsA This solveris an ONERA
projectwhich aimsto gatheraerodynamicsnethodsandalgorithmsin an ObjectOrientedframenok. Due
to anof cial agreementvith ONERA, CERFACS is involvedin the elsAdevelopemensince2001. This
codeis now daily usedin anindustrial environmentsuchas Airbus and SNECMA, which implies that
the majority of developmentsis now dedicatedto increasethe computingperformancegthis actiity is
describedn Section3.3andSection3.4).

BesideslsA the CERFACS hasthe opportunityto work with numeroustherssolverseitheron structured
approach(in-housecartesiancode: NTMIX) or unstructuredones(TrioU from CEA, Tau from DLR,
AVBP from CERFACS). Sucha diversity of tools enablesto study different applicationsrangingfrom
wake vortex to aerothermasimulation(work presentedn Section3.1).

During the pasttwo years,CERFACS hasstarteda new actiity in the eld of optimization(detailedin

Section3.2). The work donecanbe splittedin two main branchesFirstly, the constructionof metamodel
for A/C designandinterdisciplinarydataexchangehasbeendevelopedmakinguseof POD, Kriging and
Neural Networks. Secondly different optimizationalgorithmshave beenevaluatedin orderto build an
ef cient optimizationloop.

All the works describein the following sectionshave beendonein collaborationwith industrialssuch
as Airbus and SNECMA and alsoresearcicentersamongwhich : ONERA, DLR (throughMIRACLE),
IRPHE, ParisVI andtheuniversity of Montpellier

3.1 Modelling

3.1.1 Wake vortex simulation (L. Nybelen)

CERFACS hasdevelopeda strongexpertiseon the topic of wake vortex dynamicswhich is now widely
recognizedn the scienti c community Numerousstudieshave beenconductednvestigating the stability
of differentvortex systemdy meansof Direct NumericalSimulations(DNS) or Large-EddySimulations
(LES). Thesestudiesarebotha meanof characterizinghe wake of anaircraftin the near eld andaway
to determinghedecayin thefar eld, whichisimportantin predictingthe behaiour of thewake for large
transportaircraft. A PhD studentat CERFACS investigateswake vortex dynamicsthrougha collaboration
with Airbus-DeustchlandandIMFT (Institute of Fluids Mechanicof Toulouse) CERFACS s alsoactive
in theframavork of EuropearprogramssuchasAWIATOR (FP5)andFAR-Wake (FP6).

CERFACS hasbeeninvolvedin studyingthe meiging processof two co-rotatingvortex, which governed
principallythewake vortex dynamicin thenear extendedeld (1 < x=B < 10). Theseco-rotatingvortices
correspondo the vorticesshedby the ap andthewing 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 = O(rcore)) Which ampli es rapidly within theinnervortices.Thus,the
meuging procesdecomesinstableThedevelopmenf elliptic instability is characterizethy anoscillation
of thevortex coreposition.Thevortices nally exchangetheir vorticity andlosetheir structurecoherence,
leadingto the meging by a reomganizationof turbulent structuresThe unstablemeing processs faster
thanthestablemeging [CFD12(Q. Unstableandstablemeging mechanismbave beenanalyzedisingtwo
analyticalvortex models,namelythe Lamb-Oseerandthe JacquinVM2 modelwhich describedettera
realisticvortex in theextendednear eld.

FiG. 3.1-Isocontourf vorticity magnitudgj*+jj : thedynamic o w of the unstablemerging with Lamb-
Oseenvortex modelasinitial condition.Left to right : t* = t=(2¥41=j) » 1:95; 2:45; 3:25.

Thephenomenaausedy the generatiorandpropagtionof pressuravavesin vortex coreshave alsobeen
investicatedwith DNS and LES approache$CFD8]. The propagtion of pressurenvavesis responsible
for the generationof axial velocity, which under certainconditionsleadsto the developmentof helical
instabilitiesandto an abruptchangeof o w topologyin the vortex core.Involved dynamicsmay explain
vortex burstingandend-efects,whicharephenomenabsenedin smole visualizationof realaircraftwakes
aswell asin small-sacleexperimentghatarenotwell understood.

Numerousanalyzeshave beenmadeof the interactionbetweenan exhaustjet andtrailing vortex in two
phasesthejet regimethenthe entrainmentase.

3.1.2 Aerothermal Simulations
3.1.2.1 Improvementofk | "v2; f turbulencemodelsimulations (A. Celic)

Durbin'sk j " v?j f turbulencemodeltheoreticalbasis[1] consistsin a constructionof the turbulent
eddyviscosityin orderto reproducemore accuratelythe behaior of 1 ; in the boundarylayer The model
containghreetransporequationgoupledwith anelliptic one(for f ). At CERFACS, theactivity beganwith
comparison®f turbulencemodelsbehaiors for severalapplicationgincluding Durbin original turbulence
model)andleadto theimplementatiorof anew variantof Durbin'sk j " v2i f turbulencemodelin elsA.
This modelcontaindCFD8S :

— anew versionof therealizability conditionwhichis adaptedrom Durbin's one,

— anextrasourcetermonf equationfor a betterconditionningof f wall boundarycondition,

— adissipationtermfor v2 constructedrom Sveningssorone.

This new versionof Durbin's turbulencemodelwas rst validatedovera at plate[2] (Fig. 3.2) andleadto
interestingresultsfor the computatiorof cold jetsimpingingon a hotwall [3], asshovn on Fig. 3.3. This
work hasbeendonein theframewvork of MAEVA project(‘AerothermalModelling of Fluidsfor Ventilation
of Planes').
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Experiment (DeGraaff)
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FiG. 3.2— Flat plate: non dimensionvelocity asfunction of the non dimensiondistanceto thewall. The
experimentadataandthetestcaseareproposedn [2].
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FiG. 3.3 — Jetimpinging on a plate : comparisonof turbulent kinetic enegy distribution for Durbin's
modi ed and JonesLaunderturbulence models Nusselt coefcient computedon the at plate and
experimentadata.

[1] P. A. Durbin, (1991), NearWall Turbulence Closure Modeling Without “Damping Functions”,
Theoetical and ComputationaFluid Dynamics 3, 1-13.

[2] D.B. DeGraaf andJ.K. Eaton,(2000),Reynolds-NumbeiScalingof the Flat-PlateTurbulentBoundary
Layer, Journal of Fluid Medhanics 422 319-346.

[3] J. Baughn,A. Hechaneoa and X. Yan, (1991), An experimentalStudy of EntrainmentEffects on 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 Jetin cross ow (J.C. Jouhaud)

The'Jetin CrossFlow' topicrepresentfor CERFACSaninitiative to strengtherthefundamentascienti ¢
aspecin the eld of turbulencemodellingfor aerothermahpplicationdCFD13. More preciselythistopic
concernserethe developmenbf areliablesimulationtool for the computatiorof industrialcon gurations
which involveswarm jets exhaustingin cold cross- ows, i.e. turbojetanti-ice exhaust o ws. This type of
aerothermalo w is amajorstale for AIRBUS France.

FIG. 3.4— Squareletin Cross-Flav Producedy a Scoop- InstantlyTemperaturd-ield (Y=0 plane).

In the MAEVA framework ('AerothermalModelling of Fluidsfor Ventilationof Planes’),our recentLES
computationswith AVBP solver (seeFig. 3.4) have shovn that LES appeardike an efcient tool for
aerothermapredictiongCFD103. In fact,only thesetypesof computations@reabletodayto predictvery
preciselytheright thermalpro les (seeFig. 3.5)comparedo U-RANS methodswithoutanexcessie CPU
cost(goodturnover). In the future our objective could be to develop hybrid LES/U-RANS methodsin a
productioncodededicatedo AIRBUS aerothermatomputations.

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

This researchopic corresponds$o A. Devesas on-goingPhD thesisthat startedat the end of 2003.1t is
theresultof a collaborationbetweerthreeentities: CEA, the FrenchAgeng for NuclearEnegy basedat
GrenoblgFrance)UniversityMontpellierll hostingF. Nicoud(PhDadvisor)andCERFACS.Theobjective
is to modelaccuratelyandreliably the uid / solid interactionin enepgeticalindustrialapplicationsge.g.
nuclearreactorsafety wherestrongtemperaturgyradientsexist. For those o ws, the correctpredictionof
thermal ux esatthewall is a crucialproblem becausenaterialscanbe subjectto contractionto dilatation
andto ablationphenomendgadingto a possibledestructionin this study the CEA in-houseTrio_U CFD
codeis used,aswell as Matlah Crossedcomparisonsvere systematicallyjundertalen betweenthe two
numericalapproaches.

First, the studywaslimited to a steadystateapproachUnderthe classicallaw-of-the-wall assumptions,
densitychangesn theboundarylayer, virtually dueto strongtemperaturgradientsveretakeninto account
in a new non-isothermalvall law. The analytic derivation of this new wall function was deducedfrom
Van Driest's transform[1]. Implementatiorin Trio_U codewascarriedout andresultsshaved signi cant
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improvementcomparedto the standardlaw-of-the-wall (logarithmic law for the velocity and Kader's
formulafor thetemperature)CFD42.

The following stepwasto adoptan unsteadyapproachin the wall modeling,using a two-layer model,
namelythe TBLE (Thin BoundaryLayerEquation)model[2]. The conceptof this modellies onsolvinga
setof simpli ed equationsn aonedimensionalne meshembeddedetweerthe rst off-wall pointandthe
wall. Thework consistedn adaptingthis model,previously validatedin incompressibleasesto dilatable
uid casesandin implementingt into Trio_U software.At theendof 2005,thevalidationprocessvasstill

underprogressbut shaved (Fig. 3.6) that, for steadystatequasi-isothermab w, the“dilatable version” of
the TBLE modelrecoreredthe standardaw-of-the-wall, while in non-isothermatase jt behaedlike the
non-isothermaivall functionpreviously describedCFD42.
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FiG. 3.6— Velocity pro les from TBLE model.Left : isothermakaseright : non-isothermal.
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Finally, the problemof unsteadyeffectsin wall modelingwas adressedEven if two-layer modelsare
developedfor unsteadyturbulent o ws, theremustexist a critical frequeng beyond which the modelcan
notbeusedin anaccuratevay. To answetthis questiona DirestNumericalSimulation(DNS) of turbulent
channelo w with 6 passie scalarssubmittedto atemporalvaryingforcing termwassetup.

[1] E.R. Van Driest, 1951, Turbulent boundarylayersin compressibleuids, Journal of Aemnautical
Sciencesl8(3).

[2] E. BalarasC. BenocciandU. Piomelli, (1996), Two-layerapproximatéoundaryconditionsfor Large-
Eddy Simulations AIAA Journal, 34(6),1111-1119.

3.1.3 Detachededdy simulation

3.1.3.1 DetachedEddy Simulation with k j ! turbulence model (J.-C. Jouhaud, X. Toussaint P.
Sagaut)

Since2004,the aerodynamiceamis involved in the developmentof hybrid U-RANS/LEStechniquedor
complex aeronauticaton gurations.In fact,thesetechniquesvhencombinedwith wall functionsandgrid
stratgyies(automatianeshre nement,non-coincideninterfaceboundaryconditions...) could pushfurther
away the actuallimits of unsteadycomputation$y optimizingthe'precision/costomputationstratio.

FiG. 3.7— Buffet phenomenowver the OAT15A airfoil - View of themesharoundthe airfoil andzoomon
thenon-coincidenpart.

Our rst subjectof investication hasconcernedhe developmentof a turbulencemodelthat exploits the
concepbof Detachededdy Simulation(DES)[1]. More preciselytheformulationproposedy H. Bushand
M. Mani [2] with a primaryinspirationfrom Streletg3] hasbeenconsideredin this formulation,the near
wall boundarylayer predictive capabilitiesof the Wilcox k j ! turbulencemodelis combinedwith LES
behaiour for large scaleseparatedegionsof the o w. Thisis doneby comparingthelengthscalesof the
turbulencewith theresolhed scalesof thegrid.

To evaluatethis DES with k j ! turbulencemodel, we have focusedon aerodynamicsuffet on the
rigid OAT15A airfoil that is characterisecby a periodic motion of the shock over the airfoil (see
Fig. 3.7 andFig. 3.8).In orderto decreas¢he computationatosts,two stratgieswere considered wall
functionsandconserative non-coincideninterfaceboundaryconditiong4]. Thiscomputatioris still under
investications.
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FiG. 3.8 — Buffet phenomenorover the OAT15A airfoil (M = 0:15and® = 3:4 deg) - Rising and
descendamhase®f the pressureoefcient.

[1] PR. Spalart W.H. Jou,M. StreletsandS.R.Allmaras,(1997),Commentn the Feasabilityof LES for
Wings, andon a Hybrid RANS/LES Approach,1st AFOSRInternational Confeenceon DNS/LES Aug.
4-8,RustonLA.

[2] R.H.BushandM. Mani, (2001),A Two-EquationLarge Eddy StressModel for High Sub-GridShear
15th AIAA ComputationaFluid DynamicsConference,11-14 June,AlAA paper 2001-2561 Anaheim,
CA.

[3] M. Strelets,(2001),Detachededdy Simulationof Massvely Separatedrlows. 39th AIAA Aerospace
SciencedeetingandExhibit, 8-11 JanuaryAlAA paper2001-0879Reno,Nevada.

[4] A. Benkenidaand J. Bohbotand J.-C. Jouhaud(2002), Patchedgrid and adaptve meshre nement
stratgiesfor Vorticiestransportalculation InternationalJournal NumericalMethodsn Fluids Dynamics
40, 855-873.

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

In additionto the work donein section3.1.3.1,the buffet phenomenorhas beenstudiedwith a zonal
DetachedEddy Simulation approachbasedon the Spalart-Allmarasmodel [1]. The zonal approach
decoupleghe determinatiornof LES zonefrom the meshcharacteristicsThe usercande ne the RANS
and LES zones,so the attachedboundarylayer regions are explicitly treatedin RANS moderegardless
of the grid resolutionwhich avoids grid inducedseparation. Thisnethodhasbeenimplementedn elsAin
collaboratiorwith the Applied Aerodynamic®epartmenfrom ONERA.Moreover, in orderto optimizethe
computationatost,a studyhasbeendoneontime integrationschemesThe Dual Time Steppingechnique
andthe GEAR schemewereevaluatedin term of CPU coston a 2,5D supercriticalairfoil. Both schemes
wereableto capturethe buffet phenomenomvith theright frequeng andattheright experimentaklangle.In
termof CPUcost,the GEAR schemeappearedo be moreef cient thantheDTS.

[1] S.Deck,(2005),Numericalsimulationof transonidouffet over a supercriticakirfoil, AIAA Journal, Vol
43,No7
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3.2 Optimization

3.2.1 Meta Models

Aerodynamicmodelsarelargely usedin alot of applicationsn A/C designandinterdisciplinaryprocess
(loads,MDO, Identi cation). In thatcontext, CFD basednetamodelsiredevelopedat Cerfacsmakinguse
of ProperOrthogonaDecomposition(POD),Kriging andNeuronalNetworks. Thesemodelsaredesigned
to give quickly themainfeatureof aerodynamisystemandarewell adaptedo interdisciplinaryexchange.

3.2.1.1 Aerodynamic Metamodelusing Proper Orthogonal Decomposition(POD) (J.-Ph. Boin)

The ProperOrthogonalDecompositiorhasbeenappliedto a setof CFD computationsn orderto extract
globalinformationandbuild ametamodelAccordingto oneor severalparametergtime for unsteadyo ws
or ight parameterdor steady o ws), a setof CFD computationsare performed,called snapshotsThe
POD decompositioris appliedto thesesnapshotssolving the eigervalue problemof the auto-correlation
matrix. The propermodesof this problemare orthogonaland build up the POD basis.The POD basis
couldbeunderstoodisan optimalbasiswhich containsmoreinformationthanary otherones. Eachmode
represents characteristiof the setof snapshotsk-or unsteadyturbulent o ws, it representshe coherent
structuresWith thatbasisit is alsopossibleto reconstructll the snapshotandto extrapolatesolutionsfor
adifferentsetof parametergmetamodel)lntroducedn FluidsMechanidoy Lumley [1], thePODis mainly
appliedon experimentadatafor unsteadyo w analysisDelville andal. [2]. More recentapplicationshave
beendonefor numericalsteady o wsin Optimization,Bui-Thanhandal [3].

CERFACS hasdevelopeda basicfunctioning POD modulein Python.This modulehasbeenappliedto
the analysisof a turbulent ow in a comhustion chamberon unstructuredneshesn collaborationwith
the CERFACS Comlustion-CFDteamand in the reconstructionof pressuredistribution on a high lift
con gurationin a polarcomputatiorcontext on multi-block structuredmeshegFig. 3.9).

Thequality of the POD-basednetamodels rst linkedto thegoodchoiceof the snapshotlistribution (for
steadyproblem).We aimedat putting forward systematicstratgjiesto achieve the optimal distribution of
CFDevaluation,usingsamplingmethodsanddesignof experimentsAnotheraspects theuseof anef cient
interpolationprocesdor the reconstructiorstepsuchaslinear and quadraticinterpolation,Radial Based
Function(RBF) andNeuronalNetwork (NN). For the two latesttopics,collaborationswith the CERFACS
Algo teamhave started.

FiG. 3.9-POD: Turbulent o w analysisn acomtustionchamber(left)datareconstructiorof Cp (right).

[1] Lumley J.,(1967),The structureof inhomogeneousirbulent o ws, AtmosphericlTurbulentand Radio
WavePropagation 166-178.
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[2] Delville J., Ukeiley L.,CordierL., BonnetJ. and GlauserM., (1999), Examinationof large-scale
structuresin a turbulent plane mixing layer. partl. properorthogonaldecomposition Journal of Fluid

Medanics 391, 92-122.

[3] Bui-ThanhT., DamodararM. andWillcox K.,(2004), AerodynamicData Reconstructiorand Inverse
DesignusingProperOrthogonaDecompositionAIAA Journal, 42(8), 1505-1516.

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

Theterm"Kriging" denotesa family of interpolationmethodswvhereweightingcoefcients arechosernto
minimize the varianceof the error [1]. First appliedin geologicalanalysis,t hasbeenextendedto mary
elds of application,ncludingagriculture humangeograpls, epidemiologybiostatisticoor archelogy The
Kriging methodis a linear interpolationmethodthat predictsvaluesat unknavn locations(i.e. response
surfaceconstructionfrom dataobseredat known locations(controlpoints).
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FiG. 3.10— NACA (m,p,16) pro le - Samplepointsin the parametespacewith two levels of re nement
(left part)andcorrespondingsolinesof the costfunction (right part).

RecentlyaKriging methodhasbeenimplementedn aKriging ComputationaSuitewhichis coupledwith
elsAsolwer. This suiteis dividedin four stages

1. De nition of thefollowing data:
2 Rangeof variationof theuncertainparameters.
2 Samplingin the selectedsubspacéor uncertainparameters.

2. CFD Computationsvith elsA:
2 Realizationof the simulationsfor eachsamplingpointin the uncertainparametespace.

3. DataProcessing
2 Computation®f thevaluestakenat samplingpointsby thefunctionto beinterpolated.
2 Creationof data les for Kriging method.

4. Kriging Method:
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2 Reconstructiomf the Respons&urface

2 Computatiorof the MeanSquae Error of Kriging method.

2 Visualizationof the Respons&urface

2 Determinatiorof thezoneto bere ned in theuncertainparametespace.

5. Returnto the rst stage.
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FiG. 3.11- NACA (m,p,16) pro le - Rokust solutionof the shapeoptimization(solid line) comparedo
symmetricshapgdashedine).

Firstly, Kriging computationasuitewasconsideredo computehecorrectionsieededo recoser equivalent
free- ight conditionsfrom wind-tunnel experiments.Using this approach,optimal correctedvalues of
the free-streanMach numberand the angle of attackfrom the compressiblegurbulent o w aroundthe
RAE2822 wing were computed[2]. It appearedhat sucha tool makes possibleto computeoptimal
correctiondor wind-tunnelparameters.

Secondlythe computationakuite hasbeenappliedto the caseof the multidisciplinaryshapeoptimization
of a 2D NACA airfoil [3]. The costfunctionis designedso that both the far- eld radiatednoiseandthe
aerodynamidorcesare controlled.In orderto increasethe ef ciency of the method,a dynamicKriging
methodhasbeendeveloped,which can be interpretedas an Adaptive Mesh Re nementmethodin the
shapeoptimizationparametergseeFig. 3.10andFig. 3.11).

[1] D. G. Krige, (1951), A Statistical Approachto some Basic Mine Valuations Problemson the
WitwatersrandJournal of Chemistry Metal. and Mining Soc.of SouthAfrica, 52, 119-139.

[2] J.C.JouhaudP. Sagut and B. Labeyrie, (2006), A Kriking approachfor CFD/Wind Tunnel Data
ComparionJournal of Fluids Engineeringin press.

[3] J.C.JouhaudP. Sagut, M. Montagnacand J. Laurenceau(2005), A surrogte-modelbasedmulti-
disciplinaryshapeoptimizationmethodwith applicationto a 2D subsoniairfoil, Submittedfor publication
to Computes and Fluids.

3.2.1.3 Neural networks (F. Blanc)

Neuralnetworks,basednasamplingarewidely usedn the eld of statisticso automaticallybuild models
descibingcomplex relationsbetweerinputsandoutputswith alow computationatost. The basicprinciple
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FIG. 3.12— Representationf aradial basisneuralnetwork

of neuralnetworksiis to createan approximationof a comple function by combiningsimple elementary
functions— calledneuons— througha network.

Theres a lot of differentstructuresof neuralnetworks, eachhaving its own advantagesand dravbacks.
Among thesestructuresthe Radial BasisFunctionsNetworfCFD83 hasbeenchoserafter comparatre
tests becausef its simplicity andits robustnessA RadialBasisFunctionsNetworkis basedon a layer of
elementaryradial functions.The outputof eachradial basisfunction dependsn the distancebetweenan
inputdataof the neuralnetwork andalist of elementgalledcentes which arede ned for eachelementary
function.Outputsof theneuralnetwork arecomputedisingaweightedsumof elementanputputfunctions.

To createan approximationof a function, someparameterof the network (numberand type of radial

functions positionof theircenterscoefcients of theweightedsum)have to becomputedhroughaprocess
calledlearning of the neuralnetwork. A completelyautomatidearningalgorithmhasbeencreated given

asetof samplef afunction,it builds a neuralnetwork which approximateshis function.

In orderto reducethe costof a geneticoptimizationprocessneuralnetworks have beenusedto predict

airfoil aerodynamicoefcients (lift anddrag). The neuralnetwork inputswere 6 parametersle ning the

shapeof theairfoil.

3.2.2 Optimization algorithms

Ef cient optimizationalgorithmsarethe key featuresto managecomputationatostsinceeachobjectve

evaluationcalledoptimizeriteratess a cfd calculationsometimesnvolving gradientscomputationThatis

why optimizermustbe adaptedo eachtype of optimizationproblem: DOT or CONMIN whengradients
areavailable,trustregion or patternsearcHor local gradient-freeptimization,geneticalgorithmfor global

gradient-freeptimization.

3.2.2.1 CONMIN/DOT (J. Laurenceay

DOT (DesignOptimizationToolsfrom VanderplaatR&D) or CONMIN (thefreeversion)arethegradient-
basedptimizersusedto drive theadjointmethodof elsAandallow nding local minimain aconstraigned
designspace.The processusing discreteadjoint stateof NS equationsand quasi-Nevton optimization
algorithm,is very ef cient andprecise Theseoptimizersarealsoableto computegradientsinternally' by

nite differences.
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FiG. 3.13- Paretofront achieved by solving the multi objective problem: Optimizing an airfoil shapeto
minimizeits dragandmaximizeits lift

3.2.2.2 Gradient-fr eelocal optimization (J. Laurenceay

Whenlocal minimumfoundby a quasi-Nevton methods not satisfyingor gradientcannotbecomputedy
anadjointmethod trustregion (CerfacsAlgorithm Team)or patternsearch{Sandias Asynchronous@rallel
Pattern Search)algorithmscan be more suited. Despitetheir higher numberof evaluationsto achiere
convergence theseoptimizersarelesssensitvesto local minima. Moreover, APPSis a parallelalgorithm.

3.2.2.3 Geneticalgorithms (F. Blanc)

DuringspringandsummerR005,somework ongeneticalgorithmshasbeendoneto evaluatetheir suitability
for solving optimizationproblemsin aerodynamicsA multi objective geneticalgorithmhasbeenusedas
a basisfor thesetests.This algorithmis an evolution of the famousgeneticalgorithmGADO [1] (Genetic
Algorithm for DesignOptimization).It hasbeencoupledwith the software elsA to solve multi objective
problems Experimenthave beenperformedon a testcasewhich consistan the optimizationshapeof an
airfoil shapeto maximizeits lift andminimizeits drag.

This testhasshawn thatthe geneticalgorithmcoupledwith elsAwasableto nd the Paretos front which

is the solutionof this problem,seeFig. 3.13.But the computationatostof this optimizationprocesswvas

too hight, even by usingall possibilitiesofferedby parallelcomputationlt wasthendecidedto testtwo
techniguego improve the computationakf ciency of the geneticalgorithm: the useof variable delity
andthe useof surrogate$CFD83).

— Variable delity : With this technique,elsA is not usedto evaluatethe performanceof all designs.
Someperformanceareevaluatecby alow costandlow delity software.Thetechniquekey pointis the
indicatorthatis neededo determinewhich softwareto usefor evaluatingthe performanceof a given
design.For theairfoil testcase a singularitymethodwasusedfor thelow delity method.Thevariable
delity techniqueallowedto solve this optimizationproblemroughly5 timesfasterthanwith theoriginal
geneticalgorithm.
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— Useof a surrogate: Theoriginal geneticalgorithmhasbeenmodi ed to solve the optimizationproblems
by usinga neuralnetwork to performrapid evaluationsof the performance®f somedesignsThis new
versionof the geneticalgorithmis ableto automaticallybuild the neuralnetwork. It canaddsamplego
databaseof the neuralnetwork to increasdts accurag whennecessaryThis geneticalgorithmenabled
to solve theairfoil optimizationproblem?2 timesfasterthanwith theoriginal one.

[1]Khaled MohamedRasheed(1998),Gado: A GeneticAlgorithm For 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. Boussugg

Initially, elsAwasdeveloppedfor solving steadyRANS equationswith classicalcorvergenceacceleration
methodssuchaslocal time steppingandmultigrid. However, the latter methodwasappliedto mean o w
equationonly which impliesa corvergenceshift betweerturbulenceandmean o w. This shift

To correctthis behaiour, amoreef cient implicit methodcanbe usedon turbulenceonly (work desribed
in Section3.3.1.2)or the FAS algorithmcanbe extendedo the setof turbulenceequations.

A work hasbeendonein thatdirectionandendsupto asigni cantimprovementof theturbulencequantities
convergencewithout improving the corvergenceof mean ow eld. In fact,this techniqueappearedo be
usefullonly whenthe meshpresents very high degreeof anisotroy in the directionperpendiculato the
o w. For suchacon gurationturbulentinformationsdoesnot propagteeasilyandturbulencemultigrid can
overcomethis problem.More over, differentbehaiours hasbeenobsened with respecto the turbulence
model.Theoneequationtransporimodelfrom Spalart-Allmaraseingthe morerohust.

3.3.1.2 GaussSeidelline (F. Lor cher, M. Montagnac, C. Gacherieu,J.-F. Boussugg

In elsA software, the linear systemcoming from the time integration implicit method can be solved
by different techniquesamongwhich the LowerUpper Symmetric Successie OverRelaxation(lussor)
method.In this method,the solutionis updatedpoint by point asin a point Gauss-Seidainethod.Many
otheralgorithmscanbe stateddependingon the orderin which grid pointsareupdatedOn anotherhand,
convergenceacceleratiothroughamultigrid algorithmis only triggeredfor themean o w partof equations.
Therefore the propagtion of informationis slower for turbulenceequationghat do not bene t from the
multigrid method.On top of that, industrialcon gurationsleadto complex mesheghat include mostof
the time hugeanisotropiczones.In thesepart, stretchedcells prevent a good cornvergenceon turbulence
equationssince information can not propagte easily and quickly in the direction correspondingo the
smallestcell dimension.

In this contet, a line lussormethodhasbeenimplementedand validatedon several con gurations.The
principle of this methodconsistsn usinga line relaxationin the directionof the smallestcell dimension.
For eachline of pointsto beupdatedatridiagonallinearsystenmhasto besolvedin thescaladussorversion.
In the matrix lussorversion, the linear systemcan be block tridiagonal or pentadiagonalln industrial
applicationsit is toohardto de ne auniquefavoreddirectionandall directionsarealternatedn theprocess.
Fig. 3.14 shavs the corvergenceof global coefcients for an AS28 con guration at a Reynolds number
Re = 1:41(°, aMachnumberM; = 0:8 andan angleof attack® = 2:2. Turbulenceis modeledby
Spalart-Allmarasequations.The dottedline is the convergenceof the line lussorappliedon turbulence
equationonly. Theplainline is the convergenceof thereferencecomputation.
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FiG. 3.14— Corvergenceof lift (left) anddrag(right) coefcients for anAS28wing con guration.

3.3.1.3 Preconditioningfor low-speed ows (Y. Colin)

Preconditioningtechniquesinvolve the alteration of the time-dervatives usedin time-marchingCFD
methodswith the objective of enhancingheir corvergenceandaccurag. The original motivation for the
developmentof thesetechniquesrosefrom the needto computelow speedcompressibleo ws ef ciently .
At low Machnumberstheperformancesf traditionaltime-marchingalgorithmssuffer becausef thewide
disparity that exists betweenthe particle and acousticwave speedsPreconditioningmethodsintroduce
arti cial time-dervativeswhich altertheacoustiovavessothatthey travel at speedshatarecomparablén
magnitudeto the particlewaves. Therebygood corvergencecharacteristicsnay be obtainedat all speeds.
One of the major problemsconcerninglow-Mach preconditionerds that they loose robustnessin the
neighborhoof stagnatiorpointsor in boundarylayers[1].

The Weiss-Smithpreconditioner[2]is theoreticallythe mostrobust preconditionerdueto its eigervector
structure[3]Jand it hasbeenimplementedand validatedin elsA. Besidesit turnsout that the low Mach
numberpreconditioningdoesnot only improve the corvergenceof the systembut is alsoresponsibldor
maintainingaccurag at low speedsThusthe Roe and Jamesorschemesave beenmodi ed to have a
correctconditioningof thearti cial dissipationtermsandto ensurereliableaccurag atall speeds.

[1] E. Turkel, (1999), PreconditioningTechniquesn ComputationaFluid Dynamics,Annual Review in
Fluid Medhanics 31, 385-416.

[2] 3.M. WeissandW.A. Smith, (1995),PreconditioningApplied to VariableandConstanDensity Flows,
AlAA Journal, 33.

[3] D.L. Darmofal andPJ.Schmid,(1995), Theimportanceof eigevectorsfor local preconditioningof the
EulerequationsAlAA paper, AIAA-95-1655.
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3.3.2 Meshingtechnics
3.3.2.1 Nomatchboundary conditions (M. Montagnac)

Grid generatioris a crucial problemfor the computationof complex aircraftcon gurationsusinga body-

tted structured-bloclsolver. A key pointis thetype of interfacebetweentwo zonesor grids usedduring

the geometrymeshing.n caseof one-to-oneatutting or matchinginterface,local re nementsaroundthe

geometryand o w regions of specialinterest(boundarylayers,stagnationliines, wakes) tendto spread
throughthe whole con guration domainevenin zoneswheregradientsare expectedto be weak. This can

leadto verylargegrids,especiallyfor complex geometriesCERFACShasdevelopedtheef cient technique
of conserative non coincidentadjaceninterfaceboundaryconditionor mismatchedtutting interfacesto

simplify the grid generationTwo domainsmusthave a commonadjaceninterface,but grid pointsof both

interfacesdo not have to be at the samelocationor coincident.Grid linesthroughthe interfacemay be not

continuousTherefore this approactpreventsmeshpointsfrom spreadingrom a block to others.lt is also
possibleto meshindependentlywo partsof a geometryandjust to akut the two resultingmeshego get
thewhole mesh.This meshingtechniquenasalreadybeenimplementedandvalidatedin the elsA software
andAirbusfully exploits this numericalfeaturein its productionervironment.Nearlyall their meshesow

includesnon-matchingnterfaces CERFACS now improvesandsupportshis approacho still helpAirbus

in decreasingimulationturn-aroundimes.

Thenon coincidentinterfaceboundaryconditionis the coreof the sliding meshfeature.This functionality
could be helpful in turbomachinenactiities or in aerodynamicsroundadwancedhigh-speecdropellers
for aeroelasti@nalysis.The actuatordisk boundaryconditionoften usedto modela propellercanthenbe

replacedoy the meshof a propelleritself.

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

Wall laws appeatto be usefulfor global costreductionof high ReynoldsRANS computationsTheir use
is moreandmorecurrentin complex CFD con guration andthey aresystematicallyassociatedvith other
numericalmethodsandmeshingtechnics A validationwork hasbeendoneat CERFACS aroundthe wall
law implementationin the elsA code[CFD87. The testedwall laws are Houdeille's onesbasedon an
aprioriagglomeratiorof nearwall cells[1]. Compatibilitieswith low speedoreconditioningwith 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 ¢ meshis built from the ne low-Reynolds meshes
using Airbus Francetools damas, EDM and Quickview. The 24 rst cells are concatenatedor wall
adjacentblocks. Comparisonsare madewith and without wall laws for local quantities,pressureand
friction coefcients. Wall laws run smoothlywith the preconditioningevenif somedifferencesappearfor
thefriction coefcient.

Compatibility of wall laws with AMR has beentestedon wing-body con guration AS28G_WB. An
anisotropicAMR blockis usedonthe extradosof thewing to capturegheshock.Thistest-casgutsforward
somelimitationsof theelsAsolverregardingto theuseof AMR in parallel.Neverthelessheseproblemsare
notrelatedto thewall laws andresultswith andwithout wall laws aresimilar. During thatwork, no-match
boundaryconditionshave beentested.Indeedthatkind of boundaryconditionshave lesslimitations both
for meshgeneratiorandfor multi-processocomputations.

This study hasbeencarriedon with anothertest-caseving-bodyandnacelleAS28G_NCT Herethe no
matchboundaryconditionsare strictly aroundthe nacelle.Figure 3.15 shaws the isocontoursof Y& in a
slice normalto the spanwiseThe no matchboundaryarerepresentewith bold line. We have checledthat
theseboundaryintroducefew perturbationsFor thesethreeapproacheshe compatibility with wall laws
is guaranteedrurtherstudiesshouldbe doneto valid wall laws with othernumericalmethodssuchasgrid
sequencingALE formulationandChimera.
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[1] E.Goncales,(2001)Implantationetvalidationdelois deparoi dansuncodeNavierStoles PhDthesis,
EcoleNationaleSupérieuralel'Aéronautiqueet del'Espace.

FiG. 3.15— No matchBC - Wall laws, isocontoursof ¥&£

3.3.2.3 Wall functions (S. Champagneuy

It is well-known that turbulent o ws computationgor 3D multi-blocs con gurations needan important
effort, sinceglobalquantitiessuchasdistanceo thewall,... aregenerallyneededy theturbulencemodels.
In theframework of DTP Modélesde DonnéesAérodynamiquegmodelsfor aerodynamiaata)[CFD8(,
andin orderto decreas¢he numericalcostof turbulent3D computationsthe aerodynamiceamhasbeen
involved in the implementatiorandin the validationof a wall function approachor Reynolds Averaged
Navier-Stokes (RANS) computationsn elsA. The principle of wall functionsis to decreasé¢he numerical
costof thecomputationsseplacingtheclassicahon-slipboundaryconditionby moresophisticatedelations
betweenthe variablesand their derivatives. The wall function modelis coupledwith the high-Re/nolds
reductionof the turbulencemodels,which generallydoesnot needthe distanceto the wall. Contrarily to
classicalimplementationdasedon a large cell abose thewall, ourimplementatioris basedon a ctitious
wall, translatedrom therealone.We choosehistechniquebecausdt is easyto couplewith computational
costdecreasindechniquessuchasmultigrid schemesandwith methodsto increasethe precisionof the
computation(AutomaticMeshRe nement-AMR- for instance)Our formulationis only sensitve to one
parameter thedistancebetweerrealand ctitious walls.

In practice,thereis no differencebetweenthe real wall andthe computationabne.To constructa mesh
adaptedor wall functioncomputationsye needthesamemeshtopologyasfor low-Reynoldscomputations
(upto thewall). Theformulationimpactonthemeshgeneratiorappear®nly in the choiceof thecell height
h for the rst row above thewall : we typically choosefor wall-laws computations non-dimensionedell
heighth™ suchthath™ ' 50. The meshobtainedis lessre ned thanfor low-Reynolds computationand
containsabout20%cell fewer.

3.3.3 Applications
3.3.3.1 Fluid/Structur e interactions (J. Delbove)

The eld of aeroelasticitystudiesheinteractionbetweerinertial, elasticandaerodynamidorcesactingon
a ight vehicle.Industrialpartnersmale signi cant efforts to introducethis eld in anearly phaseof the
designprocessn orderto minimize costsandproductiondelays.CFD simulationgplay a majorrole in this
objectie. This actwity is oftendividedin two sub-domains staticanddynamicaeroelasticity

The rst areaof interestis the static uid-structure interaction.In steady ight condition,the shapesof
aircraftwingsaredeformedby the constraintof aerodynamidoads.CERFACS[CFD2§, in collaboration
with Airbus,hasdevelopedanalgorithmwhich, for agiven e xibility matrixrepresentinghewing structure
andfor a setof ight conditions,computeghe deformedwing shapeandthe uid o w. It impliesthata
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robust meshdeformationalgorithmmustbe availablein 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 dynamic aeroelasticityand direct industrial applicationis the utter
prediction.Flutteris adestructve uid-structureinteractiondueto atransferof enegy from the uid to the
aircraftstructurelt is characterizetdy agrowing oscillationwhich canleadto thedestructiorof theaircraft.
It canbe predictedeitherwith the useof unsteadyaerodynamidoadsprovided by unsteadysimulationsor
with adirecttemporal uid structuresimulation.CERFACS hasimproved numericalmethodsor unsteady
simulationsn theelsA softwareto getreliableloadsin nonlinearregions.Thesdoadsarethenusedby the
PK method[1] to predictthe utter phenomenakig. 3.17 shavs a goodagreemenbetweenutter results
obtainedwith the PK methodanddirectaeroelastisimulations However, thelatteraretoo expensve to be
affordablein anindustrialervironment.

[1] C. A. Irwin andP. R. Guyett,(1965), Thesubcriticalresponsend utter of a sweptwing model,Royal
Aircraft EstablishmentAugust1965,Rept65186,FarnboroughEngland,U.K.

3.3.3.2 Air intake computations(Y. Colin)

Nacellesdesignmustful Il geometricatonstraint@ndenginerequirementsOneof theenginerequirement
is focusednotably on the homogeneityof the o w in front of the compressowvhich is quanti ed by the
distortionlevels of the total pressurédn the fan plane.Planeon the groundwith crosswindinlet o ws is
a critical casefor the nacelle: it occursa subsonicor supersonicseparatiorin the inlet dependingon the
enginemass o w. The resultingheterogeneityf the o w may accountfor the outbreakof aerodynamic
instabilities of the fan blades.CERFACS, in collaborationwith Snecma,s working on the numerical
simulationof suchcrosswindinlet o ws in orderto predictdistortionlevels. This applicationis featured
by the cohabitationof incompressibleand transsonicareasalongwith turbulent stagnationareason the
inletlip. Thenumericalissuedueto low Machnumbercrosswind o ws may be solved by preconditioning
techniquesandan accuratedescriptionof the separatiorrequiresturbulencemodelinvestigations.Figure
3.18 shaws a preconditionedRANS computationon the Lara nacelleusingthe Spalart-Allmarasmodel.
Thecrosswindspeeds setto 35kt (correspondingo Machnumbersof 0.05)andtheenginemasso w rate
is about750kg:s' 1. It turnsoutthatthe subsoniseparatioris prettywell predictecby themodelandgives
levelsof distortioncloseto the experiment.
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FiG. 3.17 — Flutter boundarycomputedby the P-K methodand direct aeroelasticsimulationson a 2D
con guration.
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FiG. 3.18— PreconditionedRANS Laranacellecomputations (a) Machand(b) total pressurésocontours

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

The useof advancedCFD computationto determineaerodynamideaturesof a full aircraftcon guration
hasbeencarriedon within the EuropeanprogramAWIATOR(FP5)[CFD109. Predictionof full setof
aerodynamiaoefcients including dynamicderivativesis of greatinterestfor ight mechanicgproblems
suchasstability, maneuerability andglobalbehaior of anAircraft Con guration (A/C).

elsA-RANS computationshave beendoneon full A340 gridswith nite fuselageandengineinstallation
(seeFig. 3.19). Resultsof ®-effect and pitching effect have beencomparedo wind tunneldatafrom our
project partnerAirbus-EGAG. In orderto dealwith non-symmetriccon gurations ( -effect), wall laws
have beenusedon 12 million nodesgrid. As a conclusionthe advancedCFD hasgivengoodresultssince
viscosity effectsaretakeninto account.The next stepwill beto matchefcient wall laws with Arbitrary
LagrangiarEulerian(ALE) formulationandto take advantageof Full Multi-Grid SequencingFMG).
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FiG. 3.19—- A340 A/C : Flight Mechanicsaxisde nition (left) andpressuralistribution, 8=2 (right).

FiG. 3.20— Meshof alow noiseexhaustnozzle

3.3.3.4 VITAL project (E. Blanc)

VITAL projectis an Europeanproject which began at the beginning of 2005. The goal is to reduce
commerciakircraftenginesoiseandemissionsUsingthe RANS softwareelsA, CERFACSis involvedin

the computatiorof severaljetson differentcomplex con gurationsof bypasget enginenozzles.

Among the challengegaisedby the computationspneis meshsizesrequiredto preciselycomputejets
(morethan 11 millions of cells), seeFig. 3.20.In orderto decreasehe numericalcost,we rst extract
coarsemeshedrom theoriginal oneandcomputethe o w onthecoarsemeshusingmulti-grid technique,
andthen,we usethe solutionobtainedon the coarsemeshto initialize the o w on there ned one.This
is whatwe call the Full Multi-Grid Technique Thanksto this technique high corvergencelevels canbe
achievedatalow numericalcost.VITAL projectis anopportunityto useelsAonnew andrealisticindustrial
con gurations.

3.4 Software engineering

3.4.1 Managementand Support (M. Montagnac, J.-F. BoussugeS. Champagneuy

CERFACSindustrialpartnergequirenot only performanceteliability androbustnes®f softwaresbut also
high turnaroundime responseén the software developmentprocessFurthermore CERFACS researchers
also ask for code simplicity and clearnessas well as for a highly-tunableand scalablecode. As a
consequencesoftware managemenand code engineeringare topics of the primary importanceboth in
aresearclandanindustrialworking ervironment.
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FiG. 3.21— Evolutionsof CPUtime.

Therefore,the aerodynamicgroup takesin chage a lot of suchactvities mainly in the ONERA elsA
software.This softwareis jointly developedoy ONERA andCERFACS but is deployedin mary european
researctandindustrialpartnerslt comesalongwith procedure$o enhanceroductvity in amulti-userand
multi-platformenvironment: cvsmanagemertbols,softwarequality programdocumentationynitarytest
casesnonregressiorandvalidationdatabasegrainingsessions.

Commonworks include checkingsof new version compliancewith the non regressionand validation
databasesntegrationof new developmentsn the cvsrepository contritutionsto deluggingandto quality
reviews andthewriting of users anddevelopers guidesandtheoreticaimanuals.
Portabilitytestsoptimizationandbenchmarkingctionsarealsofrequentactivities to ensurehereliability
andthe efciency of the codeon mary different computerplatforms,andto enablesmoothtransitions
wheneerindustrialpartnergenav their computingfacilities.

Finally, theinstallationat CERFACSby theteammember®f theindustrialervironmentdeliveredby Airbus
leadsto arealsynepgy betweerthetwo partners.

3.4.2 Codeperformance(J. Tournier, M. Montagnac)

Theperformancémprovementof the elsA softwarehasbeenanimportantobjective. In the currentproject,
a reoiganizationof the memorymanagemendn the entire codewas carriedout. The resultsare exposed
onFig. 3.21.This gure presentsheevolution of the CPUtime (Y-coordinateandthe numberof cellsper
direction(X-coordinate)or the studyof isotropicblocks.

This modi cation of the codecompletelyremaovesthe peaksof CPU time for the two computerswith the
Dec Alpha processorlndthe OpteronprocessorOn the otherhand,the behaior is differentavay from
the peaksWith the Dec Alphaprocessqgra CPUtime increaseof 20%is notedbetweertheelsAreference
version(NO SWAP) andthe elsamodi ed version(SWAP). With the Opteronprocessqranimprovement
of 5%to 30%is obtained.
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This differencecomesfrom the bettermemorymanagememf DEC Alpha compilerin versionNOSWAP

thanin versionSWAP. For example vectorizationcannotbe carriedoutin versionSWAP. Thisremarkdoes
notapplyto the pgi compileron the Opteronmachine.

A secondtest-casavas studiedon the S3Chcon guration (wing+pylon+nacelle).On this case the DEC

Alpha processorprovide animprovementof the performancedy 5%. An improvementof 17% with the
Opteronprocessorss obtained.

Theseresultsare very dependenbn the architectureof the computingplatform. The positive point is the
removal of CPUtime peakswhich remainsdesirable put otherstechniquesuchaspaddingare possible.
In conclusionjt appeardglif cult to statede niti vely on the needfor applyingthis memoryreoiganization
in theelsAsoftware.

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

As co-developerof theelsA software, CERFACS maintainsa constaneffort to ensurats improvementand
evolution. Indeed,mary speci c actionshave beenconductedhroughprojectsto enhanceupgradeand
provide new numericafeaturesandmethodsTheseactiities aredescribedll alongsection3.3.

In an industrial contet, the aerodynamicnumerical simulation tool is only a componentin a
whole multidisciplinary designand data processthat includesmary different tools as post-processing,
visualization,meshgeneratgr meshdeformation...Airbus has de ned a proprietarycommonsoftware
architecturefor its numerical simulation needs. This ow simulation system should ful ll mary
requirementsas performingfully parallel simulationsand scenariosn a reliable and ef cient way with
a high-level of automationWith this approachijt would also enableto couplesolversto perform multi-
physics simulations.A commondatamanagelimplementedn langage Pythonwill held all information
concerninghe simulationandwill dispatchthemto third-partytools.

In thistopic, CERFACS cooperatesvith ONERA to write speci cationsin orderto adaptthe elsA software
tothisnew o w simulationarchitectureWith thesespeci cationsthecommondatamanagecouldprovide
the uid solverwith the correctinformationneededy the elsAinterface.

CERFACS is alsoinvolved in a projectthat aims at building a component-orienteglersionof the elsA
software.Indeed,mary numericalfunctionalitiescodedin this solver areindependenof the Navier-Stokes
soler itself. By example,somegrid deformationalgorithmsareimplementedout they could be usedby
other solhersif they were available througha public interface. Other examplesinclude computationof
connectvity coefcients in chimeramethodor for non akutting adjacentzonal boundariesand distance
calculation. The major work consiststhen in analyzingthe different parts of the software that can be
gatheredandredesigrihe elsA architectureo form coherenandindependentomponentsisableby other
solversor tools.

Theprevioustaskwaspartly begunthroughanONERA-DLR collaboratiorin which CERFACSwasinvited
to participate.The goalwasto introducea commonsharedview betweenthe elsA software andthe TAU
code.

Lastly, the increasingavailability of massvely parallelprocessingsystemswith relatively small memory
for eachprocessoleadsCERFACSto beparticularlyinvolvedin thereductionof the elsasoftwarememory
requirementindeed,this software handlesreally memoryintensve applicationsand mustrun on a broad
rangeof computersystemsTherefore refactoringwork hasbeeninitiated to decreasenemorystoragen
the software.

3.4.4 Parallelism (M. Montagnac)

On multi-processorcomputerarchitecturesvith sharedmemory(SMP), two main parallel programming
modelsareavailableto increasehe parallelperformancef acode: OpenMPandMPI.
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OpenMPprovidesasimpleand e xible interfacefor developingparallelapplicationsIn collaboratiorwith
the CERFACS "Parallel Algorithms" team, a stratgly hasbeenelaboratedo parallelizeelsA ef ciently
with OpenMP It hasbeenimplementedn someof the most CPU-timeconsumingfunctionsof the elsA
software, especiallythe implicit time integrationmethod.Evenif performance®btainedcould not reach
a perfectspeedupthis approacthis still worth consideringsinceit could avoid an extensive meshsplitting
thatcoulddegradecornvergenceandrobustnes®f computations.

Using the MPI messag@assingdlibrary needsa deeperknonledgeof the codethanwith OpenMPbut it
is alsooftenmoreefcient. To adaptthe codeto run on massvely parallelprocessingystemsCERFACS
hasproposedo ONERA sometechnicalsolutionsthat needto be implementedn orderto increasethe
scalabilityof theelsA software.Consequentlysomedesignrefactoringsareunderinvestigationsin orderto
reducethe numberof synchronougommunicationgndthe sizeof messageto decreassigni cantly the
datatrafc overthe communicatiometwork. The useof asynchronousommunicationgndthe reduction
of collective paralleloperationshouldalsobe promisingto avoid processoidle time.

Thesehigh performancecomputing actiities are carried out with the CERFACS internal computing

facilities but alsowith externalcomputingresourcess supercomputerfom the Frenchnationalcenters
CINESandCCRT.
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1 Overview Presentation

Letus rst recallthemainobjectivesof the ComputationaElectomagnetismProject’ :

— dealwith thelargesizeproblemsrelatedto propagtionandscatteringpf time-harmonielectromagnetic
wavesarisingin realworld industrialapplications,

— facethedemandn fast,reliableandaccuratelgorithmscomingfrom this areaof activities.

This demandis expressedin a concretemannerthrough the following collaborationswith industrial

partners

— scatteringf electromagnetivavesby alargemetallicstructurewith anelectricallydeepcavity : MBDA-
EADS;

— interactionof a satellitewith aninboardantenna CNES— AntennaDepartment

— treatmentof generalgeometricaland/or physical symetrieswith generalsources. CNES — Antenna
Department

— scatteringoy imperfectlyconductingsurfacesmodelledby animpedancéoundarycondition: Dassault-
Aviation;

— coupling of a Finite ElementMethod with a Boundary ElementSolution by meansof the adaptve
radiationcondition: CEA-CES™A ;

— electromagneticompatibility of a wind turbinewith a civil aviation antenna DGAC. This studywas
carriedoutin collaborationwith ENAC.

The rst two itemsanswera demandf CERFACS shareholdersThe rst topic hasbene tedfrom agrant,

jointly supportecby MBDA-EADS andANRT, for the Ph.D.thesisof N. Balin. Similarly the secondopic

hasbene tedfrom a joint supportof CNESand CERFACS for the Ph.D.thesisof N. Zerbih Thesetwo

thesesarenow nished.

Besidesthe approachespeci cally developedfor the above topics,somemore fundamentaktudieshave

beenconductedThey concern

— sometheoreticabspect®f DomainDecompositiorMethods(DDM),

— hybridizationof differentsolutionprocedures,

— theresonanc@henomena,

— numericalmicrolocalanalysisof harmonic elds,

— Shapeeconstructiorof buriedobjectsin collaborationwith INRIA-Rocquencourt,

— constructiorof preconditionnerby meansof analyticaltools.

As well-known, the methodologydevelopedfor the electromagnetigvavescanapply, with generallysome

slight modi cations, to acousticwaves.Moreover, becausacousticvavescanbe merelycharacterizedhy

a scalarunknavn, the methodsdevelopedfor them canbe consideredasa rst stepbeforehandlingthe

electromagneticase This explainswhy someof the studiesconductedduringthetwo lastyearshave been

dedicatedo acoustigproblems.

Apart from somevery basictheoreticalstudieslike the above rst andlastitem, oneof the mainconcern

of theteamis to translatehe actiities in termsof new functionalitiesof the CERFACS Electromagnetism

Solver Code (CESC).Recallthat CESCis highly tunedto fully take adwantagefrom the capabilitiesof

High Performanc&omputing(HPC) parallelplatforms.In this respectfwo otherfunctionalitieshave been

addedto CESC.The rst oneconcernghe possibility to hybridize a Finite ElementMethod (FEM) and

a BoundaryElementMethod (BEM) with several couplingproceduresievelopedto dealasefciently as

possiblewith variouspracticalcasesThesecondunctionalityis relatedto the possibilityto take advantage

of generalgeometricabndphysical symetrieswith or without symetricexcitations,to signi cantly reduce
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the amountof computationsThe study on the wind turbine bene ted from this new functionality in a
essentiamanner

The Multi Level Fast Multipole Method (MLFMM) is the most advancedtechniquefor solving the
formulationof thebasicequation®f electromagnetisim termsof Boundaryintegral EquationgBIE). The
teamhasgaineda greatexpertisein this techniqueparticularlyin its implementatiorwithin the frameawork
of HPC platforms.The advancesachiezed in this domainconcernthe hybridizationwith a FEM andthe
particularizationto the cavity problem.The new challengeis now to extendthis solving techniqueto the
caseof animpedancéoundarycondition.

The studiesundertalenthe lastthreeyearson the scatteringoy a large structurewith a deepcavity canbe
considereds nished for the caseof a perfectlyconductingcavity.

The membersof “ComputationalElectomaynetismProject’ madecreditableefforts to reconciletheir
obligations as regards developmentof 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 contrikuteto theoverall RadarCrossSection(RCS)of aircrafts. The determination
of suchakind of RCSis reducedo thecomputatiorof theelectromagnetieeld scatteredby anelectrically
large structurewith a deepcavity. This importantissuein stealthtechnologyis characterizedy several
dif culties preventingto addresst by standardechniquesventhe MLFMM which is the mostpowerful
of them.

In collaborationwith MBDA-EADS, theteamhasconductedn thelastyearsa systematicstudyto develop
appropriatenethodgor solvingthis kind of problemsIn somemeaningthe defenceof N. Balin's Ph.D.
thesishasconcretelyexpressedheendof a rst signi cant step: thecaseof ametalcavity canbeconsidered
ascompletelysolved.

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

— theinterior of thecavity is treatedby asubstructuringpproactsolvedby a BIE methodin orderto avoid
theusualdispersie awsof FEM,

— anoverlappingdecompositioomethodis usedfor couplinganexactmethodfor alimited areacontaining
the openingof the cavity with a high-frequeng asymptotianethodto handletherestof the structure.

Figure FIG. 2.1 gives a side view of a “COBRA" cavity within a large fuselage.lt constitutesa case-
test specially designedto benchmarkthe performanceseachedby methodsand codesdedicatedto
electromagnetiscatteringproblemsfor this kind of scatterers.

FigureFiG. 2.2 depictesa schematioziew of the decompositionsf the cavity andof the exterior boundary
which areusedin theframawvork of the hybrid method.

At afrequeny of 10 GHz andfor approximately5 points by wavelength,the numericalsolution of this
problem has requiredabout 230,000degreesof freedom.The plot in FIG. 2.3 shavs that the hybrid
procedurevell agreeswith anexactsolving.

The hybrid approachcan be comparedto a standardMLFMM solving in terms of the respectie
computationatostof thesemethods

— The Multi Level FastMultipole Method
— Computatiorof the nearinteractiongmatrix: 2 h
— Computatiorof the RadarCrossfor oneincidence 9.5h
— Total CPUtime: 1723h
— The Hybrid Method
— Eliminationof the degreesof freedomat theintrior of thecavity : 1 h 20mns
— Raytracing: 272h
— TotalCPUtime: 343h
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FiG. 2.1- Cobracavity within alargefuselage
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FiG. 2.2— Schematiwiew of thevariousdecompositiongvolvedin the hybrid method.
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FIG. 2.3— RadarCrosssectionof the“COBRA” cavity within afuselagecomputedby the hybrid 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 addresseadoncernsthe numericalcomputation,using the FEM, of a radiatedor a
scatteredime-harmonicacoustic eld in the presenceof a rigid obstaclesurroundedby a nite region
inhomogeneoulsyled with penetrablenaterials A secondcharacteristiof theproblemis thatit is related
to relatively high-frequeng situations sothatit becomesiecessaryo resortto HPC on massiely parallel
platformsto be ableto performthe actualcomputations.

Themainissueherein,arguably is to nd asuitableway to ef ciently treatthe unboundedegion beyond
the nite elementmesh.Two classe®f suchtreatmenthave beendevelopedandintensiely used.

The rst classcanbecalled“approximatemethods’in thesenseahat,aninherenterrorremaingresentven
withoutary errorof discretizationThe mainadwantageof thesemethoddies in thefactthatthey leadto a
linearsystemwith a purely sparsematrix (e.g.,[9]). However, thesemethodshave a majordisadwantagelt
is not possiblein generato controlthe accuray of the solutionthey deliverin theend.

For the secondclassof methodsthe only errorsarecomingfrom the discretizationThey arehencecalled
“exact methods”and are generallybasedon a coupling of a FEM with a BEM (e.g.,[8]) like it is done
in this study A major disadwantageof thesemethodsjn the contet of HPC, is thatthey leadto a matrix
whichis partly densedueto the partof thediscreteequationgelatedto the FEM, andpartly sparsefor the
onesconcerninghediscretizatiorby a BEM. More preciselythe generalinear systemsolversin theHPC
contet aretailoredfor eitherone of thesetwo typesof matrices.To the bestof our knowledge,it seems
thatto-datethereis neithera suitablemethodnora HPC codespeciallyadaptedo dealwith a matrix partly
denseandpartly sparse.

To overcomethis dif culty , aquite obviousapproachs to usea DDM to uncouplethe partof theequations
relatedto the BEM from thatconcerninghe discretizatiorby the FEM by meansof aniterative procedure
asthisis donein (e.g.,[11, 3]). However, asexplainedbelow, the mostnaturalproceduresvhich consistof
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transmittingeitherDirichlet or Neumanrdatafrom onedomainto the other do notwork in the framework

of problemswith weak coercvenesspropertiedik e thoserelatedto waves propagtion. The correctway

to dealwith this kind of problemswasintroducedby Desprég6]. In this study we followed this way to

proceedsince,atleastatthelevel of thecontinuougproblem thatis, without consideringary discretization
error, the corvergenceof the algorithm can be establishedheoretically[6, 5, 3]. However, we departed
from this previouswork in two fundamentadirections:

1. Only standarBEM areusedinsteadof thosedoublingtheunknavnsbasedn anotheprinciplethan
theutilization of theusualGreenkernel[4, 2] ;

2. Theprocedureve developis aFETI-like methodin thesensdahatthe DDM canbeinterpretedexactly
asanefcient iterative procesgo solve the couplingof the FEM andthe BEM formulation.

A detailleddescriptionof the approachcan be found [CEM13] which will appearin a specialissueof
Computes & Structues

Anotherissuewhich wasaddressedoncernghe useof a DDM oncemorefor solving the sparsesystem
relatedto theFEM insteadof the parallellibrary MUMPSA new approachasbeendeveloppedo overcome
thewell-known dif culty metin this context for degreesof freedomsharedoy morethantwo subdomains.
A theoreticalstudy establishingcorvergenceand stability of the approachs reportedin [CEM12] which
hasbeenacceptedor publication.Somepreliminary promisingresultsfor the couplingwith a BIE are
alreadyavailablefor the 2D casethe 3D onebeingpresentlyin progress.

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

The radiatingpropertiesof an antennacan be sometimesdiocumentednly by measurements the far-
eld zone.ls it possibleneverthelesgo obtainthe eld thatit radiatesn the presencef alarge structure
like a satellite.In collaborationwith CNES,theteamhaspreviously publisheda study[CEMZ2] which has
completelyansweredhis issuewhenthe antennais separatedrom the structureby at leasta quaterof
wavelength.

The next issuewasto determineif it would be possibleto extendthe procedureso thatit candealwith
an antennadirectly posedon the structure.This questionwastackledin a prospectie studyin the two-
dimensionnatase.

The rst conclusionthatcanbe drawn is thatit is not possibleevento assumehatthe structuredoesnot
modify the eld emittedby the antennaFigure FiG. 2.4 depictesthe far- eld patternfor a completely
coupledformulationandthat obtainedoy assuminghatthe structureonly re ects the eld emittedby the
antennaut doesnot modify its radiationcharacteristicsvhenthe antennas separatetby a distanceof one
wavelengthfrom the structure Clearly, theapproximationis valid in this case.

If now the antennas placedat a distanceof a tenthof a wavelength, gure FIG. 2.5 shavs thateventhe
effect of the structureonthe eld emittedby theantennacanno longerbeneglected.

We have thentried the following setup.We have placedthe antennaon periodically distributed slots as
depictedn gure FIG. 2.6whoseroleis to trapthenear eld enegy of theantenna.
It wasnext possiblefor the numericalsimulationto ctitiously move away the trapsat a distanceof =4
from the antennaandto useonly thefar eld emittedby the antennawithout ary signi cant modi cation
of the eld obtainedfor the exactsetupwith anexactsolvingasindicatedin FIG. 2.7.
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FIG. 2.4—Far eld patternof anantennaseparatethy , from astructure exactandapproximatemodeling.
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2.4 Coupling FEM and BIE solutions with an Adaptive Absorbing
Boundary Condition (N. Zerbib)

We considera large perfectly conductingstructureon which is posedan inhomogeneouslielectricin a

restrictedzoneasdepictedn FiG. 2.8a.To solve electromagnetiscatteringandradiationproblemsfor this

kind of con guration, an ef cient hybridization of a FEM with a BIE basedon an Adaptive Absorbing

BoundaryCondition (AABC) was developped.The standardapproachpresentedn [1, 10, 7] consists

in truncatingthe computationaldomainby usingan ctitious surfaceon which is setan AABC derived

from a BIE asdepictedin FIG. 2.8h Unlike the standard=EM-BIE approachthis FEM-AABC coupling

constitutesa really powerful method:

— Theproposednethodis free of interior resonance

— It producesa purely sparsdinear systemmatrix.

— Only theright-handsideof thelinear systemis changedrom oneiterationto anotherone.

— All the integrals involved in the formulation are not singular and thereforecan be determinedby
guadraturdormulasonly;

— Finally, theradiationcondition,seton an arbitrarily shapedctitious surfacewhich canbe placedvery
closeto the scatterer/antennés exactly satis ed asfor standard~-EM-BIE approacheat convergence.

However, despitethesevery attractve properties,the dispersionerrors inherently attachedto a FEM

approximationof a wave phenomenortan becomeprohibitive : evenif the ctitious surfacecanbe set

closeto the scatterer/antennd, mustwrapup all the structure.

As depictedin FIG. 2.8c,the formulationdesignedn [12], is typically characteristiof an overlapping
DDM. It enabledor the reductionof the FEM discretizationto a localizedzoneonly while the exterior

computationalomainis dealtwith by a BIE. Thereis a dif culty in the abore extensioncomparatrely to

theinitial method,asthis is mentionnedn [7, 10]. The FEM allows for the determinatiorof the currents
only inside the dielectrics.In the restof the structure,it is the Electric Field Integral Equation(EFIE)

which hasto beusedto this purposeHowever, this BIE thenbecome®xpressedy meanf hypersingular
integrals. This dif culty is overcomeby performingan integration by partsto remove all the integrals
that do not corverge in the usual meaning.While keepingthe main attractve propertiesof the FEM-

AABC approachthe FEM-BIE-AABC methodreduceshe computationadomainattachedo the FEM

approximationandalsothe numberof iterationsof the standard=EM-AABC. The requiredevaluationof

boundaryintegralsin the calculationof the AABC andtheresolutionof the exterior BIE canbe carriedout

usingtheMLFMA. Unlikethestandard~EM-BIE approachit only requireshesolutionof two completely
uncoupledsystems: one purely sparseand the secondpurely dense.The capabilitiesof the FEM-BIE-

AABC procedurareillustratedin FIG. 2.9whichdepictstheresultsobtainedrom thestandard~EM-BIE,

the standard~EM-AABC andthis approactfor the determinatiorof the eld radiatedby a circular patch
antennamountedon alarge perfectlyconductingstructure.

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

It is well-known that the internal resonanceiside a cavity severely slowv down the corvergenceof the
iterative procesoupledwith the MLFMM despitethe useof high performingpreconditionersThanksto
the aforementionnedubstructuringprocesso dealwith the equationsandthe degreesof freedominside
the cavity, the scatteringproblemis now seton a closedsurfaceconsistingof the exterior boundaryand
the apertureof the cavity. This malesit possibleto usea CombinedField Integral Equation(CFIE) for
an ef cient determinatiorof the exterior eld [12]. More particularly the problemsetat the exterior of
the cavity canbe solved by meansof a Krylov methodusingthe MLFMM to speedup the matrix vector
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FiG. 2.8— Descriptionof the modelproblemandthetwo approaches.

product.Theeliminationof theunknavnsinsidethe cavity signi cantly improvestheiterative processFor
example, gure FIG. 2.10indicatesthatthe methodis scalablein the sensethatthe numberof iterations
remainsapproximatelyndependenof thedepthof the cavity whereast grows almostlinearly for theusual
CFIE.

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

In the framework of a collaborationwith CEA-CEST, we have developeda 2-D codeto comparetwo
methoddfor the solutionof harmonicscatteringproblemsin unboundediomains.The rst onemimicsthe
algorithmusedby the CEA-CESA codeODYSSEEwhich couplesa FEM with someBIE ; the solution
is obtainediteratively via the DDM proposeddy B. Despres its maindravbackis thatit requiresto solve
at eachiteration a large comple linear systemassociatedo the integral equation.The secondmethod
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FIG. 2.10 — Coupling a substructuringmethodwith a FMM to to solve the scatteringproblemby a
rectangulaperfectlyconductingcavity.

wasintroducedby Liu-Jin. It consistsin determiningiteratively someimpedantboundaryconditionof a
scatteringproblemposedin a boundeddomainenclosingthe obstaclesAt eachiteration, the impedant
problemis rst solved by meansof FEM, then,a new impedantconditionis simply constructedhrough
anexplicit formulawhich canbe computedn afastway by techniquegrom the MLFMM. Theresultswe
have obtainedon examplesof large2-D obstacleglearlydemonstrat¢he advantageof thesecondmethod:
the solutionis obtainedmuchfasterwith nolossof accurag (see[CEM20Q)).
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3 Integral equations and Fast Multipole
Method

3.1 Symmetriesin CESC (F. Collino, M. Fareg

It is well known thatit is possibleto take advantageof symmetriedo put the matrix of the linear systems
associatedo BIE in a block diagonalizeform and consequentlyreducethe computationalcost of the
solution.In anindustrialcontet, mary situationscanbe encountered antennagomposedvith different
piecesof dielectricsor conductorgossiblyincludingwires andjunctions.De ning a practicalmethodfor
taking into accountall kinds of symmetrieg(plane symmetriesjnvarianceby rotation and composition
of several of them)in sucha generalcontet is a challengingproblem. The abstracttheory of linear
representationsf nite groupsis theappropriateool to adequatelyolve this problem.

Assumethat the objectunderconsderations invariantby a group of symmetriesWe have proposedan
algorithmthat rst consistsan constructinga meshof a partP of the object,P beinggenericin the sense
thatit is possibleto reconstructhe whole objectby the group of symmetriesWhenthe meshconnection
is proceededye transformthe meshof P by the symmetriesthus obtaininga meshof the whole object
which, by constructionjs invariantby eachof thesesymmetries we constructhe usualconnectvity table
of the developedmeshand either constructtwo integer arrays¥{d) and D (d) indexed by the degreesof
freedomd of the developedmesh. Thisinformationis thenenoughto carry out the assemblyprocessand
to solve, for eachrepresentationf thegroup,alinearsystemandits right-handsideof size' N=G where
N is thenumberof degreesof freedomof thewholemeshandG is thenumberof representation@vhichis
the numberof elementof the groupof symmetriedor commutatve groups).t is theneasyto recover the
wholesolutionon the developedmeshthroughsimplesumsover the representations.

The programwe wrote (CESC4.1) works with an abstracthotion of groupthatallows usto treata large
numberof situations invarianceby asingle,two or threesymmetrie®r by arotationof angle2¥=G around
anaxisor compositionof this rotationwith a symmetrywith respecto a planeperpendiculato theaxis...)
It hasbeenparallelized pptimizedandvalidatedon a large numberof examples A documentedrersionof
thecodewasdeliveredto CNES.

3.2 InverseScattering Solution via the
Linear Sampling Method (F. Collino, M. Fares H. Haddar
(INRIA), F.Cakoni (Delaware Univ.))

We have continuedour investigation of the linear samplingmethod(LSM) for solving scatteringinverse

problemsatresonanfrequenciesThe objectreconstructiorby the LSM is carriedoutin seseralsteps.

— From the collection of some scatteringdata, a matrix M is constructedand its singular value
decompositiorcomputed

1Themeaningof thetwo arraysis asfollows : a degreeof freedomd of thewhole meshis obtainedoy the actionof the symmetry
number¥{d) onthedegreeof freedomD (d) on P (thereis anadditionalsignin D (d) to take into accountrientationproblemsbut
it is justa matterof details).
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— At eachpointx of theinvestigateddomain,alinearsystemof theform M uy = gy is solvedby meansof
regularizationtechniques

— Thenormof the solutionskuy k providesa criterionto distinguishthe pointsx locatedinsidethe object
from thoseoutside.

H. HaddarandF. Cakoni have proposedandanalyzedwo methodstheoretically relatedto the LSM, for

determiningthe shapeof a perfectlyconductingobjectburiedin a conductinggroundfrom the knowledge

of scatteringdata.The dataarethe obsenations,recordedat pointslocatedon a line above the ground,to

point sourcedocatedalongthe sameline.

We have extendedthe e xibility of CESCto handleobjectsembeddedn a conductingground,the main

dif culty beingto computein a fastway the relatedGreenfunction. Both the performanceof CESCand

theparallelizationof the LSM codehave allowedusto testandcomparehosemethodson large signi cant

examples Fig 3.5 presentsa comparisorbetweerthe true objectandits reconstitutiorobtainedby one of

thetwo methods.

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

The mostcritical anddif cult partin the numericalsimulationof the functionningof a patchantennas
relatedto the determinatiorof its impedancegespeciallyat aresonancérequeng. Insidethe coaxialcable
and far enoughfrom its junction with the patch,only the fundamentalTEM modeis propagting. The
determinatiorof there ection coefcient of this modedirectly yieldstheimpedancef theantenna.

For a hybrid methodcouplinga FEM with a BEM, an impedanceboundarycondition can be usedto
truncatethe coaxialcableasa meshterminatingbooundarycondition.However, suchaboundarycondition
resultsin harddif culties in thecontet of a BIE solution.Anotherapproactbasednthe expressiorof the
boundaryconditionin termsof thefundamentallEM modehasheendevelopedto overcomethis dif culty .
Figure FIG. 3.6b depictsthe impedanceobtainedfrom measurementand from the two previous feed
modelsin the caseof the circularpatchantennaepresenteth FIG. 3.6a.
Electromagnetiscatteringsolutionsby BIE methoddeadto densesystem=f linear equationsWhenthe
characteristisizeof theobstaclds aboutsix timesthewavelength the solutionscanbecomputedy direct
methodswith high performanceand massiely parallelcodes.However, for lagersizes,the solutionscan
only be obtainedby meansof someiterative methods.The computationof the matrix-vectorproductthen
becomeghebasicpartof theiterative algorithm.It canbe doneef ciently by meansf the MLFMM. This
methodreducesthe complexity of the matrix vector productfrom O(N 2) to O(N logN) whereN is the
numberof unknavns.

3.4 Parallelization of the MLFMM code(F. Millot )

Advancesn computinghave demonstratethatthefutureof HPCliesin parallelcomputing It is clearthat
a parallelversionof the MLFMM algorithm mustbe built. It usesthe MessagePassinginterface (MPI)
for communicationWe shall brie y describethe parallelversion.During the MLFMM algorithm,some
gquantitiescalledthe nearandthefar elds areneededThey arede ned for all the directionsof the unity
sphere.Their computationsan be doneindependentlyexceptduring the interpolationand anterpolation
phasesThesdastphasegonsistin a FFT operationplusa matrix-vectorproductandattheendaninverse
FFT operation.So, it may be possibleto distribute this matrix-vector producton the processesWe have
implementthis distribution and testedon somecase§CEM16, CEM9]. We obsenred a good scalability
which doesnt dependn thetypeof themaching(seeTab3.1).
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machine | 2 processes 4 processes 8 processes
compagq 7min35s96 | 4min47s24 | 3min55s46
PCcluster| 21min10s34 | 10min38s44 | 7min26s20

TAB. 3.1- CPUtime neededo solwe the scatteringoy a spherewith 100, 000unknovns

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

A BEM is usedto solve electromagneticscatteringproblemsin the frequeng domain relative to an
impedancéoundarycondition. Thisimpedanceconditionwas rst proposedy Leontovich. It is usedfor
exampleto addresscatteringoroblemsby animperfectly conductingobstacleor a obstaclecoveredby a
thin layerof dielectricmaterialsTheimpedanceelationcanbewrittenin formn£ (E£ n) = Zy" (n£ H)
whereE andH aretheelectricandmagnetic elds respectiely, n is the unit normalto the surfaceof the
object,Z, is theintrinsicimpedancef vacuumand” is theimpedanceperatomot necessarilonstant.
Thetotal electromagneticeld is expressedn termsof the equivalentelectricandmagneticcurrentsonthe
scatteresurfaceandcompelledto satisfythe boundarycondition. Several boundaryintegral formulations
can be built for this purpose.Most representaties are the formulation using one currentas unknovns
proposedy A. Bendali.,M. FaresandJ. Gay[13], thesystenof integral equation{ FDESPRESpasecn
the minimisationof a quadraticfunctionalproposedoy B. DespresandF. Collino [14] anda formulation
keepingthetwo currentsasunknavns (FBACHL) obtainedjn particular by BachelotGayandLange[15].
It is the last formulationwhich seemgo have the bestassetdor solving a big size problems(in term of
the numberof unknavns) bringinginto play a impedancéboundarycondition.Section3.5.1is devotedto
this formulation.In particular an efcient MLFMM calculationand a thoroughstudy of its behaior are
presented.

However, it hasbeenobsered thatfor variousreasonsll theseformulationsleadto a linear systemwith
a condition numbervery sensitve to the variationsof the impedancevalues.We have beenled to seek
somecureto curbthisphenomenorSection3.5.2,is devotedto this investigation.We proposehereseveral
solutionsandcomparehemto determinehe mostef cient one.

3.5.1 Two unknownsformulation (F. Millot )

One possibility to solve the scatteringproblemwith animpedanceconditionis to keepthe two currents
asunknovns. The equivalentcurrentsarediscretizedby a BEM built asusualon a triangularmeshof the
surface.In the end,the problemis reducedo the solutionof a densdinear system.The main advantages
arethat the BIE formulationinvolvesonly “classical” integral operatorsandthe dif culty relatedto the
consenrationof boththeelectricandmagneticchagesassociatedb the equivalentcurrentss avoided.The
impedanceconditionis prescribedn animplicit manner The main dravbackof this approachs thatthe
orderof thelinear systemis twice larger thanfor the perfectconductorcase Moreover, this formulation
is sensitve to the variationsof the impedanceoperator The condition numberdeterioratesand for an
impedanceperatorequalto zero,the equationdegenerateinto the EFIE.

Whenthe characteristicizeof theobstaclds aboutsix timesthewavelength the currentscanbe computed
by directmethodsvith HPCparallelcodesThis methodwasimplementedndits accurag tested CEM19].
Its validationwascarriedout from availableanalyticalsolutions.

However, for obstacle®f largersize,thesolutionscanonly beobtainedoy meanof someiterative methods
coupledwith the MLFMM. For the impedantproblems,the matrix-vector productis doneby applying
eighttimesthe MLFMM algorithmin the usualimplementation(four timesfor eachunknavn). Another
implementatiorof theMLFMM for thecomputatiorof thematrix-vectorproductcanbebuilt. In fact,froma
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suitablecombinatiorof theunknavns,the matrix canbeputin adiagonaform. By changinghenumerical
integrationformulae,it is possibleto do the matrix-vectorproductusingonly twice the MLFMM algorithm
[CEM17]. This methodwasimplementedWe have testedthe accurag of the product.We comparedts
performanceselatively to the standardsolution of the perfectly conductingcasesolved by meansof the
EFIE formulation.The CPUtimesfor performinga matrix-vectorproductarenearlythe samefor the two
methodsTherequiredmemoryfor the nearinteractionamatrix is twice larger.

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

TheBIE methoddeadto the solutionof alinearsystermwith adensematrix. Onehashenceto resortto the
useof aniterative solver for large size problems t is well-known thatthe rate of convergenceof mostof
theiterative methodsdependsamongotherthings,of the conditionnumberof thelinearsystemmatrix and
ontheclusteringof its eigervalues We have obseredthattheimpedanceperatorespeciallyif it is varing,
producesdispersiorof theeigervalues(seethe gure of left-handsideof 3.7) hencedeterioratingherate
of cornvergencesigni cantly.

We rst madea comparatre study of several formulationsclassicallyusedto solve impedancegroblems.
The guidingline of this studyconcernedhe accurag, 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 deterioratiorof the performancesf thesemethodsandthis evenfor problems
of small sizes.In particular this canleadto very low ratesof corvergence.Moreover, we cometo the
conclusionthatthe formulationwith two currentsstudiedin the previous subsectiorseemso bethe most
accurate.

In orderto improve the efciency of the iterative solving, we have studiedtwo possibilities.First, we
proposedseveraltechniqguedasedon boththeintroductionof an operatorof re exion coefcient typeand
theuseof adoubleiterative procesgo solve systemavhich arewell conditionedfor all the possiblevalues
of theimpedanceperatorMore preciselywe proposdormulationsleadingto a systemin theform :

(I + A)INR)U= Aj b

whereA, is thematrix associate@itherto FBACHL or FDESPRESor animpedancequalto 1 andNrR is
amatrix taking into accountthe real surfaceimpedanceSo, oneneedsaninternalloop to solve A} INgu
andanexternalloop to computeu. Theinternalloop is aniterative solving of a pivot problemrelatedto a
constanimpedancédoundarycondition,relatively well-conditioned Regardingthe externalloop, we shov
thatits eigervaluesare gatheredaroundthe point 1 in the comple plan andis containedin the window
[0; 2]£ [i 1; 1] (seethe gure of right-handsideof 3.7)for all impedanceperatorsFor thisloopwe obtain
alsoagooditerative behaior.

We have next studiedaformulationwith onecurrent.More preciselywe haveintroduceda CFIE for solving
the electromagnetiscatteringproblemsrelative to animpedanceéboundarycondition. We have proposed
several ef cient techniquego remove one of the currentsduring the iterative processaswell asto treat
the compositionof the EFIE integral operatorwith the rotation aroundthe unit normalto the surface.
Thanksto that,we remainwithin atraditionalfunctionalframework for theelectromagnetismiVe leadto a
systemwhich is betterconditionedthanfor FBACHL. Moreover it is lesssensitve to the variationsof the
impedance.

A partof thesestudiesarereportedn [16].
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3.6 ResonancegF. Millot)

In the frequeny domain,the responseof the antennato someexcitation is proportionalto the inverse
of the impedancematrix and also dependson the wavenumberin vacuum.At somefrequencies-¢, a
sharpvariation of this responsecan be obsered. Thesefrequenciesare called the resonanfrequencies.
Closeto thesefrequenciesthe responsef the antennas sensitve to the perturbationsin fact, the linear
systembecomegloseto be notinvertible andhasa badconditionnumber The purposeof this studyis to
computethe resonanfrequenciewith a goodaccurag. The rst ideais to sweepover k andto evaluate
the responseof the antennawith the help of for examplea direct computation.Plotting the impedance
versusthe wavenumberk enabledor the determinatiorof the resonanfrequenciesxpressedspeaksin
theplot. If the peakis too sharpor/andif thesweepingsteptoolarge,it is notpossibleto beensuredhatno
resonancérequeny wasmissed Moreover, evenwhenonesucceed#n localizinga resonancérequengy,
theaccurag of its determinatiordepend®n the sweepingstepandcannoteasilybeimproved.

The secondideais to usethe de nition of the resonanfpolesin the comple plane.The real part of the
resonantpole determineghe value of the resonanfrequeny andthe imaginarypartis linked with the
quality factorof the antennaWe proposeto computetheseresonanpolesfollowing ideasof Poissorand
LabreucheTheresonanpolesareobtainedby searchinghe zerosof the determinanbf the matrix related
to the underlyingscatteringor radiationproblem.In this way, the modescontainingthe main part of the
informationon the scatteringor the radiationproblemcanbe alsorecorered.This methodwasappliedto
thecaseof two platesin front of eachother(seeFig 3.8). Theresonanfrequenciesreobtainedwith agood
accurag. However for setupsinvolving dielectrics,the determinatiorof the resonanfrequenciess more
complicatecandrequiresmoreinvestications.

3.7 Panelsand Satellite interaction (F. Millot )

The problemunderconsideratioris to determinethe in ence of a satelliteon the far- eld emittedby an

inboardantennaWe wantto do this asquickly aspossible Thesatelliteis composedy metallicstructures
andsolarpanels.Thesepanelscanbe consideredasplateswith a zerothickness.The structureaswell as

thepanelsareconsidereasperfectlyconductingscatterersvarioustypesof surfaceintegral equationsan

be consideredor solvingthis scatteringproblem.We canusethe EFIE. However this kind of formulation

suffers from two main aws. First, for somevaluesof the wavenumber(relatedto the so-calledinterior

resonancérequencies)the uniqguenessf the solutionis lost. Next, if the solutionis carriedout by means
of an iterative processthe presenceof the panelswhich are opensurfacesdrastically slows dowvn the

corvergenceIn orderto avoid this dravback,we canchoosethe CFIE for solving our scatteringoroblem.

It is well known thatthis equationhasa betterconditionnumberandthe rate of the iterative corvergence
is faster But this kind of equationis valid for closedsurfacesonly. A possiblecureis to assumehatthe

solarpanelshave a small ctitious thicknessA rst consequencef this handlingof the panelsis thatthe

numberof degreesof freedomis increasedthusaugmentinghe computingtime andthe memorystorage.
The purposeof this studyis to write a suitableequationcombiningthe advantage®f thetwo formulations.
The new formulationcanbe solved by a iterative processvery quickly. Somehypothesesreneededo be

ableto apply this formulation.First, the panelsareassumedo be separatedrom the restof the structure.
The surfaceof the scattereiis next decomposedhto two surfaces: oneon which the EFIE is setandthe

otherdealtwith by the CFIE. Now the systento be solvedis undertheform

2 32 3 2 3
Z&HE ZERE IcrE Ucrie
54 5-4 5. (3.1)
ZERE ZERE lEFE Uerie

Theunknavns| gre andl e representhe degreesof freedomfor the currentsandUgrie Ucrie arelinked
to theincident eld.
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Only thel cre is keptafter| cpie wasremovedfrom for (3.1) by meansof a Schurcomplementechnique.

A GMRESsoleris nally usedto obtainl cre. The numberof iterationsis practicallyidenticalto this
obsened when the satellite has no panel. It is smallerthan this one obtainedfor panelswith a small
thickness.A good accurag on the currentand the far- eld is obtained( seeTab 3.2 and [CEM11],
[CEM1Q]).

EFIE CFIE- EFIE
GMRES | SchurGMRES

Numberof iterations 43 12
Errorobtainedonthecurrent| 0:22% 5:83%
Error obtainedonthe RCS 0:04% 3:85%

TAB. 3.2— Relative errorsobtainedfor the differentformulations

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

The procesof obtainingplanningpermissiorto build a wind turbinesfarminvolvesmary considerations,
including consultationwith variousaviation staleholdersThesepartiesmay raiseobjectionsfor a variety
of reasonswith a known sourceof objectionsbeingthatthewind turbinefarm may appeaion the display
of airtrafc controlradar

So,thereis a strongneedto predictelectromagnetiperturbatiorcausedy wind turbinesfarmover traf ¢
controlradarandon VOR (VHF OmnidirectionneRadio)antennas.

DGAC haslauncheda rst initiative with CERFACS andENAC to developa rst studyon the numerical
simulationof the electromagnetiperturbationslueto theimplementatiorof wind turbinebladescloseto
anairport.

This studyis focusedon the developmentandvalidationof a computemrmodelthat canbe usedto predict
the radarre ection characteristic§RadarCrossSection)of wind turbinesand understandhe comple
interactionbetweerradarandwind turbines.

Themostsigni cant parameterghatin uence theRCSof awind turbinecanbelisted asfollows:

— Bladedesign(shapesizeandconstructiormaterials)
— Towerdesign
— Nacelledesign.

FigureFIG. 3.9andFigureFiG. 3.10shav the CAD modelof theblade.

Nowadaysthehighly parallelcodesmalkeit possibleto determingheperturbatiorof the eld emittedby a

VOR antenng300MHz) by awind turbinebladecomposeaf a metallicmastof 65 m andthreedielectric

bladesof 30 m. Actually, evenfor this casejt wasnecessaryo uncoupledhe effect of the mastandeach
of the bladesto be ableto carry outthe computationThereal challenges to performa completecoupled
computatiorfor amastof 100m bladesof 75m atafrequeng of afew GHz. Thiswouldrequireanincrease
by afactor1000to 100000f the computingpower.

Our plannedobjectie is to performa completecoupledformulationfor a wind turbinebladesdevice ata
frequeng 1 Ghz.
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3.9 Numerical Microlocal Analysis of harmonic wave elds
(J.D. Benamou(INRIA), F. Collino, O. Runborg (KTH))

We have presentecdndtesteda numericalmethodwhich, given an analyticalor numericalsolutionof the
Helmholtzequationn aneighborhooaf a x edobsenationpointandassuminghatthegeometricabptics
approximatioris relevant,determinestthis pointthe numberof crossingaysandcomputetheir directions
andassociate@omple« amplitudes Obtainingour solutionis cheap: O(M logM ) operationds needed,
whereM is the numberof samplepointson a small circle aroundthe obsenation point. The accurag of
themethodincreasesvith thefrequeng. It is easyto implementandcanbeappliedbothfor heterogeneous
mediaandhomogeneoumedia. A remarkabldeasibilityis its ability to capturescatteredays.Theseesults
arereportedn thejournalpape{CEM3].

[13] A. Bendali, M. Fares,andJ. Gay, (1999), A Boundary-Elemen&olution of the Leontovitch Problem,|EEE
Transactionon antennasand propagation, 47.

[14] F. Collino andB. Despres(2003), Integral equationsvia saddlepoint problemsfor time-harmonicMaxwell's,
Journal of computationahnd AppliedMathematics150

[15] V. Lange,(1995),Equationsint gr alesespace-tempgour les quations de Maxwell. Calcul du champdiffract
par un obstacledissipatif PhDthesis.

[16] S.PERNET, F. CoLLINO, M. FARES, andF. MILLOT, (2006), Comparaisorde formulationsint grales adapt es
ala r solution desprobléemesde diffraction d'ondes lectromagn tiquesavec conditiond'imp dance, Tech. Rep.
CR/EMC/06/06 C.E.R.FA.C.S,42,av G. Coriolis,31057ToulouseCede France
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Fic. 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

Fic. 3.2 — developped
mesh : it is obtained by
applying the group of
rotationalsymetriesof angle
2Y=6 around the vertical
axis
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FiG. 3.3—RCSof thecandle
obtainedby CESC.4

symetry

FiG. 3.5 — Reconstructedgeometriesfor n =
2+ 0:5i andanaddedl% randomnoise(seeexact
geometryin Figure 3.4). The wave lengthin the
airis, = 1. LSM: left 4 gures; RG-LSM :
right 4 gures. Each 3-D plot correspondgo a
differentchoiceof the isosurbcevalue.The 2-D
plot correspond$o a horizontalcrosssectionof G
atzz = i 1.2

Fic. 3.4 — Exact geometry of the perfect
conductorin the secondexample. The interface
earth-airis at zz = 0. The box indicatesthe
boundaryof the probedregion.
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(@) The circular
patchantenna.
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FiG. 3.6— Comparisorbetweertwo modelsof thefeedingof a circular patchantennay a coaxialcable.
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FiG. 3.7 — Left : spectrumof FBACHL for a variableimpedanceoperatoron a box. Right : example of
spectrunobtainedfor the externalloop for a variableimpedanceperator
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FiG. 3.11- Determinatiorof raysneara causticin a strati ed media
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Climate Modelling and Global Change






1 Introduction

Olivier Thual

Nine projects,active for the “Climate Modelling andGlobal ChangeTeam” (GLOBC) during at leastpart
of the 2004-2003wo yearperiod,aredescribedn this report.

The rst threeprojectshave beensustainedy the“Climate” Groupmadeof two researcherf.. TERRAY
andC. CASSOU),two reasearclengineergS. VALCKE andE. MAISONNAVE) andsereral post-docor
PhDstudentsTherearedescribedn thethreefollowing sectionsandareentitled:

— Climatevariability andpredictability

— Climatechangeandrelatedimpacts

— The OASIS couplerandits applications

This groupof projectsis characterizedby a high level researcton alarge scopeof actualtopicson climate
modelling. The continueddevelopmenteffort of the OASIS coupleris pursuedhroughthe PRISM project
which hasbecomea Europearplatformfor climatemodelling.

The following four projects have been sustainedby the “Data Assimilation” Group, made of three
researcherg¢A. WEAVER, Ph. ROGEL and S. MASSART), threeresearchengineergTh. MOREL, S.
BUIS andN. DAGET) andseveral shortterm engineersor PhD studentsTherearedescribedn the four
following sectionsandareentitled:

— Oceaniacdataassimilationfor climatestudiesandseasongprediction

— Dataassimilationfor atmospherichemistry

— Dataassimilationfor nuclearplantmodelling

— ThePALM coupler

Duringthe2004-2005eriod,the rst projecthasfocusedontheoceanidataassimilatioraspectsvhile the
seasongbredictiontopic hasbeemmeigedwithin the“Climat Group”.Recentlytheprojecton“atmospheric
chemistry” hasmoved to the new “Aviation and Environnement”teamsinceit was maturefor a further
expansionThus,the“DataAssimilationGroup”is now combiningahighlevel scienti ¢ activity onoceanic
modelling,involvementwith theapplicationof dataassimilatiorapproachem seseraldomaingneutronics,
hydrology; ...) anddevelopmentof genericsoftware (PALM).
Therearestrongconnectionbetweerthesetwo groupsof projects.The Climategroupusesandvalidates
the oceanicanalysisof the DataAssimilationgroupthroughseveral experienceswhich, in return,provide
usefulfeed-backsBoth groupsalsointeractstronglywith the softwaredevelopmeniprojectfrom whichthe
PALM andOASIS couplerssene alarge communityof usersin theworld.

Until recently aprojecton “SyntheticAperturelmaging” hasbeenhostedn the framevork of the GLOBC
team.It is describedn a sectionentitled:

— SMOSmission

Interestingexchangedetweerthis projectandthe otheroneshave happenssucha betterknowledgeof the
seasurfacesalinity datawhich will be producediy the SMOSmission.

The last project correspondgo developmentactivities which are directly includedin the MERCATOR

projectwhich dealswith operationabceanograph The CERFACS contrikution to this projectis described
in thelastsectionandis entitled:
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— The CERFACS contrikutionto the MERCATOR project
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2  Climate variability and predictability

2.1 Intr oduction

The Earth climateis rapidly changingin responseo a wide rangeof anthropogenidorcings. To assess
con dencein the detectionattribution and predictionof this global andregional change(SeeChapter3),
deeperunderstandingf the intrinsic variability and stability propertiesof the main climate variability
modesis needed.The analysisof the physical mechanismsssociatedvith seasonato decadalnatural
climate uctuations alsoappearsasa prerequisitestepto improve seasonalorecastsandto understandhe
shortcoming®f currentpredictionsystems.

Within this globalframework, the scienti c objectivesof the ClimateVariability andPredictabilityproject,
in very closecollaborationwith the Climatechangeandrelatedimpactproject,areasfollows :

— To adwanceunderstandingf climate processesinderlyingthe naturalvariability of the main climate
modes,suchas the North Atlantic Oscillation (NAO), the decadalAtlantic interhemispheridropical
oceanicmode etc. Emphasisis laid on spatio-temporalscale interaction from synoptic dynamical
entities(weatherregimesfor instance}o multi-decadapatterngrainfall uctuationsof theWestAfrican
Monsoonetc.).

— To explore the multiple sourcesof low frequeny predictability with a speci ¢ focus on an extended
Europeandomain.A specialattentionis devotedto the tropical-etratropicalconnectionssince most
of the predictability is expectedto rise from a broadtropical bandat leastat seasonato interannual
timescales.

— To participatetp the evaluationof the representatioin modelsof the mechanismsinderlyingpotential
long rangeforecastsr responsibldor obsenedlow frequeng variability.

— To provide a solid physical backgroundn the interpretationof ary climate changesignalsattributedto
anthropogenidorcings.

— To assestherisk of abruptclimatechangewith emphasisiponthe possiblecollapseof thethermohaline
circulationdueto its own naturalvariability.

Over the pasttwo years,the main actvity hasbeendevoted to the analysisand the understandingpf
the tropical-etratropical connectionassociatedvith the exceptionally hot summerof 2003 in Europe.
Obsenationsandmodelexperimentshave beencombinedo extractarobustforcing of thetropical Atlantic
climate on the variability of the Europeanheatwaves occurrenceThe low frequeng variability of the
West African monsoon(WAM) systemhasbeenalsostudiedto betterunderstandhe steadydecreasef

the Sahelianprecipitationfrom the 1960's to the mid-19905, andits recentrecover. The low-frequeny

variability of the NAO has nally beeninvestigated. The oceanicre-emegenceprocessesit work at the
beginning of winter is found to contrikute to the winter-to-winter persistencef the sameNAO phase At

longertimescale a connectionis found betweernthe steadywarmingof the Indian Oceanandthe upward
NAO trend.
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2.2 Tropical i Extratr opical connections(C. Cassoy L. Terray, A.
Phillips, E. Sanchez M. Minvielle, E. Maisonnave)

2.2.1 Tropical Atlantic in uence on Europeanheatwaves(C. CassoyL. Terray, A.
Phillips, E. Sanchez

The North Atlantic-Europeardynamicalsignatureof the summertimeatmospheriwvariability is examined
through a non-linearapproachknown as cluster analysis(Cassouet al 2004). This method basedon

classi cationtechniqueseeksreferredand/orrecurrentguasi-stationanatmospherigatternsor weather
regimesthat are spatiallywell de ned andlimited in number The partition algorithmwe appliedhereto

NCEP reanalysisdataidenti es four summertimeregimesthat are aboutequally excited (Fig. 2.1). The

relationshipsbetweenstation-basedemperaturaelatafor 1950-2003and regime occurrencendicatethat
Europearheatwavescanbe associateavith the Blocking andAtl.Low regimes.Thesetwo regimesclearly
favor extremewarmdays,whereadNAO; andAtl.Ridge clearlyinhibit their occurrence.

We then analyze the possible driving impact of the alteration of the 2003 Atlantic Inter Tropical
CorvergenceZone upon the frequeng of the North Atlantic regimes using the NCAR CAM2/CLM2
atmospheric/landmodels, coupled to a simple mixed layer oceanic component.Corvective heating
anomaliesderived from the obsered 2003 anomalousOutgoing Longwave Radiation (proxy for
corvection)areimposedin the atmospherianodelin the the soletropical Atlantic band.Basedon model
outputs,we presentevidencethat during the recordwarm summerof 2003,the excitation of the blodking
and Atl.Low regimes was signi cantly favored by the anomaloustropical Atlantic heatingrelatedto
wetterthan-aerageconditionsin boththe Caribbearbasinandthe Sahel.

Given the persistenceof tropical Atlantic climate anomalies,their seasonalityand their associated
predictability the suggestedropical-etratropical Atlantic connectionis encouragingdor the prospectof
long-rangdorecastingpf extremeweathelin Europe.Theknowledgeof sucha physicalmechanisnandthe
strongsimilaritiesbetweerconditionsof late springof 2003andlate springof 2005in thetropical Atlantic
helpeduspredictinga warmerthan-aeragesummeifor 2005,in collaborationwith Météo-France.

2.2.2 Indian Ocean warming inuence on the upward trend of the NAO
(M. Minvielle, C. Cassoy L. Terray, E. Maisonnave)

Thelow-frequeng wintertimeNAO is characterizedyy a signi cant upwardtrend,especiallyover thelast
two decadesPreliminaryresultsfrom literaturehave suggestea possibleconnectiorbetweenthe steady
warming of the Indian Oceanandthe NAO trend. Several mechanism$iave beenproposedout noneof

themwerecarefullytested.

Within the VIMA PNEDCproject,we usedthe ARPEGEmodelandconductedwo ensemblesf 20-year
forced simulations.Thoseonly differ by their SST forcing over the Indian Oceancorrespondingin the
rst set,to theclimatologicalconditionsoverthe 1950-197%eriod(cold Indian),and,in thesecondset,to
thoseover 1976-200)(warm Indian).Contrastinghetwo periods the modelresponsetronglyprojectson
the positive phaseof the NAO in the NorthernHemispherén winter andcon rms the hypothesisobtained
from obsenationsfor thetrend.

We shaw thatthe tropical-etratropicalconnections explainedin the modelby the alterationof the local
Paci ¢ Hadley cell leadingto changesdn the jet position and stormtrackactivity over the entire North
Paci c. Thelatteris associatedvith a planetaryanomaloudRossbywave extendingdownstreanup to the
North Atlantic following the uppertropospheriget wave guide.The North hemispherichangesssociated
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with the Indian Oceanwarmingthereforeleadsto the strengtheningf the wintertime subtropicalHighs
andto the deepeningf a broadlcelandicLow.

Whencomparingmodelresultsfrom the forcedidealizedexperimentawith thosefrom IPCC scenariosywe
suggesthattheobsenedIndianOceanwvarmingcouldbea signatureof theanthropogeniéorcing overthe
lastcenturyor so.Projectiongor the currentcenturybasedn classicakcenaricshav a continuationof the
Indian Oceanwarmingandconsistentlya cleardominanceof the positive phaseof the NAO. Note thata
carefulinvestigationof the coupledmodelsshavs a clearinteractionbetweerthe modelmeanbiasesandits
simulatedvariability. The Indian-northerrhemisphereonnectionis intrinsically dependentn thetropical
meanstate which appearsrucialto correctlysimulatethemidlatitudechangesSucha remarkhasa strong
impactfor decadatime-scaleprediction,whoseskill will clearlydependontheability of the modelto get
acorrectmeanclimatestatefor goodreasons.

2.3 Role of the re-emeging SST anomalieson the winter-to-winter
persistenceof the NAO (C. Cassoy 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 reemegenceexplains part of the winter-to-
winter persistenceof the extratropical SeaSurface Temperatureanomalies.The forcing of the oceanic
reemegenceon theatmospherés investigatedherein the North Atlantic usinga simpli ed coupledmodel
(AtmospheridGlobal CirculationModel coupledto a Mixed LayerOcearModel andto athermodynamical
ice component)Suchamodelcon gurationtakesthe verticaloceanigprocessesto accountandcorrectly
representghe physics of the ocean-atmosphenateractionat the interface. Estimation of the thermal
anomaliescreatedby late-winter/earlyspring atmospherend storedbelow the hightly strati ed summer
thermoclineare obtainedfrom a long control simulation. They strongly project on the so-calledNorth
Atlantic tripole associatedavith the phaseof the NAO.

Thesethermal anomaliesare applied belov 40meterdepth and north of 25N, in the oceanicinitial
conditionsof a 60-membeensemblef 1yr integrationstartingin August.We show thattheirreemegence
occursin November/Decembesindhasa signi cant impacton the modelatmosphereThe reentrainment
of the subsuréceoceanicanomaliedendsto favor the samephaseof the NAO which createdhemduring
the previous winter. The simulatedatmosphericresponsewould con rm the hypothesizedrole of the
oceanicreemegencein the weakbut signi cant yearto-yearpersistencef the wintertime NAO. Model
resultssuggesta probablerole of the high-frequeng atmosphericeddies.Storminesds clearly modify
in the perturbedensembleand eddy-meano w interactionswould explain the large-scaleand persistent
atmosphericesponséo the extratropicalNorth Atlantic reemegence.

In termsof seasonato interannualpredictability our study suggestghat the model should be able to
correctly simulatethe reemegenceof the midlatitude SST anomalieslt highlights the needfor decent
oceanicassimilatiorbothin the Tropicsasknown for a few yearsnow, but alsofor the midlatitudes.
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2.4 In uence of global oceanSST forcing upon the low frequency
variability of the West African Monsoon (C.Caminade
L. Terray, E. Maisonnave, C.Cassol

The low frequeng variability of the WAM is studiedusing a nev ensembleof SSTFforced ARPEGE
simulationsintegratedfrom 1901to 1999. The simulatedvariability of the WAM is rst separatednto
internal(noise)andexternalparts(signalforcedby SST)usingthetraditionalanalysisof variancemethod.
At interannuatimescalethe SSFforcedfraction of variability capturesabout30%in averageandslightly
morefor decadaluctuations. The modelexhibits a goodskill at decadakcaleasit correctlyreproduces
the obsened shift betweerthewet periodin the 1950; 60's andtheverydry onein the1970; 90's.The
associate® ST patternis remarkablysimilar to the onededucedrom the obsered data.lt is very closeto
the so-calledGlobal Extratropicalmode,which capturegshe multidecadabalancein SSTbetweerthe two
hemispheresyith maximumloadingin the IndianandSoutherrAtlantic basins.

At interannuatimescale)aggedsingularvaluedecompositioranalysisfurther allows us to documenthe
dominantin uence of El Nifio SoutherrOscillation.Therole of themediterranea®STsis alsosuggested
warm conditionsthereare associateavith strongemonsoondueto a signi cant increaseof the moisture
adwection by the Etesiannortherlywind. A signi cant link betweenthe so called Atlantic Nifio andthe
guineancoastincreasehasbeenhighlightedfor precipitation.The latter however appearsoverestimated
in the model.It might be relatedto the arti cial decouplingsimulatedin the modelbetweenthe Western
African Monsoonsystemandits easvard extension(Ethiopianand Soudanregions). Rainfall over these
areasseemdo betoo muchconnectedo the broadindian Monsoonsystem.Again, the meanbias of the
modelinteractwith its variability andvery likely degradeits forecastkill atlow frequeng.

120 Jan.2004— Dec. 2005



CLIMATE MODELLING AND GLOBAL CHANGE
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FIG. 2.1- (abcd) Summemweatheregimesof anomalougeopotentiaheightat 500 hPa (Z500) estimated
fromtheNationalCentergor EnvironmentalPrediction-NationaCenterfor AtmospheridResearciNCEP-
NCAR) reanalysigoroductover 1950-2003 Daily summemaps(from Junelst to August31%') areused
for decompositiorandthe geographicatiomainis limited to [90°W-30°E/20°N-8C°N]. Contourinterval

is 15m. (efgh) Relative changeg%) in the frequeny of extremewarm daysfor eachindividual regime.

Color interval is 25% from -100%to 200%,red abose (maximumequalto 233%).As anexample,100%
correspondsereto the multiplicationby 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-inducedincreasein the atmospheric
concentrationsof CO, and other greenhouseagases.In order to optimally de ne the adaptationand
mitigation stratgiesneededo copewith the potentialimpactsof this expectedclimate changea deeper
understandingof the intrinsic variability of the climate systemis neededto assesscon dence in the
detectionattribution andpredictionof globalandregionalclimatechangedueto anthropogenicauses.
Within this globalframework, the scienti ¢ objectivesof the Climate ChangeandRelatedimpactsproject
areasfollows:

— To detect,attribute anddescribeanthropogeniclimate changeon globalto regional scaleswith afocus
upon Europeand West Africa, using high resolutionatmospherianodelsand long-term, high quality,
obsenations.

— To assesghe impactsof anthropogeniclimate changeat regional scalewith speci ¢ interestin the
change®f extremeeventsdistribution andhydrologicalcycle propertieswith afocusuponEuropeand
WestAfrica, andto provide uncertaintyboundsin future climateprojections.

— To assestherisk of abruptclimatechangewith emphasisiponthe possiblecollapseof thethermohaline
circulationdueto anthropogenidorcing andits regionalimpactsparticularlyover Europe.

For the pasttwo years work hasconcernecdssentiallythe rst two objectves. The mainactiity hasbeen

devotedto the developmentof the methodologicabnd numericalframeavork relatedto the DISCENDO

projecton Detectionand Attribution studiesat the regional scale.Another major actvity was the study
of extremeeventsdistribution andits potentialchangesn the future climate perturbedby anthropogenic
forcing. This work is part of the GICC IMFREX project. Some preliminary assessmenf the mean
and seasonathangedo the West African Monsoonsystemdue to the anthropogenidorcing hasbeen
performed Finally somepreliminarywork hasalsostartedto developanew downscalingapproacHor the
studiesof hydrologicalcycle changesttheregionalandsub-regjionalscale.

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

Themainobjective of the DISCENDOprojectis to developandvalidatean original methodologyto carry
out detectionand attribution studiesat the regional scale.The impact of global warming on societyis
largely determinedby spatialscalesfar smallerthanthoseconsideredn currentdetectionandattribution
studieslt is thusvery importantto begin to focuson sub-globato regionalscalesThe approacHollowed
in DISCENDOto assessheregionalin uence of externalforcingsis to applythe detectiorandattribution
formalism (basedon the optimal ngerprint methodologywhich canbe seenasa simple multiple linear
regressionscheme}o obsenationsin speci ¢ regions(on continentalscale,Europeand WestAfrica ; on
smallerscale,France).This choiceis basedon the existenceof high-qualityand homogenizedbsenred
datasetdor theseregionsin termsof temperatureand precipitation.The next ingredientin the detection
processs the estimationof the signaldueto the externalforcing. In DISCENDO, the differentsignalsare
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estimatedvith ensemblesf simulationgperformedwith avariableresolutionof the ARPEGEatmospheric
generakirculationmodel (AGCM) with high horizontalresolutionover the region of interest.This allows
for abetterrepresentationf theregionalclimateandits sensitvity. Thesevariousensemblesf simulations
are all forcedwith obsened SST for the 1950-2000period, but differ in termsof the applied external
forcings. The aim of the AGCM-basedapproachis to testthe null hypothesisthat the obsened climate
changecan be explained by a combinationof variationsdue to changingSSTsand seaiceextentsand
internalatmospheriozariability alone.This is basicallydoneby shaving that the differencesetweenthe
ensemblesreunusualin a statisticalsensepy comparingthemagainstthe modelintrinsic variability or
noise.As the noiseis estimatedby the intra-ensemblevzariance the use of the ensembleechniqueis a
furthervital propertyof the methodologyThe effect of the designon the signal-to-noiseatiois crucialas
it determinesf the AGCM-baseds moreef cient to detecta climatechangesignal. The mainpoint hereis
theideathatthe noiseis signi cantly reducedn the AGCM-basedapproachasthe oceaniccomponenof
naturalvariability (noise)hasbeencorvertedto acommonsignal(the onedueto the SSTforcing).

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

— CTRL(6 members). the simulationsare forced with obserned SSTsand x ed (to their 1950 values)
greenhous@ases(GHG) and sulfate aerosols(SUL) concentrationsThe solar forcing (SOL) is also
constantand x edto the 1950value.

— G(6 members) forcedwith obserned SSTandGHG; SUL andSOL x edto their 1950values.

— GS(6members) forcedwith obsered SST GHG andSUL ; SOL x edto the1950value

— GS-NAT(4 members) forcedwith obserned SST, GHG, SUL andSOL

For WestAfrica, bothCTRL andGS-NAT have beenperformedvith 4 membersThemodelusesadifferent
grid with themaximumin the Gulf of Guineain orderto have high resolutionover thetropical Atlantic and
WestAfrica. The meanstateand seasonatycle of the two versions(EuropeandWestAfrica) have been
extensvely validatedby comparingto obsened (mainly CRU) andreanalysigfor thedynamicalvariables)
datasetsFurthermorewe have developpeda Live AccessSener (LAS) to accesghroughthe web the
varioussimulateddatasetgperformedwithin the framework of the DISCENDOproject.In additionto the
partnersof the DISCENDO project, this sener will be openedto the french and internationalAMMA
projectcommunity

The various ensemblegrovide signal estimatesfor the relevant combinationof forcings by using the
ensemblaneansof eachensembldtherole of eachindividual forcing canthenbe derivedwith a linearity
assumption)The estimationof the covariancematrix of atmospheridnternalvariability is performedby
usingthe intra-ensemblevariability of the CTRL and G ensemblesimulations.The other part of intra-
ensemblevariability is usedto carry out the consisteng checksbetweenthe residualsof the regression
algorithm and internal atmosphericvariability. As a rst detectionstudy the caseof the summerT pin
over FrancehasbeenconsideredThe obsenred dataseis a high-qualityand homogenizedlatasef 91
meteorologicaktationsover France.As a rst step,we usea time-evolving signal patternconsistingof
decadabverage®f minimumtemperaturanomalieselatively to the1961-199Climatology Thedetection
analysisshavs thatthe combinedin uence of the SST, GHG and SUL signhalscanbe detectedat the 95%
level in theobsered T, datasebver France Thedominantpartof the SSTsignalseemgo beassociated
to alow frequeng modecalledthe Atlantic Multi-decadalOscillation(AMO). The anthropogenisignals
strongly emege from the internal atmosphericvariability in the last two decadesNext stepsinclude
the investigation of the physical mechanismainderlyingthe detectionof the threesignalsaswell asthe
applicationof the detectionalgorithmto otherseasonsyariablesandregions.
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3.3 In uence of the anthropogenicforcing upon the West African
Monsoon system : mean climate and seasonalcycle changes
(C. Caminade C. Cassoy E. Maisonnave, L. Terray)

The impact of increasedgreenhous@ases(GHG) and aerosolsconcentrationsipon the West African
monsoonWAM) hasbeeninvesticatedfor thelate 215t centuryperiodusingthe Météo-France®ARPEGE-
IFS high-resolutionatmosphericmodel. Perturbed(2070-2100)and current (1961-2000)climates are
comparedusing the modelin time-slicemode.The modelis forced by global seasurfacetemperatures
(SST)providedby two transientscenarioperformedwith low-resolutioncoupledmodelsandby two GHG
evolution IPCC scenariosSRES-A2and SRES-B2.Comparingto reanalysisandfor obsened datasets,
the modelis ableto reproducea realistic seasonatycle of WAM despitea clear underestimatiorof the
African EasterlyJet(AEJ) duringthe borealsummerMeantemperaturehangendicatesa globalwarming
over thecontinent(strongerover North andSouthAfrica). Simulatedprecipitationchangeat theendof the
218t centuryshaws anincreasen precipitationover Sudan-Sahdinked to a strongpositive feedbackof
surfaceevaporation Along GuineaGulf coastrainfall regimesaredrivenby large-scalexdvectionhumidity
processMoreover, resultsshav a meanprecipitationdecreaséincreasejn the most(less)enhancedtsHG
atmospherever this region. Modi cation of the seasonahydrological cycle consistsin a rain increase
duringthe monsooronset.While thelinearlinks betweerprecipitationvariability and SSTmodesarenot
signi cantly modi ed in the moderateemissionscenarioexperiment,an only dependencéo the Atlantic
basinis shavn in themostenhance@HG atmosphereEnhancegbrecipitationover Sahels linkedto large-
scalecirculationchangesnamelya wealening of 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.Cassoy G. de
Coetlogon,A. Joly, E. Maisonnave, E. SanchezL. Terray)

Increasdn concentratiorof greenhousgashasbeenshowvn to producenon negligible shiftsin the global
meanclimate. An important questionis whethermodi cations in the statistical propertiesof climate
extremesarealsoto beexpectedn thefutureclimateperturbedy theanthropogeniforcing. Thesechanges
would have a profoundimpacton humansocietyand naturalervironmentas weatherhazardscan cause
tremendougconomicandlife lossesWe have investigatedthe links betweenrthe large-scaleervironment
andextremeeventswith a new approactbhasedon the conceptof weatherregimes.This work waspart of
the GICC IMFREX projecton extremeevents.Theideais to relatethe extremeeventsoccurrenceo their
speci ¢ large-scaleervironmentandto usethe latter asa predictorof the formerin climate experiments
suchas scenariosof the 215t century The relationshipsbetweenthe large-scaleweatherregimes and
local climate extremeshave beenestablishedor a region covering France.The weatherregimes(at the
daily timescalehave beenderived from the ERA40 reanalysidime seriesof the geopotentieht 500 hPa
usingthe k-meansalgorithm.Thelocal climatevariables(minimumandmaximumtemperaturaswell as
precipitation)comefrom an extendeddataset{SQR) provided by Météo-Francavhich coversthe entire
ERA40 period. The summerandwinter seasongre both consideredseparatelyWinter is de ned by the
periodfrom October15th until April 15th while summerrepresentshe standardJune-July-Augus(JJ)
period.Thedeterminatiorof extremetemperatur@andprecipitationeventsoccurrences simply basedipon
exceedencef a thresholdvalue given by the 95" (warm or heary precipitationdays)or 5™ (cold days)
guantileof thedistributionfunctionde nedfor eachcalendaday Thedaily regimepartitionis optimalwith
thefour classicakegimesfor bothsummerandwinter : GreenlandAnticyclone(GA),Atlantic Ridge(AR),
Blocking(BL) andZonal(ZO).The residencdrequeng indicatesthatthe ZO regimeis the dominantone
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in winter (30%) while the partitionis almostuniform in summerIn summeythe patternsarevery similar
to the winter oneswith slight differencesregarding the location and amplitudeof the anomalycenters.
Trendsin weatherregime occurrenceresigni cant only in the cold seasorandsuggest strongincrease
of the ZO regime occurrenceduring the last 30 years.This strongriseis linked to the obsened tendeng
towardshigh North Atlantic Oscillationindex valuesfor the sameperiod.During winter, the risk of cold
daysincreasesnarkedly (in particularfor NorthernFrance)whenGA andBL characterize¢helarge-scale
ervironment.The ZO regime is associatedo a reducedrisk of cold daysover all locations.In summey
the risk of high temperatureepisodess enhanced(decreased)th the presenceof the BL andZO (GA
andAR) regimes.For precipitation,enhancedccurrenceof intenseprecipitationepisodesare associated
to the presencef GA (southernFrance)andZO (westernFrance)regimes.All theserelationshipsexhibit
very distinctpatternge ecting the strongin uence of thelarge-scaleo w uponextremeeventoccurrence
at the local scale.Finally, simplelinear multiple regressioncanthenbe usedTo build a relationshipthe
numberof extremeeventsfor oneseasorandtheregimesoccurrenceluringthesameperiod.Theexplained
varianceis usuallyaround20% andcanbe ashigh as45% dependingon location,seasorandconsidered
climatevariable(Fig. 3.1). In orderto suggesthe possiblechangesn extremeeventsoccurrencedueto
anthropogenidorcing, we have usedtwo ensemble®f time slice experimentsfor the currentand future
climate respectiely. The experimentswere performedby M.Déquéat CNRM within the PRUDENCE
europearproject.They usethevariableresolutionof the ARPEGEAGCM at T106 spectratruncation.The
rst ensemblg€CTRL) includesthree40-year(1960-1999simulationsorcedwith obserned SSTandGHG
concentrationsThe secondensemble(scenario-SCEN)ncludesthree 30-year(2070-2099)simulations
forced by the predictedSST changegfrom the HadCM3 coupledmodelforced by the A2 IPCC-SRES
scenariocombinedwith obsened SSTfor theperiod1960-1989andthe A2 IPCC-SRESscenariolnder
the assumptiorthat the regime spatial structuresin the future climate remainidentical to thoseof the
currentclimate,onemay obtainthe regimeresidencdrequeng for both CTRL andNCEN experimentdy
projectingmodelleddaily atmospherieanapsonto an Empirical orthogonalFunction(EOF) spacederived
from the reanalysis Eachmodelledday can then be attributed to a given obsenred weatherregime by
minimizationof a similarity criterionin the reducedohasespace(the rst 10 principal component®f the
EOF analysis).The modelregime resultsfor the CTRL ensemblecomparesvery well with the reanalysis
in termsof structureand residencdrequenciesAnalysis of the NSCEN ensembleshaws large changes
for both cold andwarm seasonFor the cold seasonthereis a strongincreasein the occurrenceof the
ZO andBL regimesand a moderate(dramaticjecreasdor the AR(GA) regime. For the warm season,
the BL regime becomeghe dominantonewhile the GA and AR regimesare almostabsentn the future
summersThen,thesemodelledchangesanbe usedasthe predictorsfor the multiple regressionrscheme
describedreviously in orderto quantifythe changesn extremeeventsdistribution linkedto modi cations
of weatheregimeoccurrenceTheseprave nonnegligible asfor instancechangesn regimeoccurrencdor
the summemeriodindicateanincreaseof 5 to 10 warm daysin the northwestof France(Fig.3.1). Direct
estimatiorfrom modelresultsis onthe orderof 25 daysmeaningdynamicalchangesanberesponsibleip
to 20 percenton averageof the extremewarmeventdistribution changes.

Finally, we have alsoinvestigatedtherole of regime transitionuponthe occurrencef extremeevents.We
have shavn thatthelarge-scaleirculationpatternsassociategvith intenseprecipitationepisodegIPE) over
aspeci c domain(in this casewesterrFrance)anbeidenti ed usingclusteringalgorithmsappliedto a set
of daily mapsof 500 hPa geopotentiaheightselectedn the basisof precipitationthresholdexceedence.
In the caseof westernFrance the large scalecirculation patternlinked to the IPE occurrencedisplaysa
stronganomalyover GreatBritain. Furthermorethis patterncorrespondso the structureobsened during
the transitionfrom ZO to GA standardveathemregimes.Moreover, this is the leastlik ely transitionfrom
the ZO regime, suggestingootentiallinks betweenatmospheriadynamicsandthe 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 enhance@nthropogenidorcing dueto therisein greenhousgasesemissionthequestion
of watercycle changess of primary importanceboth at the global and regional scales.To quantify the
impactsof hydrologicalchangest the watershedcale,onemust rst solve theresolutionproblem.While
the standardcoupled ocean-atmosphergeneralcirculation models (GCM) typically have a horizontal
resolutionon the orderof 300 kms, hydrometeorologicamodelsrequireforcing datawith a muchhigher
resolution(10 kmsor less).This is thewell-known dowvnscalingproblem.Two mainapproachesxist : the
dynamicalandthe statisticaldownscalingtechniquesDynamicaldownscalingis a model-base@pproach
that allows to reachsub-GCMscalesby usinga ner-scale(50 kms) limited areamodel (LAM) within
a GCM. Statisticaldownscalingis basedon the following paradigm: the regional climateis dependent
on two factors: the large-scaleervironment,reasonablydescribedby climate models,and small-scale
featureqlanduse topograply, land seadistribution) which arenot adequatlyresohedin GCMs.Empirical
relationshipdinking large-scalevariables(predictors)andlocal or regional parametergpredictandsnust
thenbe derived for the currentclimate usingobsened and/orreanalysisdatasetsTheserelationshipscan
thenbe appliedto the large-scalevariableschangesn future climateconditionsto assessnodi cations of
theregional climate. Thesetwo approachesely on the following hypothesis empiricalrelationshipsand
physical parameterizationslerived for the presentclimate mustremainvalid undera modi ed climate
(low frequeng naturalvariability or anthropogenicclimate change).We are currently developping an
hybrid dynamical/statisticamethodologyto solve the downscaling problem relatedto the estimation
of high-resolutionforcings requiredfor a future study of the impactsof climate changeon the Seine
basinhydrology The hydrometeorologicainodelis the Safran-Isba-Modcomodeldeveloppedat Météo-
Francewhich requiresatmospheridorcing dataat a 8-km resolution.Previous work performedwithin
the projecthasshaown that high horizontalresolutionmay be necessaryo achieve reliable projectionsof
anthropogeniclimatechangeuponeuropearclimate,in particularthe onesrelatedto circulationchanges.
Thus, the dynamicalpart of the methodologyrelies uponthe use of a variable resolutionmodel (with
high resolutionover the region of interest,50 kms) to simulatethe predictors(large-scalecirculation
parameters500 hPa height or meansealevel pressurelandtheir changesn the modidiedclimate. The
statisticalpart relies uponthe weathertyping (or regime) approachThe approachis basedon a bottom-
up stratgy where one startsfrom regional climate propertiesto establishdiscriminatve daily weather
typesfor local variables(suchastemperaturer precipitation).Moreover, possiblechangesn intra-type
variationsin surface climate are accountedor by usingthe phasespacedistancego the weathertypes
within a multivariate regressionprocedureassociatedo a resamplingstratgy. The methodologyhas
beenvalidatedusingthe ERA40 reanalysiselds as predictors.The constructionperiod of the statistical
relationshipss basedon a 17-yearperiod(1985-2002)ndthe validationis performedon anindependent
datasetver the full ERA40 period (1957-2002).The new methodologyhasbeenshavn to be globally
more performantthanthe well known analogapproachin particular it is ableto successfullyreproduce
thedaily statisticalpropertieof precipitation(includinga goodrepresentatioof the persistenc@roperties
of climate variables).Furthermoreandin contrastwith the analogmethod,low-frequeng variationsof
downscaledtemperatureand precipitationare closeto the obverved ones.Next stepsinclude sensitvity
teststo variousoptionsin the statisticaltechnique(metric used,weathertyping method,etc...) aswell as
anindirectvalidationapplyingthe downscaledorcingto the Safran-Isba-Modcomodelfor the 1985-2002
period.

[1] U. Ulbrich andM. Christoph,(1999),A shift of the NAO andincreasingstormtrack actvity over Europedueto

anthropogenigreenhousegasforcing, Clim. Dyn,, 15.
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estimate cold days variance explained

0

FiG. 3.1 - Left Changedn the numberof cold, hot and intenseprecipitationdaysbetweenthe control
(CTRL) andscenarioNSCEN) experimentsdueto the modi cations of weatherregime occurrenceand
obtainedby multiple regressionanalysis.Right The percentageof variance(in %) explained by the

regressiormodel.Stationswherethe multiple regressionis statisticallysigni cant areindicatedby a black
dot.
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4  The OASIS coupler and its applications

Coupling numericalmodels,i.e. exchangeinformationin a synchronisedvay betweenthe models,is a
centralissuein the climatemodelingcommunityandin otherresearchelds suchaselectromagnetisrand
computationaluid dynamics.

The OASIS coupleris an opensourcesoftware developedat CERFACS since 1991, usedfor coupling
independenGeneralCirculationModels(GCMs) of the atmospheréAGCMs), of the ocean(OGCMs),as
well asotherclimatemodulegsea-iceland, hydrology, etc).

Most of the OASIS developmentsin the last two yearswas done within the PRISM project [GLO29|
andin the frameawvork of the PRISM Supportinitiative (PSI). Recognisinghe needfor a sharedsoftware
infrastructure the EuropearNetwork for Earth SystemModelling (ENES) organisedthe PRISM project,
which gathered22 partnersandwasfundedby the EuropeariJnion underthe 5th Frameavork Programme
(FP5)in 2001-2004for 4.8 MEuros.In October2004, a core group of PRISM participantsdecidedto
sustainthe FP5PRISM developmentsjnvestingtheir own resourcesnto a sharedsoftwareinfrastructure,
the PRISM Supportinitiative (PSI). Today the partnerd CERFACS,CNRS,NEC-CCRL,MPI M&D, UK
Met Of ce, andECMWF) andassociatgartner§ MPI-Met, SMHI, CGAM, andcomputemanufcturers
CRAY, NEC-HPCE,SGI) are planningto investa total of about8 persons-yearper yearfor the next 3
yearsin the maintenancesupportandfurtherdevelopmentof the PRISM software.

OASIS is thereforeat the core of the PRISM standardsoftware infrastructureusedto assemblerun and
post-procesgarthSystemmodels.During the PRISM project,the OASIS3versionof the coupler product
of about15 yearsof evolution in CERFACS, was nalized ; its lastreleaseis available since December
2004[GLO99]. As the climate modellingcommunityis progressiely targeting higherresolutionclimate
simulationsrun on massvely parallel platformswith coupling exchangesnvolving a higher numberof
(possibly3D) coupling elds at a higher coupling frequeng, a new fully parallelcoupler OASIS4, has
alsobeendevelopedwithin the PRISM project[GLOG6(]. The rst of cial OASIS4versionwasreleasedn
November2004[GLO101].

Eachversionof the OASIS3 and OASIS4 couplersis composedf a Driver which monitorsthe coupled
system,a Transformemwhich performsthe interpolation,and a PRISM SystemModel InterfaceLibrary
(PSMILe)whichis usedin the componentnodelsto communicatavith therestof the coupledsystemand
which alsoincludesa le input andoutput(l/O) library. The OASIS4 PSMILe Application Programming
Interface(API) waskeptascloseaspossibleto OASIS3 PSMILe APl ; this shouldensurea smoothand
progressie transitionbetweenOASIS3andOASIS4in the climatemodellingcommunity

4.1 The OASIS3coupler

4.1.1 Developmentand maintenance(S. Valcke)

During thelasttwo years differentversionsof the OASIS3 coupler(“prism_2-1", “prism_2-2", “prism_2-

3", and“prism_2-4") werereleasedvithin the PRISM infrastructure The mainimprovementsncludedin

the OASIS3couplerduringthatperiodare:

— Driver modi cation to supportthenew grid writing PSMILeroutines

— Drivermodi cationsto outputfully NetCDFCF-compliantles (variablenameandunits,grid de nition,
etc.);
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Transformemodi cation to supportinterpolationof avariablehaving atime dimension(in interpolator
only mode);

Revalidationof SIPC(Unix SystemV Inter ProcessCommunicationjechnique

Interfacingwith the GOSSIFcommunicatiodayerbasedn Unix socletsfrom Directiondela Recherche
enMétéorologiedu Canada

Portingandtestingof OASIS3andassociatedoy modelonIBM Power4;

Appropriatetreatmenbf vector elds ;

— Writing of aUserGuidefor eachOASIS3version.

4.1.2 OASIS3 Usersand applications (S. Valcke)

— Today OASISis usedby aboutl5 climatemodellinggroupsin Francejn otherEuropearcountriesjn the
USA (the InternationalResearchnstitutefor Climate Prediction,the NASA JetPropulsionLaboratory
etc.),in Japaronthe EarthSimulatorsupercomputer(the JaparMarine ScienceandTechnologyCenter),
andin Australia(the Bureauof MeteorologyResearciCenterandthe University of Tasmania).

— In thelastfew yearsthe OASIS couplerhasbeenregularly usedby our teamandat CentreNationalde
Recherche#/étéorologigug CNRM) of Météo-Franceo assemble/ariousCoupledGCMs (CGCMs),
basedon the atmosphericnodel ARPEGE (CNRM, Météo-Franceyand on the oceanmodel OPA
(Laboratoired'Océanographi®ynamiqueet de Climatologie,LODYC, CNRS),which werevalidated
and exploited through a seriesof climate experimentsas part of the PREDICATE and DEMETER
Europearprojects.

— In 2004,active users supportwasprovidedto the PRISM Communityusingthe OASIS3 couplerfor the
PRISMdemonstratiomunsin 2004: differentocearmodels(ORCA2LIM from LODYC, MPI-OM from
the MPI-Met, anda toy oceancomponentandatmospherenodels(ARPEGEV4 from Météo-France,
ECHAMS5 from the MPI-Met, LMDZ from the Laboratoirede MétéorologieDynamique HadAM3from
the UK Met Of ce, andatoy atmosphereomponentwerecombinedwith OASIS3andrun on different
platforms(NEC SX6, SGI IRIX4, VPP5000/BM Pawver4).

— Finally, OASIS3is currentlybeingusedin ourteamto set-upanew CGCM basedheatmospherienodel
ARPEGEV4 andthe oceanicmodel OPA9 in the framework of the FP6 projectsENSEMBLESand
DYNAMITE.

4.2 The OASIS4 coupler

4.2.1 Development(S.Valcke, D. Declaf)

The developmentof the fully parallel OASIS4 coupler which speci cationswere establishedn 2003,
summonedup an importantpart of couplerdevelopmentefforts in the last two years.The rst of cial
OASIS4versionwasdeliveredin November2004.Thefollowing aspectsveredeveloped:

— Developmentof OASIS4Driver :

— in OASIS4,theXML standards usedo con gurethecoupledmodel(Speci c CouplingCon guration
-SCC-and Speci ¢ Model Input and OutputCon guration -SMIOC- les) ; the “SASA” tools were
developed(in collaboratiorwith Institut Pierre-SimorLaplace |PSL) andusedto accesshe SCCand
SMIOC con guring information;

— analysisof this XML information,translatiorinto couplerstructuresandtransferto componentnodel
PSMiILes.

— Developmeniof OASIS4 Transformer.

— Developmentof PSMILe-Transformerinterface routines (transferof neighborhoodsearchresults,
coupling elds, etc.);

— Transformeiparallelisation
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— Supportof 3D linearinterpolation.
— Developmentand nalization of OASIS4 PSMILe (in collaborationwith NEC EuropelLtd C & C
ResearcliaboratoriesNEC-CCRL):
— Finalization of PSMILe Application Programminginterface (scale factor de nition, meshcorner
de nition, etc.);
— Interactionwith the Driver to getthe XML con guring information; internaluseof this information
to performappropriatecouplingactions
Implementationof internal calendarroutinesto perform coupling and I/O action (put and get) at
appropriatgime;
— Developmentof PSMILe calendarroutinesto be usedby the model(calculationof new date,inquiry
of calendatype,etc.);
Completionof 3D linearand2D1D linearparallelneighborhoodearch
Implementatiorof PSMILe-Transformetrinterfaceroutines(transferof neighborhoodsearchresults,
coupling elds, etc.);
— Supportof couplingrestarts.
— Implementatiorof OASIS4toy coupledmodel,testsanddehugging.
— Writing of OASIS4UserGuide.

4.2.2 OASIS4 Usersand applications

— OASIS4was rst runwith differenttoy models,on differentplatformsdemonstratingts portability and
scalibilty : SGI Origin and ALTIX, NEC SX6, AMD Athlon PC-Clusterand Fujitsu AMD Opteron
PC-Cluster

— A realocearmodelMOM4 hasalsobeensuccessfullycoupledwith toy atmospherenodelvia OASIS4.

— The Institutefor Marine Scienceat the ResearctCenterfor Marine Geoscience$iFM-GEOMAR), is
usingOASIS4with pseudanodelsto interpolatehigh resolutiondataonto high resolutionmodelgrids.

— Active user supportis also currently provided to the FP6 GEMS project community (ECMWF,
Météo-Franceand Koninklijk NederlandsMeteorologischinstituut -KNMI) for 3D coupling between
atmosphericand chemistry models, and to the SwedishMeteorologicaland Hydrological Institute
(SMHI) for regional coupling.
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5 Oceanic data assimilation for climate
studies and seasonal prediction

Theoceandataassimilationprojectat CERFACS spanghreemainresearclactiities : (1) thedevelopment
of a variationaldataassimilationsystemfor the OPA oceangeneralcirculation model (a systemcalled
ORAVAR); (2) the applicationof OPAVAR to global oceanreanalysis and (3) the use of OFAVAR to

produceensemblesf ocearanalysegor seasonatlimateprediction.This chapteisummarizesomeof the

maindevelopmentghatweremadein eachof thesethreeareasluringthe past2 years.

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

The OPAVAR systemwas initially developedfor a tropical Paci ¢ con guration of OPA. That system
has beendocumentedand extensiely validatedin several studies([3], [2], [GLO31], [GLO22)). The
global OPAVAR systemwas developedfrom the tropical Paci ¢ systemand adaptedo a newer version
of OFA (version8.2). Thedevelopmenif the global systemwasinitiatedin the ENACT project(EC-FP5:

Jan.2002—-Dec2004)andthe rst applicationsof OPAVAR to multi-annualglobal oceanreanalysisvere
performedn ENACT, asdescribedn section5.2.

5.1.1 Reformulation of the control vector

The control vector hasbeenreformulatedto allow for a more generalrepresentatioof the background
errorcovariancesThis hasbeena majornew improvementto the OPAVAR systemln its new formulation

([GLO10€), OFAVAR producesan oceananalysisby approximatelyminimizing a cost function of the

generaform

I R R I IO PR ML I TO TN 61

wherev is thecontrol (analysis\vector v® is thebackgroundestimateof the controlvector y © is thevector
of obsenations,R is anestimateof the obsenation error covariancematrix, andG is a nonlinearoperator
that mapsthe control vector onto the spaceof the obsenation vector The backgrounderror covariance
matrix of the control vectoris assumedo be the identity matrix (B (,j = I) asevidentby the useof the
canonicalinner productfor the backgroundermin (5.1). In otherwords, backgrounderrorsfor v are
assumedo be uncorrelatecandto have unit variance The controlvectormustbe constructedarefully for

thisto beareasonablassumptionin OPAVAR, v is assumedo berelatedto themodel(initial) statevector
x throughatransformatiorof theform

v = Ui Y(x) (5.2)

where Ui ! is a block-matrix operatoy with possibly nonlinearblocks, which is split into three basic
operators atransformatiorK i ! that producesa setof approximatelymutually uncorrelatedzariablesby
removing arny known dynamicalbr physicalbalanceelationshipdbetweermodelstatevariables adiagonal
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matrixDi ! of normalizatiorfactors andarougheningperatorF i * (theinverseof asmoothingoperator)
thatactsseparatelypn eachof theuncorrelated/ariables.

Thereare two importantadwantageghat result from this formulation of the costfunction in which the
backgrounderm takeson a very simple form. First, it generallyresultsin a minimization problemwith
reasonablygood conditioning,particularly whenthe numberof obsenationsis small comparedwith the
numberof control variables.Secondmultivariateand smoothnessonstraintghat areusuallyimposedin
conventionalmatrixformulationsof backgrounderrorcovariancesrenolongerrequirecto belinearasthey
arenow transferredo the obsenationtermvia the nonlineartransformatiorlJ whichis embeddedvithin
the nonlinearobsenation operatorG. This featurehasbeenexploitedin the currentversionof OPAVAR
to employ nonlinearbalancerelationships(temperature-salinityelations,equationof state)in de ning
the control vector ([GLO10€). It also opensthe way for generalizingthe diffusion-basedsmoothing
algorithmusedin OPAVAR to a o w dependentadaptve algorithmbasednnonlineardiffusion.Nonlinear
smoothingalgorithmscanbe expectedo be particularlyadwvantageou regionsof strongoceangradients
(e.g.,nearfrontsandcoastlines).

Two examplesare presentedbelow to illustrate how the control variable transformationdevelopedfor
OPAVAR can be usedto produceanalysisincrementswith physically sensiblestructures.Figure 5.1
shavs a zonal-\ertical sectionat the equatorof the temperaturdT) increment(Fig. 5.1) and salinity (S)
incremeni(Fig. 5.1) generatedby 3D-VarwhenasingleSSHobsenation,choserto be 5cmhigherthanthe
backgroundSSH,is assimilatedon the equatorin the centraltropical Paci c. To t the SSHobsenation,
3D-Var producesT andS incrementswith largestamplitudeat the level of the thermocline.The vertical
structuresarenoticeablyanisotropic.The T incrementdisplaysa pronouncedipwardtilt from westto east
commensurateith thetilt of thebackgroundsothermsn thisregion. Thisanisotropiaesponsés produced
by agradient-dependeptirameterizatiofor thestandardleviationsof T. TheSincremenhasadipole-like
structurewherethe transitionfrom negative to positive valuesoccursat the level of the salinity maximum
in the backgroundstate.This featureof the salinity analysisincrementarisesfrom the o w-dependent
formulationof the T-S constraintusedin the balanceoperator([GLO22)).

The previous example illustratesthe fundamentalimportanceof the control variable transformationin

establishinga physically sensible(multivariate)responsen 3D-Var. The balanceoperatoralso plays an

importantrole in 4D-Var. This is illustratedin Fig. 5.2 which x@shavs the SSH incrementsproduced
from two 4D-Var single T obsenation experimentsperformedwithout and with the balanceoperator
actvated(Figs.5.2aandb, respectiely). The geographicalocationof ThesingleT obsenrationis located
in the thermocline(100m) at the samelongitude and latitude asin the previous example.In these4D-

Var experiments the control variablesare a function of the modelinitial conditionswhich are taken to

be 10 daysbeforethe obsenation time. The incrementsshovn in Figs. 5.2aandb arethoseproduced
at the obsenationtime (day 10) and have beencomputedby usingthe tangent-lineamodelto propagte
forward the analysisincrementat initial time. The 4D-Var SSH incrementwithout the balanceoperator
is remarkablysimilar to that obtainedby 3D-Var with the balanceoperator( gure not showvn). When
the balanceoperatoris included, however, the temperatureobsenation projectsmuch more effectively

onto large-scaleequatorialwave-modesas clearly illustratedin Fig. 5.2b by the presencef a westward-
propagting baroclinicRossbywave andan eastvard-propagting Kelvin wave to the westandeastof the
obsenationlocation,respectiely. Contraryto the experimentwithoutthe balanceoperatortheobsenration
is ableto have amuchwiderimpactthanin 3D-Var.
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a) T increment at equator
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FiG. 5.1- Verticalcrosssectionat the equatorof the analysisncrementdor a) temperaturandb) salinity
generateddy the 3D-Var assimilationof a single SSH obsenation (positive innovation) locatedon the
equatorin the centralPaci c. The elds have beenmultiplied by a factor 100. Solid (dashed)contours
indicatepositive (negative) values.

a) SSH increment without balance b) SSH increment with balance
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FiG. 5.2 — Horizontal sectionof the SSH analysisincrementsgeneratedy the 4D-Var assimilationof a
singletemperaturebsenation (positive innovation) located10 daysinto an assimilationwindow located
in the thermoclineon the equatorin the centralPaci c. Theincrementsaredisplayedon day 10 for a 4D-
Var experimenta) without andb) with the balanceoperatoractivated.The elds have beenmultiplied by
a factor 100 and the samecontourinterval hasbeenusedin a) andb). Solid (dashed)contoursindicate
positive (negative) values.
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5.1.2 Impr oved minimization strategies
Theminimizationof (5.1) is achievediteratively by minimizingasequencek = 1;:::; K, of quadraticcost
functions

£ £ o
JK[+vK] = vki L+ sk v kit EVANTAYAY (5.3)

o]

NI~ NI

+ £G(Vki 1)+ Gki lin i yODT Ri 1£G(Vk1 l)+ Gki lin i yo
wherevki 1 isareferencestate v is anincremente nedby vX = vki 1+ vk andGXi ! isalinearized
operatorde ned suchthatG(v¥i 1+ +vK) 14 G(vki 1)+ GXi 1avk (whenthis equationis satis edexactly,
(5.3)is identicalto (5.1)). Thedifferencey® j G(v*i 1) in (5.3)is theinnovation vector The superscript
k i 1 indicatesthat G*i ! is the resultof linearizing G aboutvki 1. The sequencek = 1;::;K are
calledouteriterationswhile the minimizationiterationsperformedwithin eachouterloop arecalledinner
iterations.In practice,it is customaryto setv® = vP and+v° = 0, andto choosevki ! fork = 2;:::;K
to be the solution obtainedat the end of the previous outerloop. The minimum of (5.3) after the K -th
outeriterationde nesthe analysisincrementtv2 = +vX . The analysisin modelspaceis thengiven by
x2 = U(v?) wherev® = vKil+ +y2 This formulationencompassesoth 3D-Var (FGAT version)
and4D-Var which are distinguishedby the type of linear modelusedin G*¥i ! to evolve the increments
betweerobsenationtimes.In 3D-Vartheincrementsarepersistedvhereasn 4D-Varthey areevolvedby a
dynamicalmodelthatcloselyapproximateshetangent-lineamodel.By distinguishing3D-Varand4D-Var
attheincrementalevel, they canbeviewedastwo differentalgorithmsfor solvingapproximateljthe same
4D assimilationproblemdescribedy the nonquadraticostfunction(5.1).

Severalinterestingpropertieof theincrementaminimizationalgorithmareillustratedin Figure5.3.Both
panelsshav the cost (J¥), 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 the analysisincrementis introducedsmoothlyinto the nonlinearmodel,
comparedo the usualprocedureof addingthe analysisincrementdirectly to the modelbackgroundstate.
The assimilateddatawerein situ temperatureneasurementom the ENACT data-setThe assimilation
window was 10 daysin all experiments,and coveredthe period 01 January1987to 11 January1987
(the rst cycle of the ENACT Streaml). In the left panelof Fig. 5.3 no outer iterationis performed

in the right panelan outer iteration is performedafter 10 iterationsas evident by the jump in J¥. It is
not possibleto make absolutecomparisonsdetweencurves correspondingo differentincrementalcost
functions(e.g., thoseusedin 3D-Var and 4D-Var) so one mustbe careful in interpretingthese gures.

It is possible howvever, to comparethe valuesof the nonincrementatostfunction computedn the outer
loop sincethis costfunctionis the samefor eachexperimentand describedby (5.1). In otherwords, the
6 differentexperimentq3D-Var/4D-Var, with/without outeriteration,with/without IAU) canbe viewedas
differentapproximatealgorithmsfor minimizing the samenonincrementatostfunction. The value of the
normalizednonincrementatostonthe nal outeriterationis indicatedby the colouredsymbols.

These gures illustrate several points. First, in both 3D-Var and 4D-Var, the useof two outeriterations
resultsconsistentlyin a muchbettersimultaneoust to the obsenationsandbackgroundstatethanwhen
only oneouteriterationis performed(21% improvementin 4D-Var; 12% in 3D-Var with IAU; 15%in

3D-VarwithoutIAU). Theuseof morethanoneouteriterationin 3D-Var wasnotmadein theoriginal 3D-

Var systemof [3] and[2] but hasnow becomea standardeaturein our global 3D-Var system Sensitvity

experimentshave shovn thatthe closer t achiered with anextra outeriterationin 3D-Var comesmainly
from changedo the nonlinearterm G(v*i 1) in (5.3) ratherthan from improvementsto the linearization
statedor G¥i 1. Performingmorethantwo outeriterationsdoesnotleadto furthersigni cantimprovements
in the t, particularlyin 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¥, normalizedby its initial value,for assimilationexperimentswithout (left panel)
andwith (right panel)anouteriteration. Thesolid blackcurvescorrespondo 4D-Var, thedottedbluecurve
to 3D-Varwith IncrementaAnalysisUpdating(IAU), andthereddashedurveto 3D-VarwithoutlAU. The
black cross,blue asteriskand red diamondcorrespondo the (normalized)valuesof the non-incremental
costfunctionat the endof minimizationfor thesedifferentexperimentsrespectrely.

much reducedvalue of the cost function comparedto that of 3D-Var (13% improvementover 3D-Var
with 1AU; 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 experimentson the otherhand,display a muchlarger discontinuityafter the
updatewhich simply illustratesthat on a 10-daywindow the persistencassumptiorin 3D-Var FGAT is
a poor approximationcomparedo the tangent-lineaiassumptiorusedin 4D-Var. The nal point worth
remarkingis thatthe nal costreductionachieved by 3D-Var with IAU is worsethanthat achiezed by
3D-Var without IAU. This tendeng wasalreadyobseredin thetropical Paci ¢ studyof [3]. While IAU
producegemporallysmootheanalyseghandirectinitialization, it doessoat the expenseof degradingthe
t to the dataachievzed during minimization.lIt is possible however, thatthe resultscould be improved by
usingadifferentforcing functionfor IAU thanthe constanforcing currentlyused.

In orderto reducethe computationatostof 4D-Var, a hybrid 3D-Var/4D-\ar stratey is currently being
exploredwherebythe 3D-Var algorithmis usedin theinitial stagef minimizationto obtaina goodinitial
“guess”for a4D-Varminimization.Preliminaryresultswith asuchaschemerevery promisingandsuggest
thatthe ef ciency of incrementaBD-Var canbe combinedwith the theoreticaladvantageof incremental
4D-Varto produceanoverall cost-efective 4D-Var algorithm.

5.1.3 Impr oved modularity usingthe PALM coupler

In orderto improve the modularityof OPAVAR andto openup possibilitiesfor parallelizingdifferentparts
of thesystemanew versionhasbeenmadedevelopedwhichexploitsthe PALM-MP coupler UsingPALM-

MP, OPAVAR hasbeenseparateihto asetof independentunits” whereeachunit correspondso aspeci ¢
taskin the assimilationalgorithm (e.g.,the control variabletransformation5.2) would constitutea unit).
Theindependencef the unit is ensuredy a well-controlledmanagementf its data-in ow and-out ow,
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asillustratedin Fig. 5.4. The PALM-MP versionof OPAVAR hasbeenintegratedinto the existing version
of OPAVAR asan optionthatcanbe activatedvia CPPkey. This hasbeendoneto facilitate comparisons
betweenthe PALM andnon-FALM versionsof OPAVAR for both validationand performance-eluation
purposesThe currentPALM versionof OPAVAR can be usedto perform a 3D-Var analysisof in situ
temperaturendsalinity databut doesnot yet supportthe 4D-Var or altimeterdataoptionswhich exist in
thenon-FALM version.

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

Several multi-annual(re)analysisexperimentshave beenperformedwith OPAVAR usingthe experimental
framavork establishedn ENACT. The analysisexperimentswere divided into three streams: Stream
1 from 1987-2001(the altimeter period startingfrom GEOSA) ; Stream2 from 1962—-2001(the full
ERA-40 period from which daily atmospheridorcing elds were available); and StreamA 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 Streamsl and2, and4D-Var experimentsassimilatingtemperaturelataonly andaltimeterdataonly
were performedfor Streamsl and A, respectiely (seethe ENACT nal reportwhich is available at
http ://www.ecmwf.int/research/EU_projects/BR T/index.html). Sincethe endof ENACT in December
2004,severalimprovementshave beenmadeto the assimilationsystemanda new setof 3D-Var analyses
have beenperformedusingthe improved system.Someresultsfrom the latestStreaml 3D-Var analysis
experimentwhich assimilatesemperatur@ndsalinity data,arepresentedbelow.

Statisticsderived from the obseration-minus-backgrounOmB) andobsenation-minus-analysifOmA)
vectorsyield valuableinformation about the internal consisteng and performanceof the assimilation
system.The OmA correspondso theresidualin the obsenationterm of the nonincementalkcostfunction,
andcanbecomparedo theresidualin the obserationtermof theincrementakcostfunction,whichwill be
denotedby OmA _incin thefollowing, in orderto allow usto checkthevalidity of thelinearapproximation
in theincrementaklgorithm.For thein situ data,the OmB, OmA andOmA _incvectorsarestoredin the
same(NetCDF)formatastheoriginal data.This hasbeenfoundto bevery corvenientfor post-processing.

Figures5.5 and 5.6 shaw vertical pro les of the meanand standarddeviation of the OmB (black dotted
curve), OmA (bluedashedcurve) andOmA_inc(pink dashecturve) from a Streaml 3D-Var reanalysisn
whichbothin situtemperatur@andsalinity from the ENSEMBLES-EMCT data-sehave beenassimilated.
The 3D-Varwascycledwith a 10-dayassimilatiorwindow. Two outeriterationswereperformedopercycle,
with 10 inner iterationswithin the rst outerloop and 30 inner iterationswithin the second.The gures
shavn are basedon statisticscomputedover all 549 cycles of the 15-yearperiod from 01 Januaryl987
to 31 DecembeR001.For referencethe obsenation-minus-contro{OmC)vector(red solid curwe) is also
shavn on theseplots. The OmC was computedusing exactly the samedatathat were assimilatedn the
3D-Var experiment. The meanstatistics(left panels)are usefulfor detectingbiasesin the system while
the standarddeviation statistics(right panels)illustrate how well the model ts the obsered variability.
Statisticsare shavn for the global averageand two focusregions: Nino3.4 - a well-obsened region in
the tropical Paci ¢ which is importantfor forecastingel Nifio; andNE_extratrop_atl- a region of direct
interestto Europe.

Severalinterestingeaturecanbededucedrom thesegures. First,themeanOmCindicateghatthemodel
withoutdataassimilatiorhasa pronouncedemperatur@ndsalinity bias.In theupper200mof Nino3.4the
controlis toowarmby upto 1*C andtoo saltyby upto 0.11psu(on aglobalaveragethewarmbiasreaches
0:6*C andthesaltbias0.2psu).In NE_extratrop_atithe biasis thereverseof thatin Nino3.4: in theupper
ocearthereis a cold bias(max.0:4*C) andfreshvaterbias(max.0.44psu),whereaselon 300m,the bias
is warm(max.0:4*C) andsalty(max.0.08psu).The3D-Varreduceshis biassigni cantly in all regionsbut
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notcompletely(e.g.,in theOmA in Nino3.4thereis amaximumwarmbiasof upto 0:1*C nearl50manda
maximumsaltbiasof 0.02psunear100m).Thisis not surprisingsince by constructionthe 3D-Var system
hasnot beendesignedo correctfor a biasin the backgroundbackgrouncerrorshave beenassumedo be
random,which is clearly not the caseespeciallynearthe startof the stream)so that a biasedbackground
will necessarilyesultin a biasedanalysis.In a realistic systemwe shouldalwaysexpectsomedegreeof
biasin theanalysis.

The right panelsin Fig. 5.5 shav that the 3D-Var analysis(OmA) improves the t to the obsened
temperaturevariability in all regions, particularly in NE_extratrop_atl.In this region, the OmB is also
notablyreducedelative to theOmC.In Nino3.4,onthe otherhand the OmB is similarto the OmCat most
depths.exceptnearl00mwhereit is slightly larger. This indicatesthaterrorgrowth duringthe “forecast”
(background)integration that follows eachassimilationcycle is much more rapid in this region, andis
possiblyassociatedvith animbalancebetweenthe analysisandthe surfaceforcing. The right panelsin
Fig. 5.6 shawv that the 3D-Var analysis(OmA and OmB) alsoimprovesthe t to the obsered salinity
variability at all depthsin all threeregions,but that,in Nino3.4,the t is lost more quickly in the upper
oceanduringtheforecaststep.

Finally, it is interestingto note thatthe OmA and OmA _inc are similar everywhereexceptin the upper
200mof Nino3.4.This similarity illustratesthatthe t to the obserationsachiezed during minimizationis
not signi cantly degradedby the IAU procedureThe extra outeriterationusedin 3D-Var hasbeenshavn
to be essentiafor preservinghis propertyof the 3D-Var analysis.

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

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

Building perturbedoceananalyses

In analogyto the DEMETER ensemblegenerationstrategy for constructingoceaninitial conditionsfor
seasonatlimateprediction,we have designedh stratgyy thatpreseresthe dynamicalbalanceof theocean.
The former has beenconstructecby perturbingthe wind stressand seasurface temperatureorcing of
an oceanmodel. The other setis constructedoy assimilatingperturbedin situ temperaturedatausing a
multivariate 3D-Var versionof OPAVAR. The OPAVAR systemhasbeenusedto produceensemble®f
analysesisingtheECMWF ocearin situobserationdata-baseSSTperturbationhiave beeninterpolatedo
all temperatur@bsenationlocationsandextrapolatecatdepth.Theoriginal verticalpro le propertiehave
beenconseredin the mixed layerandthe perturbationprogressiely fadesto zerounderneathEnsemble
statisticsarecomputedor the period1990to 1999.

Impactof theassimilationon the ensemblesf oceanstates

Dueto nonlineareffects,theensembleneantemperaturdasasigni cant subsurcecold biaswhennodata
areassimilatedthusindicatingthatsomepartof the DEMETERhindcassystematierrormaybeexplained
by theway ensemblegregeneratedConstraininghe temperaturéhroughdataassimilationcontritutesto
reducethis subsuracebias. The dispersionof the initial conditionsis supposedo samplethe uncertainty
associatedvith the oceanstateestimate Therefore,a smallerspreadin the assimilationcasethanin the
forced only caseis consistentwith the ideathat oceanuncertaintyhasbeenreducedby constrainingthe
ocearstatethroughdataassimilationFigure5. 7illustratesthis pointandalsodisplayshow dataassimilation
impactsthe interannuablvariability (seealso[GLO24]). However, somequalitatve estimatesndicatethat
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oceanuncertaintymay be overestimatedy the ensemblespreadn the nonassimilatedase andthatthe
oppositeoccursin the assimilatedcase.lt is alsoshavn thatwind stressperturbationgnainly control the
spreadamplitudein the nonassimilatedase,but that temperatureperturbationshave a strongerrelative
impactin theassimilateccase.

5.3.2 Impact of 3D-Var analyseson seasonahindcasts

Building seasonahindcasts

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 version of the OPA model coupledthrough OASIS. This samesystemhas beenusedfor the
DEMETER project([GLO20]). This experimenthasbeendesignedas much as possibleas a sensitvity
experimentwith respecto the oceaninitial conditions sothatthelatterwill be consideredn thefollowing
asthe control (reference}o which we comparethe scoreschangesThe datahave beenstoredon MARS,
aspartof the rst phaseof the phasel of the ENSEMBLESproject.

Results

Theresultshave beenextensively examinedin termsof climatology tropicalscoresandglobalscores.

1. Climatolagy: The rst sourceof errorof ary seasongpredictionsystemis a systematierrordueto
imbalancedetweencomponentgocean atmosphere,.. 3t the beginning of the coupledintegration.
In [GLO16], we have shavn thatthis systematicerroris dueto imbalancesn theinitial conditions,
which explains most of the rst month systematicerror, and to fast varying systematicerror,
primarily controlledby the atmospheren this respecttheimpactof the 3D-Var initial conditionsis
globally very positive sinceit substantiallyreduceghe rst sourceof error. The climatedrift is thus
signi cantly reducedn the whole tropical bandaswell asoutsidethe tropics.As the improvement
of the climatologyis not sufcient to obtaina betterbehaiour of the model, we veri ed thatthe
modelvariability is improvedatall leadtimesin thetropicalregions.Thisis probablydueto thefact
thatdataassimilationis ableto imposesubsurbceanomalieghatarenot presenwhenthe oceanis
forcedonly by windsand ux es.Deepanomaliesespeciallyat thethermoclindevel, canpersistand
beadwectedover a 6-monthperiodandthusimprove SSTvariability whenthey outcrop.

2. Tropical Scoes : Tropical scoresshov in general good behaiour of the 3D-Var initialised
experiments.In the Nino3 region of the Paci ¢, scoresare betterat monthsone and two, and at
monthsix of the forecastssuggestinghatthe impactof oceaninformationis effective atlong time
scalesThis suggestshatthey could be even moreimportantat time scalesof oneyear During the
1997 event (seeFig. 5.8), the 3D-Var initialised forecastsclearly outperformthe control and other
DEMETERforecasts.

3. Global Scoes: In orderto have a generaloverview of theimpactof oceaninitial conditionson the
seasonahindcastsa systematicvaluationof the impactof oceaninitial conditionsfor all seasons,
all leadtimes,threeclimatevariablegtemperatureprecipitationandMSL pressurg andall overthe
globe(dividedin 6 regions)hasbeencarriedout. This hasbeendoneusing EconomicValuescores
for above normalanomaliegin mostcasesthe effectis the samefor upperterciles).An exampleof
the resultscanbe foundin Fig. 5.9, wherewe canseefor examplethat the impactover Europeis
globally positive in Summey SpringandFall, but negative in Winter. The globalbalanceis in favour
of the3D-Var hindcastswith 67 caseavherethereis a gain, against56 lossesand20 neutralcases.
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5.3.3 Regionalseasonaprediction study over WestAfrica

Dueto errorsin modellingprecipitationin atmospherienodels seasongbredictionof this quantityis often
of poor quality andis not able to outperformstatisticalpredictionswhenthey exist. In WesternAfrica,
where seasonapredictionis crucial in several domains(crop yield or malaria),the DEMETER multi-
modelhasalmostno skill. We have evidenceda signi cant statisticalrelationshipbetweenthe dominant
modesof obsered precipitationanda combinationof ERA-40 reanalysedarge-scaleatmosphericelds,
namelythe humidity corvergencein the lower troposphereWe have shaovn that the dominantmodesof
precipitationof the rainy seasorcanbe more accuratelyforecastedvhen precipitationis estimatedrom
theforecastedhumidity corvergencethroughthis statisticalrelationshipassociatedrl his methodhasshowvn
thatthe 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,and P. Delecluse (2003), Three-and four-dimensionalvariational
assimilationwith an oceangeneralcirculation model of the tropical Paci®c Ocean.Part 2 : physical validation.,
Mon.Wea.Rev, 131, 1379+1395.

[3] A. T. Weaver, J. Vialard, andD. L. T. Anderson,(2003), Three-and four-dimensionalvariational assimilation
with anoceangenerakirculationmodelof thetropical Paci®c OceanPart 1 : formulation,internaldiagnosticand
consisteng checks.Mon.\Wea.Rev, 131, 1360+1378.
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FIG. 5.4— The PALM-MP modularcon guration of anincrementaBD-Var (FGAT) versionof OFAVAR.

The colouredboxes correspondto different “units” usedin 3D-Var. They are locatedon one of ve

“branches”which aredistinguishedby a differentcolour Eachbranchexecutesthe sequencef units on

thatbranch.Units belongingto differentbranchesanrunin parallel.In this con guration,for example the
units“load data” and“readrestart”’arerun in parallel.Eachunit is a separatexecutable gxceptfor those
blocksof units enclosedoy anouterbox (e.g.,the block containingthe “step”, “initam” and“opa” units)

whereit is theentireblock thatconstitutesanexecutableTheinputs(outputs)for eachunit areindicatedby

thecirclesatthetop (bottom)of eachbox. Thelinesjoining the outputof oneunit with theinput of another
indicatea direct “data” exchangebetweentheseunits. Alternatively, the output (input) canbe storedon

(retrievedfrom) the PALM-MP buffer, indicatedby the smallsquaresLoopsareindicatedby large circles
on thethick line connectingunits on a given branch: the start(end)of a loop is de ned by a white (grey)

circle. Units containedwithin a loop have a half-circle attachedo the left-hand-sideof the box. Several

half-circlesindicatethat the units are containedwithin nestedoops.For example,the two half-circleson

the“sqrtB” box indicatesthatthis unit, which correspondso the control variabletransformations.2), is

calledwithin theinnerloop of the outerloop of theincrementaBD-Var algorithm.
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FiG. 5.5— Verticalpro les of themean(left panelslandstandardieviation (right panels)f theOmC(solid

redcurwe), OmB (dottedblackcurve), OmA (dashed-dottedink curve) andOmA _inc(dashedluecurwe)

for temperaturédrom a 15-yearglobal 3D-Var reanalysig01 Januaryl987to 31 Decembef001)in which

both temperatureand salinity pro les have beenassimilated.The OmC, OmB etc. have beenaveraged
within eachmodellevel. The statisticsaredisplayedfor the global average(top panels)andfor two focus
regions: thetropical Paci ¢ (middle panels)yandthe north-easextra-tropicalAtlantic (bottompanels).
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FiG. 5.6— As Fig. 5.5 but for salinity.
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FiG. 5.7 — Vertical sectionat the equatorof the interannualvariability (top row) and ensemblespread
(bottomrow) deducedrom the DEMETER (no assimilation)oceaninitial conditions(left column)and
from the 3D-Var experimentgright column).
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FiG. 5.8— Predictionof SSTanomaliesn the Nino3 region; left : absoluteerror; right : predictionof the
peakENSO97eventstartedn August1997.
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FIG. 5.9—Gainin termsof EconomicValuefor predictionsof temperatureprecipitationrandMSL pressure
anomalies.
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6 Data assimilation for atmospheric
chemistry

Theatmospherichemistryprojecthasstartedin January2003,with the EC-FP5ASSET projectasa new

applicationfor the Palm software. The main part of the actiity was the developmentof a variational
dataassimilationsystemfor the global chemistry-transponnodel (CTM) Mocagefrom CNRM, Météo-
France.The datato be assimilatednto the ASSET projectcomefrom the Ervisat satelliteandthey were
not available at the beginning of the project. Due to their similarities with the ozonepro les from the
spectrometeMIPAS onboardErvisat,the Gomedatahadbeenchosernto developthe assimilationsystem
namedMocage-RIm. Interestingresultswere obtainedat the end of the year2003(ref rapport2003)and
hadencouragedisto improve this systemasa new researchactvity andnot only asanapplicationfor the
Palm software.

6.1 Improvementof the ozonepro les assimilation system

The developmentsof the Mocage-RIm assimilationsystemare separatednto threemain ways: (1) the
chemistrytransportmodel usedto assimilatethe ozonepro le, (2) the assimilationschemeand (3) the
diagnosticdo validatetheanalyzeczone elds.

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

The chemistryschemeusedto assimilateGomedatainto the CTM Mocagewas Racmolus, the stateof
theartchemistrymodelwith around120speciesThis modelresultsfrom the combinationof the Reprolus
modelfor the stratospherandthe RACM modelfor the tropospherdorcedby aninventoryof pollutants
surfaceemission Neverthelessthe numericalcostof this completechemistrymodelis too high to analyze
dataduring severalmonths.The Mocage-RIm systemwasthenadaptedo two lightestchemistrymodels:
ReprolusandCariolleschemes.

The Cariolle schemas a linear chemistrymodeldevotedto only stratospheriozone.Thelow costof this
schemeallows usto testandadjustthe assimilationsystemwhenwe receve new setof datato assimilate.
Beingvalidatedwith this schemewe reanalyze¢he datausingthe Reprolusschemen orderto have amore
detailedatmospherichemistrystatewith 55 speciesolvedin the stratosphere.

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

In the 3D-Fgaat (First Guessat AppropriatedTime) assimilationschemethe mis t (differencebetweenan
obsenation andthe modelequivalent)is calculatedby consideringhe modelstatefor eachspeci ¢ time
an obsenation is available. This is of greatinterestsincesatelliteobsenationsare not just performedat
synoptichours,but ratherare continuous.The 3D-Fgat algorithm adjustsan incrementconstantin time,
which minimizessimultaneouslythe model-backgroundistanceandall the model-obseration distances
over the entireassimilationwindow. The 4D-Var algorithmobtainsanincrementat the initial time, which
is integratedin time usingthetangentinearmodelandminimizesthe model-obserationdistancesll over
theassimilatiorwindow. In this respectthe 4D-Var techniques more e xible thanthe 3D-FGAT, but it is
alsomuchmaorecostlyasit necessitatesiary integrationsof the linearmodelandof its adjoint.
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Assessinghe relative strengthsandweaknessesf 3D-FGAT andincrementadD-Var in a chemicaldata
assimilationcontext hasseldombeendemonstratedBoth methodshave beenimplementedisingthe Palm

softwareandthe sameCTM. Neverthelessthechoiceof thechemicalschemean theincrementaliD-Varis

restrictedo the Cariolle onethatis the only schemewe have developedanadjoint. We alsohadto develop
thelinearandadjointmodelof the transportmoduleof Mocage.The incrementadD-Var currentlyworks

with threelinearmodel: (1) theidentity to be comparedo the 3D-Fgat, (2) the semi-lagrangiatransport
modeland(3) the transportandthe Cariolle linear chemistry Comparisorbetweerthis several versionof

the4D-Var andthe 3D-Fgat hasnot still beenperformedover along periodof assimilation.

6.1.3 Diagnostictools (S.Massart)

A key stepin the assimilationprocedurds the validationof the analyzedelds. Several diagnosticavere
developedfollowing threeways.The rst oneconsistonthecalculationof thedistancebetweerdependent
data(thosethatareassimilatedandmodeloutputsbeforeandaftertheassimilatiorprocedureAs expected,
the analysisis closerto the analyzedobsenations.However, it doesnot necessarilyneanthat the result
obtaineds consistentvith the prescribederror statistics.

In orderto evaluatethe overall global consisteng of ary assimilationalgorithm,a very simplediagnostic
provided by Talagrand1998)on the statisticalexpectationof the objective functiontaken atits minimum
hasalsobeenimplemented.

Neverthelessaccordingto Talagrand1998),the only objectve measureof the quality of an assimilation
algorithmis acomparisorof the elds producedy theassimilatiorwith independentlata.Thus,analyzed
ozonepro les were lastly comparedto available soundingsand to the TOMS (Total Ozone Mapping
Spectrometerptal ozonemeasurements.

6.2 Valorization of the assimilation system

The Mocage-RIm assimilationsuite includesa 3D-Fgat and an incrementadD-Var able to assimilated
ozonepro les and a numberof diagnostictools. The direct CTM model usedto computethe model

equivalentto obsenationsis Mocagethatcanbe runin ary of its chemicalcon guration for the 3D-Feat

andonly with the linear Cariolle scheméfor the 4D-Var. This suiteis currentlyemployed to assimilated
ozonepro les from the MIPAS instrumentonboardeErnvisatandSMR instrumentonboardOdin.

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

Being involved into the Assetprojectthat aimsto assimilatethe datafrom the EuropeanSpaceAgeng
(ESA) satellite Envisat, the assimilationsuite was appliedto the Michelson Interferometerfor Passve
Atmospheric Sounding (MIPAS) instrument.Operatingin the nearto mid-infrared, MIPAS provides
concentratiorpro les of a numberof targetspecieqO3, HNO3, CH4, andN,O) in the uppertroposphere
andstratosphereA typical limb elevation scanof MIPAS startsat about50 km heightanddescendén 3
km stepsto 8 km. With around600 pro les perday duringday andnighttime the MIPAS datahasa good
globalcoverageallowing a high-qualityglobalanalysis.

As anexemple,the gure 6.1 presentghe zonalmeanozonedistributionsfor the control simulation,the
analysiswith the 3D-Fgat usingthe Cariolle schemeandthe MIPAS dataaveragedover SeptembeR003.
As expectedthe assimilatedeld is even closerto the datathanthe control run. In particularthe larger
correctionsto the control simulationare mostly broughtin two regions. The rst oneis locatedin the
southernhemispherein the 40-60*S latitude band. The assimilationcorrectsthe model by lowering the
north-southgradientabose 100 hPa. The secondregion is locatedin the northernhemisphereaip to 40*N.
Theozonemaximumarounds0 hPais increasedMoreover, anunusuakecondarynaximumappearsn the
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analyzedelds at 200 hPa thatis only sketchedin the MIPAS data.Additional comparisonsvith sondes
have justi ed this secondarynaximum.

(a) Freee MOCAGE run (b) Analysis

(c) MIPAS ESA,

2003

(d) Difference between (a) and (b)
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FIG. 6.1 — Zonal meanozonein mPa averagedover July 2003 as a function of pressurdevels for the
controlrun (top left), the analysiswith the 3D-Fgat-Cariolle(top right), the MIPAS data(bottomleft) and
thedifferencebetweeranalysisandcontrolrun (bottomright).

More validationshave beenperformedfor the 3D-Fgat-Cariolleschemein particularwith TOMS ( gure
6.2). Theanalysisglobally maintaindargervaluescomparedo the TOMS total ozonemeasurementsith
adifferencecloseto 20 DU from the morth midlatitudesto the southmidlatitudes.n the high latitudesof
thenorthernhemispherethe differencereachegt0 DU. Evenif theabsoluteaccurag betweerMIPAS and
TOMS datacannot be concludedpur resultsclearly demonstratéhe ability of theassimilationtechniques
to comparemeasurementthat have very differentcharacteristicéike limb soundingsn the IR andnadir
UV measurements.

The 4D-Var assimilationof MIPAS datais in progressandstill have to be validatedbut rst resultscan
alreadybe comparedo the 3D-Fgat analysis( gure 6.3). Before producinginterestingscienti ¢ results,
the 4D-Var have to be adjustedIn particular the sizeof the assimilatiorwindow canbe increasedor the

148 Jan.2004— Dec. 2005



CLIMATE MODELLING AND GLOBAL CHANGE

80°N —| : NUM\VL‘ - L
340 | E—'\f‘;ﬂ ' ¥ \il? \) ‘o“b.@ ﬁll\,

B o

40°N —

R =
SO
15 W i

oo |

40°5 | 4075

BO°S —{ 80°s —|

T
2 5 £ 3 B
8§ 8 &8 8 8
T T
3 8B £ 3 B
g8 8 8 & 8

FIG. 6.2— Zonaltotal ozonetime evolutionsin DU over the Assetintercomparisomperiod(July-November
2003)from the BDFGAT analysig(left) andmeasurdy TOMS (right).

4D-Var, thatmeanghatthebackgrouncerroris differentfrom the 3D-Fgat sincethebackgrounds provided
by anintegrationof the CTM.

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

In orderto extendthe variety of datato be assimilatecby the Mocage-RIm suite, collaborationbetween
the CERFACS, the LA andthe CNRM hasbeeninitiated aroundthe datafrom the Odin satellite, that
is dedicatedto both astronomyand aeronomy The Sub-Millimeter Radiometer(SMR) is one of its
two instrumentsthat detectssimultaneouslymary speciesin the stratosphersuchas Oz and N,O. For
the aeronomypart of the Odin mission,approximatelyone day over three, SMR scansthe limb of the
atmospherdérom 17 to 70 km andprovidesOz andN,O pro les within aresolutionof about2 km.

During January2003,0din wasmainly devotedto aeronomyThis periodwaschoserto testthe 3D-Fgat
assimilationalgorithmon the SMR datausing the Cariolle chemistryscheme The main dif culty came
acrosswasto adjustthe backgrouncerror statisticsaccordingto the obsenration error ones.Nevertheless,
this steprealized,resultswere not asencouragingasfor MIPAS. Dueto a lower obsenation density the
information bring by the Odin datahave to be spreadvertically by the assimilationprocedurein order
to improve the analysisquality. This vertical diffusion of the informationis still not implementedn the
assimilatiorsuite.

Moreover, all theinformationavailablefrom SMR wasnot takeninto accountsincethe actualtop level of
Mocageverticalresolutionis 5 hPa (near35 km). Sincea few time, anew versionof Mocageis developed
with anextensionof thetoplevel to 0.1 hPa (near65km). Theassimilationsuiteis now ableto usethis new
versionbut not signi cant resultscanbe presenteget.

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

A traineework wasproposediy the CNRM to assimilatedogetherozonepro les from both MIPAS and
SMR measurementdhis work hasshavn that one main hypothesisof assimilation,an obsenration bias
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FIG. 6.3—Zonalmeanozonein mPaaveragedver July 2003asafunctionof pressurdevelsfor the4D-Var
analysiswith the Cariolle schem(left) anddifferencebetweerthe 4D-Var andthe 3D-Faat analysig(right).

equalto zero,hasto berespecitn this contet. The obsenationshave rst to be assimilatedseparatelyn
orderto estimateheirrespectie biasthroughthecomparisorbetweeranalysesMoreover, theobserations
covariancematriceshave alsoto bewell speci edin orderto respectheweightof eachtype of obseration
in the analysisprocessThen,the simultaneousssimilationof the two varietiesof obsenations,unbiased
comparedo TOMS, providesanalyzedzone elds closerto TOMS measuremerthanthe elds from the
separatednalyses.

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 MOdéelesde Chimie Atmosphérique)
projectis to gathertogetherthe Frenchatmospheriacchemistrycommunityworking or wishing to work
ontheassimilationof tropospheri@andstratospherichemistryspeciesDueto thelarge numberof existing
tools (models,measurementgssimilationmethods)n this eld, the PALM softwarehasappearedsthe
bestway to couplethe assimilationpiecestogetherto build anassimilationalgorithm.In the context of the
ADOMOCA project,thestructureof the MOCAGE-FALM algorithmhasto becomenoremodularin order
to admit otherchemistrytransportmodelsandto assimilateotherkind of chemistrydatanot restrictedto
ozoneandto pro les.

This new prototypeis presentlyusedto produceozoneanalysisfrom MIPAS measurementwith the new
Mocagevertical resolutionextendedto 0.1 hPa. As with the 4D-Var, this systemhasstill to be testedand
validatedusingthe availablediagnosticsheforeproducinginterestingscienti ¢ results.
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[/ 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 are usedin operationaland allows
to optimizerefuelingandto monitorethe core of the reactors.Someincore and excore instrumentations
areusedroutinely to have a betterknowledgeof the reactorsstate.However, few are usedfor improving
simulations.The useof dataassimilationtechniqueshasnow becomesystematian elds suchasweather
or oceanographforecasto take advantageof the maximumamountof availableinformation(simulations,
measurements,.) abouta given physical system,in orderto computethe bestestimateof its state.The
objective of the ADONIS project,createdat EDF in 2003in the framework of the 2010challengesis to
studythefeasabilityandpotentialcontribution of suchmethoddor the simulationof nuclearmplantreactors.
The “Data assimilationfor nuclearplant modelling” projecthasbeencreatedin the Global Changeand
ClimateModelling teamat the endof year2003,o0n an EDF demandto contrikuteto the ADONIS project
by bringingthe expertisedevelopedat CERFACS aboutthe studyandimplementatior(PALM software)of
dataassimilationsystems.

Themainobjective of this projectis to demonstraten collaborationwith the ADONIS team,the potential
contritution of dataassimilationmethodson a setof neutronicapplications.To realizethis objective, it
hasbeendecidedto develop several prototypesof dataassimilationsystemsfor applicationsof gradual
complity for which thesetechniquesseemsto be adapted.The useof the PALM software ([4]) plays
an importantrole by facilitating the implementationand ensuringthe evolutivity of thesesystemsby
coupling their elementarycomponentsOn the period 2004-2005 two systemshave beenimplemented.
Thefollowing sectionswill detaileachoneof theseapplications.

7.1 MANARA : 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
implementedo addresghe sameproblemasthe EDF codeCAMARET - thatis to provide a ne estimate
of the3D power mapgivensomelocatedmeasureandthe simulationcomputedy amodel- but with using
dataassimilatiortechniquesTheknowledgeof thismapis necessarin anoperationatontet, in particular
for hotspotlocalizationanddepletioncorrection However, themethodsurrentlyusedin CAMARET have

severaldravbacks In particular they aredif cult tojustify onatheoreticapointof vueandthey donottake

into accountmeasuremenrgrrors.In addition, CAMARET exclusively usesin-core measuremengystem.
Dataassimilationmethodologyaddresseall thesepoints,that's why the useof thesetechniqueseemso

berelevantin seacha context.

The problemsolvedby MANARA is the minimizationof the classicincrementaBD-VAR costfunction. It
producessananalysisa 3D powver mapusingtheonecomputedy the neutronicmodel COCCINELLE at
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agiventime asabackgroundandthe measurementsrovided by movabledetectorsat correspondingime.
Themodel COCCINELLE s theof cial EDF neutroniccodeusedin operationatonditions.lt computesa
3D nodalcalculationfor 2-groupddiffusion,with feedbackanddepletioneffects. COCCINELLEI s usedin
MANARA asit is in CAMARET, thatis to provide an a priori estimateof the soughtpower map.All the
operatoramplied in the computationof the 3DVAR system- the COCCINELLE model,the obseration
operatoy its adjoint, the inverseof the error covariancematrices,... - have beenimplementedandtested
as independentomponentsThen, thesecomponentshave beenassembledn PALM to build the full
3D-VAR system,asshavn in Fig. 7.1. Several internal diagnosticshave beensuccessfullyperformedto
checkthevalidity of the systemandof its componentamongwhich adjointtestandgradienttest. Thefull
applicationsuite (3D-VAR andassociatedests)is handledwith PALM andunderCVS. The development
of this systemis describedn [GLOG69]. Thistool is abaseto testseveralcon gurationsof the assimilation
systemln particular theadditionof new kind of obsenations(in-coreor ex-core)is facilitatedthanksto its
modularity Anotherversionof the systempasedon thedirectresolutionof the BLUE equationshasbeen
recentlyincludedin the suite.It turnsout to be fasterandmoreprecisein certaincaseshanthe 3D-VAR
version.

A rst setof experimentdhave beencomputedvith MANARA usinga simplebackground-errocovariance
matrix B. In this case,B containeduniform varianceson its diagonal and covariancesdecreasing
exponentiallywith the distancebetweerthe consideredoints. 126 independenassimilationexperiments
have beencomputedusing42 £ 38 obsenationsextractedfrom the completeobsenation datasetwvhile
the other 16 £ 38 have beenkept for comparison.The samehas beencomputedusing CAMARET.
Thecomparisorbetweerthe CAMARET analysis-minus-obseationsandthe MAN ARA analysis-minus-
obsenations shavs that MANARA alreadygives promising results(Fig. 7.2). Furthermorejt offers a
naturalframevork to combineseveral kinds of obsenationsand their error statisticswhich is not case
in CAMARET.

The quality of the estimationresultingfrom a dataassimilationsystemlargely dependon the quality of
the error covariancematricesmodelling. In particular the estimated3D map computedin MANARA is
not usedasaninitial conditionfor a new simulationbut asthe best-knavn estimationof the reactorstate.
As the obsenredreactionrateslocationscorrespondo arestrictednumberof pointsof the COCCINELLE
computatiorgrid, a particularattentionmustbe paidto the modellingof thebackgrounderrorcaovariances,
becausét determinegheway the correctionat obsenration pointsis spreadon the restof the computation
grid. A study of the background-errorcorrelationsbasedon the analysisof the background-minus-
obsenations, using the so-calledobsenational method([5]), hasbeenperformed.A preliminary study
of the modelbiaseshad beennecessargince model or obseration biasescan affect the resultsof this
methodaswell asthe resultof the dataassimilationsystem.An analysisof the discrepang betweenthe
COCCINELLE simulationsandthe correspondingn-core obsenationsshavs several model biaseswith
stronghorizontalspatialstructureg[GLO92)). A proceduréhasbeenimplementedo automaticallyremove
theserst orderbiasefrom thebackgroundvith asimple2D modelisatiorof thesestructuresTheanalysis
of theunbiaseackground-minus-obseationswith the obserationalmethoddid not allow usto identify
spatialcorrelationstructureg[GLO92]). Theheterogeneitpf thein-coremediumandthegranularityof the
meshmay explainthatthe background-errocorrelationbetweertwo pointsis notin uencedata rst order
by the distancebetweerthesepointsin our case This studysuggestshatotherfactors suchasfor example
natureor depletionof the assemblieshave to be investigatedfor the in uence on the background-error
correlation.
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FiG. 7.2— RMS of the discrepang betweerestimatedeactionratesandnon-assimilate@bsenationsper
level of the mesh.It canbe seenthatthe estimateproducedby MANARA ts the obsenation betterthan
CAMARET onalmostall the axial points.

7.2 KAFEINE : KAIman Filter Estimation In NEutronic
(S.Massart, G. Gacon, S.Buis)

Givenasetof initial conditionsfor anucleareactorneutroniomodelsimulationdepend®nfew parameters
thatarethedegreesof freedomof themodel. Theaim of thesemodelss to simulateasaccuratelyaspossible
theneutronic3D eld for ary reactor Thus,somefew parametertave to betunedonce usingtheavailable
data At eachnew releasef theEDF R&D operationaheutronianodel,acalibrationof its inputparameters
is performed.This calibrationproceduretunesa given setof parametersn orderto make the resultsof
the model as closeto in-core measuress possible,on a greatnumberof experiments.Nowadays, ve
modelcoefcients aresequentiallyoptimizedandtwo more parametersre correctecby hand.This quite
heary procedurds not fully automatedandthuslimited to a restrictednumberof parametersA system,
called KAFEINE, hasbeendeveloppedunderthe PALM framework to testthe potentialcontritution of
dataassimilationmethoddor this kind of application.Thesemethodscancontribute to automaticallyand
simultaneousladjusta large numberof parameterand/orto usea heterogeneougarameteladjustment
mapin codecalibrationproceduresinsteadof taking one single homogeneousorrectionvalue for each
parameterThis issueshouldbe of primary importancein the future since models,suchas multi-group
re ectorsfor instancefendto becomencreasinglycomplex. Moreover, dataassimilationtechniquesffer
the possibilityto take into accountall differentmeasuremergystemsexisting in a PressuredVaterReactor
core with their uncertaintiesas well as model uncertaintiesFinally someuseful information aboutthe
uncertaintie®f the estimatecparametersanbe provided by the system.

The KAFEINE calibrationsystemis basedn anextendedKalman Iter method.t simultaneoushadjusts
several neutronicparametersof the model COCCINELLE to best-t a seriesof in-core measurement
campaigns.In this contet, given a set of parametersCOCCINELLE outputs have to be compared
to obsenations on several experiments.The obsenation operatorof the systemcontainstwo distinct
componentshat arethe modelitself and someclassicalconversionsfrom modeloutputsto obsenations.
This operatoris linearizedby nite difference([6]). Contraryto classicaluseof the Kalman Iter, no state
propa@tionmodelis neededandit is replacedy theidentity matrixin equationsThe developmentphase
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of this systemis now accomplishedA qualitative andquantitatve comparisorbetweerK AFEINE andthe
procedurecurrently usedat EDF will soonlybe performedwith simpli ed covarianceerror matrices to
have a rst guessf theinterestof dataassimilationmethodfor neutronicparametersalibration.

[4] S. Buis, A. Piacentini,and D. D clat, (2006), PALM : A ComputationalFramevork for assemblingHigh
Performanc&€omputingApplications,Concurencyand Computation Practiceand Experiencel8(2), 247+262.

[5] A. Hollingsworth andP. Lonnbeg, (1986), The statisticalstructureof short-rangdorecasterrorsasdetermined
from radiosondelata.Part| : Thewind ®eld, Tellus, 38A, 111+136.

[6] S.Massart(2005),Lin arisation dumodeleCOCCINELLE pardiff 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. Morel, S.Buis, A. Piacentini, N. Barriquand)

The PALM_RESEARCH sofware (Fortran 90 programming,SPMD - Single ProgramMultiple Data
paradigmMPI1 messag@assindibrary) hasbeendeliveredattheendof 2001.This productis usedin the
MERCATOR project.lts useis free for researchpurposesandis encouragedor the MERCATOR-related
assimilatioractities.

ThePALM projectis thoroughlypresentednthewebsite: http  ://www.cerfacs.fr/"globc

The softwareis provided with aninstallationguideanda userguide. The userguideincludesa tutorial to
go progressiely throughall thefeaturesof the PALM prototypeandof its graphicalinterfacePreFALM.

A threedaytraining sessiorcanbe providedif necessaryFive sessionsvereorganizedin 2004and2005
for atotal of fty trainedpeople.

The PALM team provides a constant user support for the PALM products. The mail address
palmhelp@cerfacs.fr canbeusedby all registereduserso contactthe PALM team.

ThePALM users'communityis now spuredto usethe PALM_MP releasdnsteadof PALM_RESEARCH
to take advantageof the new functionalitiesandtheimprovementson memorymanagemenihechangeo
this new releases transparentor the sourcedeveloppedby theusersdueto anupward compatibility of the
latestreleaseof PALM.

8.2 Implementation of the nal version (S.Buis, T.Morel,
N. Barriquand)

The last two yearsmain actiity of the PALM teamwasthe developmentof new functionalitieson the

MPMD releaseof the coupling software PALM called PALM_MP. This oneis basedon MPI2 which

provides communicationdetweenindependanprocessesOn the contraryof the MPI1 standardwhich

is usedonthe SPMDreleasef PALM, the MPI2 standardnow availableon mostcommonplatformsusing
native or public implementationrsuchLAM, allows a bettermemorymanagemenandleadsto an higher
and clearerindependenc®etweensourceswhich have to be coupled.In concreteterms,althoughsome
main partsof the previous PALM kernelasthe managemenof the distributed objectshave beenre-used,
PALM_MP Kernelwaslargely rewritten.

Themain PALM_MP new featuresaretheintroductionof the sub-objecttonceptwhich allows to pick up
only apartof anobject,thepossibilityfor theusergo useC/C++languagesswell asFORTRAN77 and90
to developtheirown PALM units,anda more e xible temporalmanagememnf objects.At the sametime,
toolsfor real-timesupervisiorhasbeendeveloppedTheAlgebratoolboox,includedparalleloperationsand
minimisersis now availableonthe PALM_MP softwareAt presentthe rst testson concreteassimilation
datacaseswith PALM_MP arein progress.

156 Jan.2004— Dec. 2005



CLIMATE MODELLING AND GLOBAL CHANGE

8.3 Developmentof a PALM breadboard(S.Buis, T. Mor el)

Thedevelopmenftactivity wasaccompanietly anextensie testingof the new code . With theaim of testing
the e xibility, the performancesndthe portability of the PALM software andof its interface PreALM,
a benchcasehasbeendesignedlt is basedon a 2D shallav waternonlinearmodelandit makesuseof
its lineartangentandadjointversions.The modelshave beendevelopedandsetinto the PALM formalism.
Thesemodelshave beenusedto implementa 3D-Var and a 4D-Var assimilationscheme Startingfrom
theseassimilationschemesthe benchcasehasbeenimproved andit includesnow twelve differentcases
implementingthe 3D-Var, the 3D-FGAT, the 3D-PSAS the 4D-Var, theincrementallD-Var methodswith
differentminimizers.This benchcaseis the baseof the developmeniof anadwancedutorial for the PALM
applicationdn dataassimilation.

8.4 PALM applications

Severalapplicationsof PALM aredescribedn othersections

— Dataassimilationassimilationfor oceaniomodeling

— Dataassimilationfor nuclearplantmodeling

— Dataassimilationfor atmospherichemistry

The PALM coupleris alsousedin othersapplicationsat CERFACS on compututionaluid dynamicteam
to optimize the designof aero-engineOthersprojectshave choosenthe PALM_MP softwareto couple
parallelcodes. CESBIO,IUSTI, SNECMA...
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O SMOS Mission

E. Anterriey B. Picard

9.1 Intr oduction

9.1.1 Intr oduction

The SMOS(Soil MoistureandOceanSalinity) spacemissionis now undegoingphaseC studyin theframe

of the EarthExplorerProgramof the EuropearSpaceAgeng. During the lastyears, CERFACS hasbeen

involvedin the regularizationof the inverseproblemwhich aimsat retrieving the brightnessemperature
mapof the obsenedscengrom experimentainterferometricdatanamedcomple visibilities.

9.1.2 Imagereconstructionalgorithm

Threeregularizingmethodshave beenexaminedandcomparedall leadingto the sameresultswith regards
to the propagtion of randomradiometricnoise[GLO21]. Two of them,the Tikhonos andthe minimum-
norm approachesgjependon a numericalregularizationparameterwhile the third one,the band-limited
approachdoesnotdependnsuchanumericalparameteMoreover, with thelatterapproachhedimension
of the systemto be solved is reducedo the minimum numberof unknavns (or degreesof freedom),the
numberof non-redundanfrequenciesn the experimentalfrequeng coverage while takinginto account,
in the least-squarsenseall the available complex visibilities without averagingthe potentiallyredundant
ones.

9.1.3 Inverseproblem

Theinverseproblemaimsat inverting the discreteversionof the integral relationbetweernthe radiometric
brightnesgemperaturenapT andthecomple visibilities V, i.e. solvingthelinearsystem:

GT=V; (9.1)

whereG is thediscretelinear operatorfrom the objectspaceE into the dataspaceF describingthe basic
relationbetweenT andV. Sincethedirectproblemis statedvia anintegral equationthe inverseproblem
doesnotusuallyhave a straightforvardsolution.Moreover, sincethe dimensiorof theobjectspaceE (here
then? pixelsusedtio sampleT) is oftenlargerthanthedimensiorof thedataspacer (the™(*j 1)=2samples
of V), thelinear system(1) is an underconstrainegroblemwith multiple solutionsfor T. Consequently
theminimum of theleast-squareriterion

H . 2 .
pzlg kVi GTkg; (9.2)
which is alsothe solution of the normalequationG"GT = G®V, is thereforenot uniquebecausehe

squarematrix G °G is singular Thus,accordingto thede nition givenby Hadamardthe inverseproblem
is ill-posedandhasto beregularizedin orderto provide a uniqueandstablesolutionfor T.
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9.1.4 Band-limited regularization

Referringto a physical concepthamelythelimited resolutionof theinstrumenta new approacthasbeen
proposedo ESA [GLO4]. Accordingto this principle, the reconstructedrightnessemperaturenapis
the temperaturaistribution T, which hasits Fourier transformcon ned to the experimentalfrequeny
coverageH . This band-limitedsolutionrealizesthe minimum of the constraineaptimizationproblem

minkV j GTk2
T2E (9.3)
(I'i Pu)T=0
whereP  istheprojectorontothesubspacé& (of E) of theH -bandlimited functions.Theuniquesolution
of (3) is givenby :
T, = U"ZA* YV, (9.4)

whereA* = (A"A) A" is theMore-Penros@seudo-inerseof therectangulamatrixA = GU “Z, U is
the FouriertransformoperatorandZ is the zero-paddingperatobeyondH .

9.1.5 Conclusion

The band-limited regularization approachdeveloppedat CERFACS has been proposedto ESA for a
competitionwith otherinversionmethodsleveloppedoy GermarandSpanisHaboratoriesAfter theoretical
and numerical comparisons ESA has decidedto selectthe band-limited regularization approachfor
implementatiorin the SMOSLevel 1 processoprototype.
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10 CERFACS contribution to the
MERCATOR project

Thisreport,summarizingCERFACS' contributionsto the MERCATOR project,appearslsoassuchin the
MERCATOR actvity reportpreparedy the Groupement'Intérét Public (GIP) MERCATOR-OCEAN.

10.1 Intr oduction

The Mercator project develops several ocean circulation-modelingand assimilation systemsto both
sene the international Global OceanData Assimilation Experiment(GOAD) and the future French
“Centred'Océanographi€Opérationnelle’. Three main researchaxis have beenselected.The 'Systéme
d'Assimilation Mercator' (SAM) is an essentiakomponenbf the differentoceanpredictionsystemsor
prototype systems.The “PrototypeAtlantique et Méditerranée'(PAM) is designedto investicate very
high resolutionforecastingfeasibility over a region that hasalreadybeenwidely studied.The "Prototype
OcéanGlobal' (POG) addresseshe global objectve 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 stratgy for incrementaimprovementof dataassimilationschemesi.e.,
rst startingwith awell-knowvn method(Optimalinterpolation)andprogressiely usingof moreadwanced
techniquesuchasSEEKor 4D-VAR [23]. Thatis why themaincharacteristiof theMercatorAssimilation
SystemqSAM) is the useof the PALM software [36] which is a modulartool for couplingandrunning
oceancon gurationsandvariousdataassimilationschemesuchasOl, SEEK,3D-VAR or 4D-VAR [23].
Actually, it providesa generalstructurefor a modularimplementatiorof a dataassimilationsystem.This
sectionpresentshe suiteof assimilationtools of increasingcomplexity.

10.2.1 SAM-1

The rst Systemof Assimilation Mercator (SAM-1) is the reduced-ordepptimal interpolationscheme
SOFA [15] whichis ableto incorporatebothaltimeterandin situ obsenrations.

10.2.1.1 SAM-1-vl

This rst versionSAM-1-v1 developedin the Mercator projectallows the assimilationof anomaliesof
the sealevel (altimetry) andit is an univariate schemelt is adaptedto the constraintsof the scienti ¢
computationmultiprocessorgor the con gurations of greatdimensionlike ORCA-025(see 10.5) and
relatively easyto implement.
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Therearetwo typesof datausedin the rst system-Theassimilatedlataarealtimetrictracksfrom JASON,
ERS-20r ENVISAT andGFOandalsoa pseudo-dataf MeanSeaSurfaceHeight(MSSH) asa reference
level for the SeaSurfaceHeight(SSH)basednthework of [40]. Following [14], for Optimalinterpolation
anapproximatebackgrounderrorcovariancematrix B' is used suchas:

1 1
Bf = Df?cDf? (10.1)

whereD' is abackgrounderrorvariancesnatrixandC acorrelationmatrix.In SAM-1-v1,aconstanf cm
backgrouncerrorvariancehasbeenchoserandthe correlationstructurefor thebackgroundC matrix) has
theform of aspatio-temporabell which variesin shapeaccordingo thegeographicabosition.Obsenation
errorsare assumedo be decorrelatedn spaceand time. The obsenration error variancesare speci ed
accordingto the knowledgeof instrumentakcharacteristicsSo,a 3 cm erroris usedfor JASON anda 4.5
cm erroris usedfor ERS-2or ENVISAT andGFO.

The modelinitialization is realizedby corverting 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 : ORCAZ) and
PSY3v1l(POGORCAOQ2%), seesection 10.5.

10.2.1.2 SAM-1-v2

A secondrersionof SAM-1 hasbeendeveloped15], whichallowsto usemultivariatemodesonthevertical
(1D EOFs).This approachwas rst exploredby [16]. The backgrounderror covariancematrix is modeled

as:
Bf = s™Brfs (10.2)

TheBr’ matrixcontainghebackgrounderrorcovariancesn thereducedspaceandST aretheeigervectors
of Bf with S the reducedspacesimpli cation operatorBr’ is block diagonaland organizedin mode-
basedlock whereeachonemodeledusingthe Ol parameterizatioril0.1[15]. The estimationstatevector
is x=(A : barotropicstream-functionT : temperatureS : salinity), sovertical EOFsaretrivariatein these
variables Comparedo the previous system this multivariateschemeassimilate$oth altimeterdatafrom
satellitesjn-situ (T,S) datafrom the CORIOLIS databasehut alsoweekly SSTandSSSclimatology Since
2004, this multivariateschemas usedoperationallyfor the MNATL (1/3%) con guration,namedPSY1v2
prototype SinceSeptembeof 2005is alsooperationallyusedn thePAM (1/15°) con guration(PSY2-V2),
seesection 10.4.

10.2.2 SAM-2

The incrementalimprovementof dataassimilationschemedead to upgradethe 3D backgrounderror
modelisationfrom a sequentiapoint of view. Indeed,somelimitations dueto the conceptof separability
(separationbetweenhorizontal and vertical correlations)led to develop a more advancedassimilation
system.Thereforeoneneedso useadwancedestimationtechniquesadaptedo the high resolution,using
coherenimultivariatecovariancef errorwith dynamics.

SAM2 is the secondreleasewhich canbe consideredasa SingularExtendedEvolutive Kalman (SEEK)
Iter ([35] analysisnethod The SEEK(SingularEvolutive ExtendedKalman) Iter algorithm([35],[42]) is
aReducedrderKalmanFilter designedo assimilatealtimeter in-situ pro le andhigh resolutionsurface
temperaturelata.

As in the SAM1 schemeSAM2 is areducedorderKalman Iter, but the main differencecomesfrom the
errorsub-spaceln SAM2, the backgrounderror covariancematrix is approximatedy a singularlow-rank
matrix. Unlike the SAM1 schemdor whichtheinversionof theinnovationcovariancesnatrixis performed
in the obsenrational space the inversionis donein the modal spacefor the SAM2 schemelndeed,the
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error statisticsof SEEK lIter is representeéh a sub-spacapannedy a smallnumberof dominanterror
directions.From a computationalpoint of view, and to minimize the computationalrequirementsthe
analysiskernelin SAM2 hasbeenmassiely parallelizedandintegratedin a genericplatform hostingthe
SAM-1 andSAM-2 kernelfamilies([GLOG68]). This platformis drivenby the PALM software[36] which
malkes the coupling betweenthe model codesand the assimilationschemesnore effective. In SAM-2,
the backgrounderror covarianceis representethy meansof a setof 3D errormodes(3D EOFsof model
variability) in the control space The control statevectorincludesthe temperaturesalinity ant barotropic
height model variables.Neverthelesghe correctionmodi es the whole model statewith a geostrophic
adjustmentteachanalysisstep.Severalexperimentshave beenrealizedover theyear2003with the North
Atlantic con guration (1/3°). In this hindcastexperiment,we usedseasonaBD EOFscomputedfrom a
multivariateSEEK analysig(1993-1998)whereonly surfacedata(SST, SLA) wereassimilatedsee([41]).
To validatethe methodwith independenin situ temperaturean assimilationskill is illustratedin Figure
10.1.1t shawvstheverticaldistributionof themis t variancecomputeetweemon-assimilatetemperature
pro les andthe climatology the control run andthe hindcastexperimentswith 21 and 71 modes.Only
the assimilationwith the larger amountof modesimprovesthe temperatureeld at all depthswhereasa
signi cant reductionof theerrorin thethermoclinetakesplacefor thetwo hindcastexperimentsOur next
main developmentsare focusedon the calculationprotocol of the EOFsbasis.In addition,an adaptatie
schemeof the backgroundrarianceerroris beingdevelopedwhich will allow its better t at eachanalysis
step.The next importantstepis the implementatiorof SAM2 into POG (PSY3-v2).Now, it is alsobeing
implementednto the ORCAZ con guration (PSY2Gv2).

FIG. 10.1— varianceof the temperaturenis®t (in &) betweenin situ dataand: (i) the climatology (dots), (i) the control run
(dashedine) and(iii) theassimilatiorsimulationwith 71 modes(solid line) and21 modegdottedline) until 2000meterdepthduring
2003over the North Atlantic
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10.2.3 SAM-3

The third one, SAM-3, is targeting more advancedapproachesuchas the 4D variationalmethodand
is still underconstructionin R&D mode.As for the temporaldimensionof the assimilationproblem,a
major simpli cation is consideredn the SAM-1 and SAM-2 schemesincethe analysisis performedat
regulartimesintenals which do not necessarilycorrespondo the measurementmes. This wasidenti ed
asone of the major limitations of operationaNWP systemsjmpactingsometimesseverely the forecast
performancesThe 4D-VAR variationalformulation developedwith a global oceanmodelby [46] takes
a rigorousaccountof the temporaldimensionandhasthe additionaladvantageof computingincrements
that are consistentwith the linearizedmodel dynamics.The four-dimensionalvariationalformulation is
basedon the minimization of a cost function that measureghe weighted squareddifferencebetween
obsenations(including a backgroundstate)and the model counterpartThe given solutionis the closest
modeltrajectoryto the obserationsandis dynamicallyconsistentvith the linearizedmodelequationsand
the backgroundstate.At a given time, this solutionis constrainedoy both pastand future obsenations
availablein the assimilationwindow. The developmentof a third type of assimilationtool (noted SAM-
3) hasbeeninitiated in MERCATOR which relies on the OPAVAR system.The technicaland scienti ¢
featuresof the algorithm are underinvestigation to assimilatein situ and altimetric datasimultaneously
with the PSY3global oceancon guration. The variationalapproachs particularlywell suitedto control
of the dominantprocessesaking placein the tropical region whereequatorialwaves can propagte over
severalgrid pointsduringanassimilatiorwindow. As a rst evaluationof the sensitvity of the variational
systemto the prescribeckerror statistics differenthindcastexperimentshave beenperformedusing SAM-3
in a3D-VAR setup,assimilatingtemperaturandsalinity pro les in the PSY3con gurationwith different
distributionsof obsenationerrorvarianceon the vertical.

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

10.3.1 Oceanographicdevelopments
10.3.1.1 Local meshre®nement

The developmentof high resolutionoceanmodelsis strongly constrainedby the computationalcost.
To simulate meso-scalgphenomendn the ocean(10 to 100km) and take into accounttheir in uence
on the global circulation, the horizontal resolutionis a key of the main parametersTwo solutionsare
available: modelswith limited areaor embeddednodelwith increasinghorizontalresolution.The AGRIF
tool (Adaptive Grid Re nementIn Fortran) allows this grid re nement, the large scalemodel bene ts
retroactvely from the high resolutionsolution (coupling two-ways) [GLO78]. We have worked on this
topicwith Olivier Le Galloudedauringhistrainingperiod[34]. In a rst time,awork onthestabilizationof
meso-scal@actiity duringa simulationusingan AGRIF zoomhave beenperformedWe hadalsoquantify
theimprovementdueto the meshre nementon the dynamicsandon the physicsin the Bay of Biscay We
have estimatedhatthe stabilizationof the high resolutionis aroundl monthandthe creationof the meso-
scaleactiity of theorderof oneweek,whichis quitelongin the context of the Mercatorpredictiontools.
In the secondime, we have studiedthein uence of theinterpolationparametersnthe AGRIF simulation,
the meso-scaleepresentatiomndthe numericalnoiseduring the initialization. Especiallyduring the spin
up (stabilization)phase we have testedsereral interpolationg(linear, splines)for theinitial conditionsof
the parentgridson the ne grid aswell asfor the forcing onthe ne grid andthe Two Way method.The
mainconclusionof this studyare:

— theimpactof aof ine interpolationto decreas¢heinitial noise

— thenggligible improvementof the 2 way methodin the contet of 2 weeksimulations
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Thus, we have beenable to obtaina signi cant noisedecreasingvith the spline method.The two-way
methodon a shortsimulation(fourteendays)doesnotimprove signi cantly the simulation.

10.3.1.2 Validate the monthly forecasts

The ensemblel monthatmospheridorecastsystemdevelopedby ECMWEF is now available.During the

training period of Xavier Le Vaillant, we have validatethe useof this new atmospheridorcing dataset
in the MercatorSystemto improve the two weekforecastandto validatethe rst 1 monthoceanforecast
[25]. The1/3 ¢ of degreeNorth Atlantic systerrhasbeenchoserto realizetheseexperimentsover the 2004
year The new setof atmospheridorcing for this studyis basedon the ensembleneanof the ECMWF

forecastwith a daily frequeny for a ux anda bulk formulations.The forecastscoresbasedon RMS

and correlationbetweenoceanforecastand oceanbestanalysisshav a good 7-daysforecast(equialent
to the operationalone),a smallimprovementfor the 14-daysforecastcomparedo the operationalanda

encouragingesultswith the 1-monthforecastwhichis alwaysbetterthanthe persistencelhe SeaSurface
Temperaturdorecastrepresentean Figure 10.2 shav a really comparablaesultfor the 7-dayforecast.
A noticeablamprovementtake placeparticularlyin the southof the subtropicalgyre,in the SagassoSea
andin the North Atlantic current. The one-monthforecastis quite good with a correlationbetweenthe

bestanalysisof SSTandthe SSTforecastargerthan0.90exceptedn the equatorialdomain,in the North

Brazil currentandin the Gulf Stream Comparedo thepersistencehe 1-monthforecaspresentsaobvious

bene t.

FiG. 10.2 - Temporalcorrelationbetweenforecastand bestanalysisof SSTin 2004. 1stline : 7-days
forecast 2ndline : 14-daysforecast 3rd line : 1 monthforecast.1stcolumn: Bestanalysiscompared
to forecastforced by the ensemblameanatmospheridorcing; 2nd column: Bestanalysiscomparedo

Mercatoroperationaforecast 3rd column: Bestanalysiscomparedo 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
continentalfresh water apportsin the ocean(runoffs) andtheir parametrizationn the OPA model [38].
In a rst time, the runof input le for the oceanmodelhasbeenimproved in agreementvith the work
realizedon the GPCPdatabase[13]. The aim of this studywasto take into accountthe coastalrunoff,
which wasignoredsincetodayandto generatean automaticmethodto build the le. In a secondime, a
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studyof two parameterizationfor thecontinentafreshwaterapportgparameterizatiohasbeenperformed.

Severalsensitvity experimentshave beenled:

— In uence of thevertical mixing parametergn theriver mouth

— On a numericmethodincluding the “open boundaries™ in orderto considerthe runoff asa maoving
guantityof freshwaterenteringin the oceanandnot asanimposedquantityof freshwaterfalling on a
limited areaatthe oceansurface(lik e the precipitationin the model).

The goal is to choosethe better methodfor the runoff modelingin the future con gurations usedin

MercatorOcéan.

10.3.1.4 Subgrid parameterization of the re-strati®cation

The GentandMc Williams parameterizatiofGM90) [GLO77] is a subgridscalgarameterizatiomvhich
allowsthere-strati cationof thewatercolumnduringthesummemwhenthemodelis noteddy-resolvingln
thecaseof theLabradorSeaye-strati cationduringthe summeiis dueto theatmosphericaux eshut alsoto
somewarmeddiesdetachingrom the North Atlantic currentandfrom the Greenlandturrent. Theseeddies
areadwectedin the centreof the LabradorSeawherethey diffuseandwarmtheupperlayers.In the caseof
MNATL andPAM modelis notsufcient to simulatethis re-strati cation.However, the simulationof such
eventscanbe reproducedvith a goodrealismwith the GM90 parameterizationyhich actsin the model
like a diffusion operator The aim beingto have the bestcompromisebetweerthe currentrepresentations
(intensity turbulence)andthe watermass(salinity, temperatureyertical strati cation) in the PAM model,
experimentswith a regionalizationof the GM90 parameterizatioin PAM modelhave beencarried.The
summerre-strati cationis clearlybetterwith GM90.

10.3.1.5 Vorticity consewing energy and enstrophy scheme

A new schemdor thecomputatiorof thevorticity termhasbeenimplementedn NEMO. Theconseration
of the enegy andthe enstroply leadsto animprovementof the solutionas DRAKKAR projectshoved
in the ORCAO025con guration. So, the implementationof this schemehave beendonein all Mercator
con gurations and particularlyin PAM model [GLO65]. Two simulationshave beenled, the rst one
without the vorticity schemgPAM2-04) andthe secondonewith (PAM2-05). The main conclusionsre:

With the new schemewe have obsene no signi cant impravementin the Gulf Streamseparatiorbut an
improvementin its penetratiorandin the representationf the Azoresfront. Now, this nev schemds use
in all operationaMercatorprototypes.

10.3.2 Oceanographicstudieswith PAM model

The North Atlantic and MediterranearMercatorcon guration PAM is a very high resolution(5 to 7 km)

modelbasedon the OFA-8.1 oceangenerakirculationmodel[30]. The PAM con gurationbene tedfrom

theexperiencegainedwith thelowerresolution(1/3°) MNATL con gurationwhich hasbeeninheritedfrom

the CLIPPERproject[10] aiming at simulatingthe Atlantic basincirculation.MNATL is usedasa handy
researcranddevelopmenttool andis part of the rst Mercatoroperationakystemwhich is usedfor real
time analysisandforecastsinceJanuaryl 7" 2001.

The PAM modelcon gurationwasdesignedn 1998,implementedandtunedin 1999and2000.Sensitvity

testshave beenconductedduring the years2000 and 2001 which are describedin [18]. During 2002-
2003,PAM modelhasbeenimproved with the implementatiorof newv parameterizationd/alidationand
guanti cation of the gain betweensereral experimentswere also performed,aswell asscienti ¢ studies
aboutmeso-scal@ctiities andthe transporttroughNorth Atlantic straits.At this time around40 yearsof

simulationwith the PAM modelhave beernrealized whichrepresentd 0000h CPUontheFujitsuVPP5000
and50 Terabytef output les.
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TheanalysisandforecastingsystemPSY2-V2(PrototypeSYstem2) usethe PAM modelandthe SAM-1-
v2 system(seesection10.4).

10.3.2.1 The Meddiesin the PAM model

The presenigeneratiorof high-resolutionoceanmodeloffers a new way to investigatethe characteristics
andevolution of the oceanmeso-scaleAn analysisof the simulatedMediterraneareddies,the so called
Meddies, has been performed[GLO12] and an article has been publishedin Journal of Geophysical
Researh. Hereafteitheabstracis proposed

The new genertion of high resolutionoceanmodeloffers a new way to investigatethe characteristics
and the evolution of the oceanmeso-scaleAn analysisof the simulatedMediteraneaneddies,the so
called Meddies,is presentedThe modelusedin this studyis the Mercator North Atlantic [9°N, 70°N]
and MediterraneanSeaPrototype(PAM), a high-resolutioncon guration (3.5-8kmhorizontalgrid) based
on the OPA oceangeneal circulation model. The Meddiesare coheent structuies of warm and salt
MediterraneanWater advectedn the North-EastAtlantic. A ve-year experimentperformedwith PAM
reproducedthe main observedtharacteristicsof the Meddies: thermohalineproperties(11.8°C, 36 PSU),
sizeg(radiusbetweer25 and 110km), thicknesgbetweerb00and 1000m), westwad advectionvelocities
(1.4 cm.¢ 1), angular velocities(a period of 20 days),a good estimateof the numberof Meddiesin the
north-eastAtlantic (~22) andtheir realisticgeagraphicaldistribution (80% southof 40°N). Moreover, and
in agreementvith a previousstudybasedon an observatiorcruise thesemodeledVieddiesrepresenthalf
of thewestwad salinity transportof MW.

10.3.2.2 Comparisonwith the in_situpro®les

A simulationoverthelastdecadef the21 century withoutassimilationhasbeenledto estimateheability
of this modelto simulateoceanover alarge period.Speci ¢ areashave beenestablishedo studythemodel
behaiorsin differentregionsof the North Atlantic. Principaldynamicalbiasobseredin themodelarethe
disappearancef the cold coastalcurrentalongthe America(not representedh the Levitus climatology),
the separatiorof the Gulf Streamandtheincreaseof salinity in the LabradorSea.The spatialvariability is
smallerin the model,it is dueto an homogenizatiorproblemof the watercharacteristicslt could be the
resultof a too importantcorvectionor atoo big value of the diffusion coefcient. The upperoceanin the
Europearcoastis the areawhich hasthe bestagreementvith thein_situpro les (cf g 10.3).It couldbe
dueto severalreasons
— Betterresolutionof themodelin this area.
— In this placecurrentsarewealer andthe representatioof the gradientss easier The diffusion operator
worksbetter

10.3.3 Perspectives

A new strat@y 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 strat@y, the
future con gurationsare homoteticeachothers.It permitsto usequick in-line interpolationfor the input

le (forcing ux will be generatdust at oneresolution)anddiagnosticimplementatiorbecomegeneral
for all Mercatormodels In this way, a new high resolutionmodelof the North Atlantic is beingdeveloped.
The domaincaovers North Atlantic (between20°S and80°N) and MediterranearSeaandit coupledwith

anice model.Thisis the rst stepfor the next 1/12° global Mercatorcon guration. A suchmodelshould
bedevelopatthe horizon2008andimpliesanimportantwork on the sizeof theinputandoutput les. 400
processor®n an IBM SP4(computerat the ECMWF, Reading,UK) and 300 Gigabytesof memoryare
needed.
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FiG. 10.3— Vertical pro les over Europeareafor the temperature meandifference(up); RMS (bottom).
PAM minusobsenationin solid line, Levitus climatologyminusobsenationsin dashedine, acombination
of obsenationsandLevitus minusobsenations(dashedlotsline).

The future con gurationswill be developedwith a re ned vertical grid nearthe surface. The vertical
resolutionwill belessthanlmatthesurface.Thisis arequirementonditionto take into accountcorrectly
the diurnal cycle. This new vertical discretizationwill implied a study of the vertical physic in the code.
Several new parameterizationsf the vertical mixing will be testedlike KPP mixing schemg?24], impact
of the surfacemixing dueto thewave, to thetide.

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

During thesetwo years,a nenv assimilationsystembasedon the Reduced-OrdeOptimal Interpolation
algorithmusing 1D vertical multivariateEOFshasbeenimplementedn the MercatorNorth Atlantic and
Mediterraneamligh Resolutiormodel.This new multivariateprototypeis calledPSY2v2.Theocearmodel
is basedon OPA-8.1 [30], agenerakirculationmodeldevelopedat LODYC (IPSL Paris),andis designed
to simulatethe Atlantic and Mediterranearoceanswith a very high horizontalresolution(5 to 7 km).
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The assimilationsystemis basedon the Reduced-OrdeOptimal Interpolationalgorithm and uses1D
vertical multivariate EOFsto extract statistically-cohereninformation from the obsenations (Benkiran
et al., 2005). The PSY2v2 prototypeassimilatesjn a fully multivariate way, conjointly altimeter data
(JASON1,ENVISA andGFO),ReynoldsSSTandtemperatur@andsalinity verticalpro les providedby the
CORIOLIScentre TheprevioushighresolutionprototypePSY2vlassimilate®nly the Sealevel Anomaly
(SLA) from satellitesmeasurementalongtrackswith a univariatemode.The 2D incrementf SLA are
thencorvertedinto 3D increment®f U, V, S, T andTKE usinganalgorithmbasedn the"lifting-lo wering"
method(CooperandHaines,1996).

10.4.1 The newassimilation method

Theassimilatiormethodusedby PSY2v2is basetbn SAM1v2 (seesectionl0.2.1.2)andworksasfollows:
— ThedifferencedetweerSLA, T andS obsenationsandmodelforecastarecomputedatappropriatdime
anddatalocationsfor a full weekmodelintegration.
— Thesemis ts areprojectedn a 2D reducedspaceusinga fully multivariateOptimalInterpolation(Ol) :
— The estimationstatevectoris composedy the vertical pro les of temperatureand salinity andthe
barotropicstreamfunction.
— EOFsof the estimationstatevectorarecomputedonceat eachpoint of the modelgrid from hindcast
simulations.
— TheOl gainis computedor eachof the EOFsindependentlf{EOFsorthogonality)for agivennumber
of dominantE OFs(orderreductionup to 20 modes).
— Themodelstateis updatedy the sumof the contritution of eachselectede OFto the gain multiplied by
theinnovationvector
— Thebaroclinicvelocity incrementsyhich arenotin the estimationstatevector arecomputedassuming
geostropk.
— A new modelstateanalysiss updatedusingtheinnovationvectorcomputedabove.
— Startingfrom this new ocearstate themodelrunsfor the next weekof prediction,usingtheatmospheric
forcing elds providedby the ECMWEF

10.4.2 PSY2v2Results

Someresultsobtainedwith the multivariatemulti-dataprototypePSY2v2arepresentedhereafterThereal
time hasbeencaughtup by Januarylth 2003 from the climatology Medatlas2in the Mediterranearand
Reynaudin the Atlantic until now.

10.4.2.1 Assimilation diagnostics

The gure 10.4(left) concernghe numberof temperaturgoro les enterednto the systemversustime and
depth. This numberbecomesparticularly importantin the secondhalf of the year (about500 pro les).
The gure 10.4 (middle) shows the variationsof the meanvalue of the mis ts (differencesbetweenthe
obsenation and modelforecast),which is weak during the whole year The RMS value of the mist is
plottedonthe gure 10.4(right)andprovesto be closeto zero,with a maximumatthe thermoclinedepth.
Satellitealtimetry are usedto constrainweekly the geostrophiccurrents,herein 2004. The datanumber
exhibits the dataavailability in real-time.Themis ts (i.e., correctionto applyto themodel)reach8cm,and
represent35% of the datavariability (Figure10.5).

10.4.2.2 Impact of T/S vertical pro®lesassimilation on water masses epresentation

We compareherethewatermassesn PSY2vlandPSY2v2systems.
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FiG. 10.4— Assimilationdiagnosticswith respecto the verticaltemperaturero les over theyear2004:
Numberof temperaturelata(left), Meanmis t betweerobsenationsandmodelforecas{middle)andRMS
of themis t (right).

— A WOCE zonalsalinity sectionat 26°N ( gure 10.6)shawvs the SubtropicalUndervater(STUW), with
salinity characteristicsanging from 36.6 PSU to 36.9 PSU, centeredat 200m depthin the western
Atlantic basinfrom 80°W to 50°W. The samesalinity sectionin PSY2vldoesnot displaythe STUW
salinity characteristicavheread?SY2v2does( gure 10.6).Hencewe shav thatassimilationof salinity
verticalpro les in PSY2v2allowsto betterrepresenthe STUW salinity characteristicsalthoughSTUW
arelesssaltyin PSY2v2thanin the WOCE obsenations.This might be dueto alack of salinity vertical
pro les to be assimilatedn this region, or to an annualvariationof the STUW salinity characteristics
betweerthetime of the WOCE cruiseg1992)andthetime whenwe look at PSY2v2(2003).

— One of the main problemswith univariate prototypesis the representatiorof Mediterraneanwaters,
mainlyits verticalpositionnearl000m.The gure 10.7shavsthesalinity at 1000mfor April 2004from
PSY2vlandPSY2v2simulationsFor PSY2v1 the MediterraneaWaterOut ow (MOW) is maintained
by therelaxationbellow 500mto Reynaudclimatologyin the Gulf of Cadiz,thatis notthecasearymore
for PSY2v2.We can seeon the gure 10.7 salty water which correspondgo the characteristicof
Mediterranearwaters(salinity closeto 36.5 PSU), with meddiesformation and betterpropagtion in
thePSY2v2case,sh@ing impactof T/S verticalpro les assimilation.

10.4.2.3 The Mixed Layer Depthin the POMME area

In this paragraphwe give anoverview of thephysicalandbiologicalprocessetakingplacein thePOMME
area(16°W-22°W and 38°N-45°N). We will thenlook whetherthoseprocessesire well representedn
the two MERCATOR systems.The POMME projectinvestigatesthe processe®f subductionand mode
waterformationatthemeso-scaleaswell asthecouplingbetweerthe subductiordynamicalprocesseand
the Carboncycle biological processe$32]. The region selected(Black squareon gure 10.8) presents
subductionof the 11-12C North-EastAtlantic Mode Water The POMME areais, accordingto the
climatology[8], atransitionzonebetweerdeeplate winter Mixed Layers(ML) in the North andshallover
winter ML in the South. The POMMELX cruise during the winter 2001 (February-March2001) with
meridional sectionsat 20°W and 15.2W shavs ML with depthrangingfrom 20m to 250m (Reverdin
G., personalcommunication)with ML deeperin the northernthanin the southernPOMME area.The
deepnorthernpart is associatedvith a ratherbiologically productie area,whenthe southoneis more
oligotrophic[27]. Moreover, as subductionand the spring bloom both occursat the end of the winter,
it is importantto understanahe timing of thesetwo processes subductiondrivesthe bio-geochemical
characteristicef thewatermasseseforethey areincorporatednto themainthermoclind27]. ThePSY2v1
and PSY2v2(gure 10.8),in averageover the winter 2004 (Jan-Feb-Marshavs Mixed Layer Depth
(MLD) deeperin the northernthanin the southernPOMME area,in agreementvith Reverdin (personal
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FiG. 10.5— Assimilationdiagnosticswvith respecto the SLA for the threesatellitesIASON1, ENVISAT
andGFO.Fromtopto bottom: Datanumber RMS data,RMS mis t andratio(RMSmist / RMS data).

communication)and the Boyer-Montegut et al. (2004) climatology In the high resolution CLIPPER
simulation[44], the MLD seasonatycle is well representedwith neverthelesverestimatecamplitude
by up to 100min March [28]. An hovmuller diagram( gure 10.9) shaws that the seasonatycle phase
is alsowell representedn PSY2vland PSY2v2,with amplitudesrangingfrom 40m in the Southto a
maximumof 180min the northernpartfor PSY2v1,and20min the Southalongwith maximumvalues
of 260min the northernpartfor PSY2v2.Following Reverdin (personakkommunication)PSY2v2MLD
agreedetterwith obsenations.Figure10.9suggestshatthe PSY2v2systendisplaymoreMLD ne scale
structuresof importancefor the biological activity, thanthe PSY2v1system.Although the two systems
have the samehorizontalandverticalresolution this suggestshatassimilationof temperaturendsalinity
verticalpro les in the PSY2v2systemenhancethe developmentof MLD ne scalestructures.

10.4.2.4 SeaSurface Temperature and generationof the loop current eddiesin the Gulf of Mexico

SeasurfacetemperaturgSST)in the PSY2v2systemis comparedo independenbbsenations(i.e. not
assimilated] gure 10.11)at4 buoyslocations( gure 10.10)for the periodJunel5th2004to Octoberl9th
2004.The PSY2v2SSTtemporalvariability agreesrery well with obsenations,althoughthe modelshavs
a0.5°C to 1°C biaswith obsenations,maybebecausehe modelSSTis a 3m depthtemperaturewhereas
the obsened SSTis a 0.6mdepthtemperatureThe generatiorandevolution of theloop currenteddiesin
the Gulf of Mexico is representeth a very realisticway by the PSY2v2system.Indeed,a comparisorof
the PSY2v2SLA with Chloroptyll-A concentration{independentiata,i.e. not assimilatedjn the Gulf of
Mexico, duringacycle of 6 weeksfrom Julyto Septembe2004,shavs avery goodagreemenibetweerthe
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FiG. 10.6— Zonalsalinity (psu)sectionacrosdatitude26°N in the North Atlantic asa functionof longitude
andlog10(depth). PSY2v1lin Septembef003 (top panel),PSY2v2in Septembef003 (middle panel),
WOCEAO05 synopticsectionJul-Aug 1992 (lower panel).

modelandthe obsenations( gure 10.12).Theloop currenteddyis characterizedby very low chloroptyll-
A concentrationFromweek1to week6(from top to bottom, gure 10.12),we canfollow the generation,
the detachmenaind thenthe westward translationof the eddy which happenin the modelin phasewith
obsenations. Such eddiesare generatedy the instability of the Yucatancurrent,which is realistically
representeth the PSY2v2system(not shavn). The Yucatancurrentmaximumvelocity is 130cm/sat the
endof summer2003,in agreementvith obserationsfrom [9]. Two deepcountercurrentson the Yucatan
andCubansideobsenedby [9] arealsopresenin the PSY2v2system.In the westernpartof the Gulf of
Mexico, we noticesereral patcheswvith averylow chloroplyll-A concentratiorf gure 10.12 left column),
associatedvith small scaleeddiesin the MERCATOR?2 sealevel anomaly( gure 10.12,right column).
Thosestructuresarecomingfrom aformerloop currenteddywhich disintegratedinto smallerscaleeddies
whencolliding with the Mexicancontinentaplateau.

10.4.3 Perspectives

We describedhenew Mercatorfully multivariatehigh resolutionprototype.This new prototypehasavery

good statisticalcomportmeniand allows, amongother things, to betterrepresenivater masseslike for

example,the MediterranearWater Out ow, with a very advanceddescriptionof the meso-scal@atterns.
A morecomprehensk validationof PSY2v2prototypeis in progressandwe planto provide onthe Web,
analysisandforecastsn aoperationamodefrom the beginning of October2005.

Next stepwill concerrreanalysisvith PSY2v2overthelastdecadeeriod.
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FiG. 10.7— Salinity at 1000min April 2004for PSY2v1(left) andPSY2v2(right) simulations.

FiG. 10.8— Winter MixedLayerDepth(meters)n the Boyer-Montegut 2004 climatology(left), in PSY2v1
systemwinter 2004 (middle),in the PSY 2v2systemwinter 2004 (right).

10.5 The global conguration models (C.Derval, L. Fleury,
G. Garric, M. Laborie andE. R my)

The ORCAO025teamis in chage of developinga global oceanmodelcon guration at mediumresolution.
This components actuallypartof the global oceanforecastingsystemof MERCATOR PSY3vllaunched
in october2005. The set-upof the con guration began in 2001 and was focusedon the horizontaland
vertical resolutiontaking into accountthe future computercapacitiesThe numericalmodelis the ocean
generalcirculationmodel OFA elaboratedn LODYC (Paris). The horizontalgrid is an ORCA type grid,
with two poleson land in the NorthernHemisphereo avoid singularitiesat the north geographicPole.
TheORCAO025con guration, with afree-surbceformulation,corresponds$o a 1/4deg resolution e.g.with
1042x1021horizontalgrid points. The use of the NetCDF format for input and output was chosenfor
easy-handlingourpose.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 usto implementandto adaptfor our purposesll the updatesmplicitly
includedin the NEMO con guration.

In the two next sectionswe presentbriey rstly the work doneon the rst versionof ORCA025with
the diagnostic-onlyseaice (OPA8.2) and,in the secondsection,the preparatiorof the coupledoceanice
modelcon guration (NEMO ; OPA9), ORCA025-LIM, the targetcon guration, a speci ¢ analysisof the
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FiG. 10.9— Hovmuller diagram(time as a function of latitude) of the Winter 2004 (JFM) Mixed Layer
Depth(meters)n PSY2v1(left) andin PSY2v2(right).

F1G. 10.10- Locationof the four mooredbuoys (with buoy numbersjn the Gulf of Mexico.

ORCAO025-LIM at high latitudesandthe descriptionof variousexperimentsperformedwith the ORCA2-
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 driven by the ERA15 climatologicalforcing elds, but with
the evaporation ux scaledby 0.6 to equilibratethe freshwaterbudget,have beenperformed([GLO75]).
The main circulationfeaturesasthe gyres,arewell- representedhut the usualproblemsin z-coordinates
eddy-permittingcon guration arealsopresentik e thewrong positionof the Gulf Stream A rst analysis
of the experimentwas doneper oceanbasin,comparedo Levitus salinity andtemperatureelds usedto
initialize the simulation.Due to the resolution,strongand narrav westernboundarycurrentsare present,
masstransportshroughmajor straitsand betweenoceansbasinsare coherentwith the obsenations. At
the equatora cold biasis obsened, especiallyin the the Atlantic and Paci ¢ easternbasin, this being
probablyduetheforcing elds. Theamplitudeof theundercurrents comparabldo theobseredones.The
variability of the Indian Oceandueto the monsoonis well representedTl he spatialresolutionpermitsthe
explicit representationf someeddyactiity, for examplein the Aghulasregion.
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FiG. 10.11- Mooredbuoys SeaSurfaceTemperaturg®C) (at 0.6mdepth)(Bold black curwe) in the Gulf
of Mexico from Junel5 to October19 2004. Light black curve shavs the PSY2v2three metersdepth
temperaturg®C) atthe closestocationandfor the sametime period.

10.5.1.2 The Interannual experiment"POG05B"

The experimenthas been performedon the ECMWF's IBM calculator during March 2005 with the
CVS-basisOPA8.2 Mercatormodelcon guration ((GLO76€]). As a reminder herearethe main physical
attributeswhich have beenretainedn the con guration: free surface,diagnosticseaice model,nonlinear
bottomfriction, free slip lateralboundaryconditions,turbulent closureschemgTKE) for vertical mixing
with viscosity/difusivity coefcient enhancements caseof static instability (convection), horizontal
biharmonicviscosityfor momentumJaplacianlateralisopycnal diffusion on tracers,a monthly relaxation
towards Levitus temperatureand salinity is appliedin the Gibraltarand Bal el Mandebstraits.A daily
correctionof the surfacemassbudget(EmP)is arbitrarilyimposedto zeroin orderto avoid ary massdrift.
In collaborationwith the DRAKKAR project,anew algorithmfor thetotal vorticity termin themomentum
adwection hasbeenimplemented.This schemeconseres both total enegy for general o w and, asthe
formerschemethepotentialenstroply for o w with nomassux divergence Theinterannua(1993-2001)
daily atmospheridorcing is issuedfrom the ERA40 reanalysis a dampingterm (40 W/m2) towardsthe
weeklyReynoldsSSTis appliedto the heatsurfacebudget.
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Comparedo the POG04experiment,the meaneddy kinetic enegy in the westernboundarycurrentsis

more realistic, with a betterrepresentatiorf the downstream o w, dueto the useof the new vorticity

schemeThis behaiour is particularlymarked in the AgulhasCurrent.However, the global upperlayers
(0-1000m)remaincoolerandlesssalty thanthe Levitus climatology The interannuaktmospheridorcing

allowed us to evaluatethe interannualvariability simulatedin POGO05B.The gure 10.13representshe
temperatureadjustementinderthe 1997-1998ENSO eventin the easterrpart of the Paci c. This ENSO
is, amongotherspropertiescharacterisedy a Kelvin wave initiated by a westerlywind burstsin March
1997.Comparedo the TAO data,POGO05Breproducesorrectlythe intensity (150m) of the thermocline
deepeningndthe occurencef the Kelvin wave (summerl997)andof themainENSOsignal(end1997).
Similarly, the shallaving of the mixed layerin spring1998 (Nina event)is well reproducedy POGO05B.
Therealisticrepresentationf theseeventsareparticularlyencouragindor furtheruseof the 1/4dey global
con gurations.

10.5.2 The ORCA-LIM con®gurations
10.5.2.1 The ORCAO025-LIM con®guration

The setupof the ORCAO025-LIM in the OPA8.2 versionhasbeenachieved in 2004 ([GLO8Q]). Briey,
the ORCAO025-LIM con guration (OPA8.2) is similar to the ORCAO025 con guration usedto perform
the POGO04experiment the ORCA modelis coupledto the full thermodynamic-dynamiseaice model
LIM (Louvain Ice Model) developpedby T. Fichefetand his teamat the "Institut d'Astronomie et de
GéoplysiqueG. Lemaitre"atthe University of Louvain La Neuwe (Belgium); theatmospheridorcingis in
"bulk" formulaemode,i.e. heatandmomentumux esarere-calculatedy the modelwith the appropriate
surfacemodel conditions.An adaptationof the ORCAO025-LIM with the NEMO con guration (OPA9),
initially developpedby the DRAKKAR Project,have alsobeenrecentlyachiezed for Mercatorpurposes.
With a substantiabptimisationby a completere-writting of the code(Fortran90), this new con guration
includesdifferentimprovmentsasthe partial stepsa new verticalgrid with re ned surfacelayers(1m)and
anew coastabndriversrunoffs packageAn interannuakxperimenthasalsobeenperformedwith thesame
interannuaforcing asthe POG05Bexperiment.The Analysisareunderprocess.

In the meantime seaice relatedactvities hasbeeninitiated throughidenti cation of available datasets
(essentiallyas a rst stepthesedatawere from the National Snov and Ice Data Center)to evaluate
future ORCA-LIM con gurations (see[GLO81] for more details). More recently a close collaboration
with the CERSA allowed usto identify satelliteproducts(seaice concentratiorand seaice drift) which
aresupposedo be usedin a nearfuture for validationsandoperationnapurposegsee[GLO82] for more
details).A seaiceintercomparisomrojectinvolving seaice operationnasystemshasalsoinitiatedto de ne
commonstandardseaice diagnosticsThis collaboratiorhave endedn de nition of "metrics"Classlin the
MERSEAProjectclassi cationandproposalffor the followings Class2 and3.

10.5.2.2 The Antar ctica zoominterannual experiment

Conjointly with theglobal 1/4deg resolutionwe developeda 1/4deg con gurationconstrainedo the (30rS-
80rS) domain.This developmentwith the OPA8.2 versionallowed usto progressn the setup of theglobal
con gurationand,in thesametime, to studythefeasibility of the 1/4dey horizontalresolutionto reproduce
thelife cycle of the Antarcticapolynias.Consideringheir signi cative impactson climatein generalsee
[31] for example),variousstudieshave recentlyput thesewell-known meso-scalgphenomenaindernew
considerationsVe performedaninterannuakxperimentwith this zoomAntarctica con gurationforcedby
daily ECMWEF analysisandseasonasurfacesalinity restoring.The large-scaleseaice extentsimulatedby
thiscon gurationis closeto obsenations([11]) duringwinter but is largely underestimateduringsummey
especiallyalongthe EastAntarcticacoastlinewhereseaice is nearlyabsentTheseshortcomingsaisedthe
importanceof the surfaceatmospheridorcing as the samemodelforced by climatologicalatmospheric
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datasetsimulatedseaice extentcloserto obsenations([43]). We have selected coastabreaknown to be

favourableof polyniasformation: TerraNova Bay, Mertz Glacier Adélie, Shackletorice-shelf,PrydzBay

andEnderby Characterisethy a relative decreasef the seaice concentrationn timeseriespur modelled
polynias are well correlatedwith obsened polyniasin Shackletonice-shelf, Prydz Bay and Enderby
Highly correlatedwith the occurrenceof the katabaticwinds in the ECMWF analysis,the polyniasare
badlyrepresenteth the TerraNova Bay, Mertz GlacierandAdélie. The correlationbetweerthe katabatic
winds andthe seaice concentratiomeache$).63in PrydzBay duringwinter 1995. The increaseof these
correlationswith a positive lag (wind in advance)of few days(1 dayin general)highlightsthe relative

inertiaof seaice underthedynamicalforcing.

A moredetailedanalysisof a particulareventsin the Prydz Bay betweenthe 26th april and 14th august
1994 revealedthe formation of polyniasare associatedvith periodsof strongwinds (abose 10 m:si 1)
during 10-20days(Figure 10.14).A closelink is alsopresentetweenthe wind andthe seaice drift. We
canalsonotethatthe surfaceair temperatures highly correlatedwith the winds: the air adwectedby the
katabatic o w is warmedadiabaticallyand, subsequent|ythe surfaceair atmospheréncreasedalongthe
shoreunderkatabaticwinds regime. As the seaice formationis closelylinkedto surfaceheatlossesand,
then,to the temperaturgradientbetweerthe surfaceandthe atmospherethe increaseof the surfaceair
temperatureounteractshe ice formation. The oceanicheat ux, prognosticquantityin the model,is also
highly correlatedwith the winds (not shavn) via the verticalmixing in the upperoceanidayers.Although
the transportof the warm air preventsthe formationof ice in the polynia, the vertical mixing inducedby
thewindsupwellsthe heatneededo self-sustairthe polyniaandthe seaice formation.The analysisof this
eventhighlightedthe complex feedbacksn thepolyniaslife cycle and,furthermorethekey role playedby
the seaice in high latitudes.This studyhasalsoshavn the feasibility of the 1/4dey horizontalresolution
coupledocean/se&e modelto representhe processesidethe polynias,given a moreadaptedsurface
atmospheridorcing. Part of this work hasbeenpublishedn the MercatorNewsletter([GLO14]).

10.5.2.3 The surfacemassbudgetwith the ORCA2-LIM con®gurations

In the framavork of studyingthe surfaceatmospheridorcing appliedto the future global prototype,we
performedan experimentwith the ORCA2-LIM con guration and forced by the interannualECMWF
analysisdatasebver the 1993-2004period. The simulatedglobal meanof the seasurfaceheight (SSH)
exhibits avery large positive interannuatrend(280mm:year ') which revealsanunrealisticaccumulation
of massin oceansThe surface massexcessis undoubtedlyissuedfrom the large overestimationof the
ECMWEF rainfall comparedo the GPCPv2datase([22]). Althoughno signi cant trendhasbeenfoundin
the GPCPv2datasetand, in general,in precipitationmeasurementg33], the ECMWEF rainfall exhibits
unrealistictrends during this decadalperiod. The ECMWF reanalysisERA-40 project shawvs also an
overestimatiorbut, with the useof the samesystem(model+ assimilationschemeyuringthe experiment,
the excessremainsconstant(closeto +1mm:dayi * comparedo GPCPdataset) This overestimatioris
essentiallyfoundin thetropicalbandsfor bothECMWF datasetsHowever, medium-and-lage-scaledias
featuresarealsoobseredin variousareas the large underestimatioiound in Southernmid-latitudesis
in factaresultof alesswell marked circumpolartroughin the ECMWF model; systematioverestimation
(resp. underestimation)are found upstream(resp. downstream)orograply (the Andes cordillera, the
Antarctic PeninsulaGreenland) underestimatioris also found at the end of the Atlantic storm tracks
in the Norwegian Sea.In orderto correctthis large positve SSHtrend, we have temptedto correctthis
systematidvias presentin the ECMWF rainfall dataseby applyingthe conceptof the methoddescribed
in [45]. Briey, they assumefour assumptions 1) The ECMWF precipitation eld shouldconformto
the observedorecipitation eld (the GPCPv2datasefor our purpose) 2) Thewater budget, precipitation
minusevapomtion (calculatedoy the ORCA-LIM modelin our case) hasto be zewo in a global senseor
the concernedperiod; 3) Theevapomtion eld is treatedas error-free; 4) Thetempoal variability is not
affectedto r storder Theminimisationprocedurenvolvesasinglecoefcient, ®, calculatedasthesolution
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of thefollowing system
ﬁczﬁi @ﬁ| ﬁogs)With ﬁc"‘ﬁi E=0 (103)
this canbereducedo thesimpleequation

®= (Pc+Ri E)

= 0.
Pi Pobs) (104)

whereP is the ECMWF (either analysisor reanalysisyrecipitation(and P its mean),Pops is the GPCP
climatologicalprecipitation(and Pops its mean).P¢ is the meancorrectedprecipitation,E is the mean
evaporationandR is the meanriver runof setto 0.31 mm.day-1(elaboratedrom differentreferencesot
listed here)in our experimentsAll thesequantitieshave beenevaluatedon oceanicvaluesonly. We have
adopteda different methodfrom the [45] paper: the correctionis appliedon the global oceanand not
only onthetropicalband; the correctionis appliedlocally (eachgrid point) andnot latitudinaldependent
we usea monthly GPCPdatasesampling.As our differentsensitvity experimentsareall performedafter
theimplementatiorof the 4ADVAR assimilationschemén the ECMWF forecastsystem,n 1998,we have
appliedthe correctionon two time series. 1993-1997and1998-2004 However, theinterannuakariability
of theprecipitationgro le of themasssurfacebudgetin the experimentshavs large differencebeforeand
after1998.

The evaporationissuedfrom the previous experimenthasbeenusedto evaluatethe alphacoefcient and
the ECMWF analysiscorrectedprecipitation.A similar experimentis then performedwith this corrected
precipitation eld. With differentmeanvaluesof theevaporationux atdifferentperiodsthe Figure8 and
theTable2 shav anearlyclosedsurfacemasshudgetduring1998-2004 themorealphais closeto 1.0,the
morethecorrectedprecipitationis closeto obseredvalueandthemoretheevaporationux issuedromthe
experimentallows to closethe massbudget.Althoughthe equilibratedoudgetduringthe period1993-1997
is dueto the cancellatiorof gainedandlossof mass(Figure9), the nearlyclosedbudgetduring 1998-2004
exhibits a realistictrend. Moreover, the trend of the SSH during 1998-2004is in the orderof magnitude
of the estimatedhermostericsealevel rise (1.6 8§ 0.3 mm/yearfor 1993-2003)47] or the total obsered
sea-leelrise(2.58 0.4mm/yearfor 1993-2003J29] The magnitudeof the massdampingis alsodivided
by more thantwo betweenthe rst experimentand the correctedexperimenton the 1998-2004period.
The stabilisationof the dampingterm after the year2000undera value of 10-3*mm.day-1is particularly
encouragingMe canalsonotethatthe dampingtermis no longerconcentratedn the tropical bandbut is
spreadall overtheglobaloceanwith peaksn themid-(NorthernAtlantic) andhigh-(Arctic Ocean)atitudes
(notshawn).

We appliedthe samemethodof correctionon the ECMWF ERA-40 reanalysigrecipitations performed
with the ORCA2-LIM con guration forced by interannualERA-40 ECMWF dataseton the 1993-2001
periods.An experimentperformedn the sameconditionsbut usesthe correctedprecipitationon the 1993-
2001 periods.With a meanvalue of 1.0, the alpha coefcient revealsan appropriateevaporation ux to
closethe surface massbudget. Once again, the interannualvariability of SSH exhibits a realistic trend
(4mm/year) The magnitudeof the massdampingis alsosigni cantly reducedHowever, this relaxationis
not stabilisedaftertenyearsof experiment this behaiour is still underinvestications.

Thiswork hasallowedusto closethe surfacemassbudgetin hindcastandreanalysicon gurationsfor the
recentECMWF analysisandreanalysigdatasetgreferto [GLO83] for moredetails).This methodshould
be appliedto thespinupto realtime for the PSY3v2prototypeaslong asthe GPCPdatasetsreavailable.
Theseprecipitationdatasetsgdelayedto presentime, arenot availablein realtime. However, we usedthe
monthlymean elds whicharenotdesignedo beusedn forecasimode. A methodto usethe GPCPdatasets
low frequeng (monthly) variability in forecastmodeis underinvestigations.Daily GPCPdatasetsvill be
alsousedin the methodto checktheinput of highervariability in the previousresults.This methodis also
linkedto therunoffs estimatiorusedin themodel.Furtherdevelopmentshouldimplementary new runoffs
releases.
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10.6 The rst global 1/4° operational Prototype System
PSY3(M. Drevillon)

10.6.1 Main PSY3vldevelopmentsin years2004-2005

PSY3aims at delivering weekly global oceanicforecastsallowing meso-scalgrocessesn the ocean.
In orderto build the rst PSY3 prototypes,data assimilationmethodsof growing compleity will be
implementedn thePOGcon gurationat 1/4°, startingwith SAM1v1 ( 10.2.1.1),assimilatingnly satellite
altimetrymeasurements.

The so-calledPSY 3vldevelopmentbegan in 2004, by mewging the sourcesrom POG-05(0ORCA 1/4°)
(see 10.5andthe PSY2G1system(ORCA 2° SAM1V1), which wasdoneby E. RemyandN. Ferry. Mid
2004, M. Drévillon beganto testa rst versionof the system(the size of the executableis morethan 60
Go), runningexperimentf onecycle of oneweekon alocal opteronprocessorsluster(Baltic).
Thesetestswereconstrainedy the progressie tuning of the machineby the Mercatorsystemteam,which
consistedn several changesf Fortran compiler addition of processorsandthe testsof a properbatch
submissiorsystem.The codewasthustestedon seseral machinesat the sametime : Baltic at Mercator
kami (Fujitsu VPP 5000)at Météo-Franceandhpca(IBM cluster)at ECMWFE

After this seriesof tests,giving satishictoryresultson Baltic by the endof 2004,the modelsourcesvere
upgradedo POGO5bjn orderto usetheenstroply conservingschemeThemeandynamictopograply used
by SAML1 is thusderived from the POGO5binter-annualexperiment. The SAM1v1 sourcesvereincluded
andadaptedo the SAM1/SAM2 platform.

A numberof modi cations have also beenmadein SAM1v1 : The vertical interpolationschemeof the
liting/loweringmethodhasbeenupgradedo a cubicspline(insteadof linearspline)by N. Ferry.

The carvaswasinitially designedo be monotonic,asthe datawaslocatedon this intermediategrid via
a dichotomyschemeThe analysis,doneon the carvas grid, weretheninterpolatedon the modelinitial
ORCA grid (which is not monotonic).This methodproved to generatea lot of errorsin the caseof the
ORCAO025¢grid, andthe carvaswas nally takenidenticalto the ORCA grid, andthe schemdo locatethe
dataonthegrid waschangedbasedn PSY2developments.

Thearrival of 18 new bi-processonodeson Baltic in march2005allowedto run a 20 processorsersion.
Moreover, this con gurationis designedo run operationallyeitheron Baltic or on Kami.

The rst globaloceanicforecastwith PSY3vlis madein autumn2005,andthe systemrunsoperationally
by theendof 2005.

10.6.2 Preliminary resultswith 2003boundary conditions

Preliminary experiments,using January2003 atmosphericforcings and satellite measurementsyere
performedin orderto testthe systemandcompareit with the otherMercatorsystemsin Fig 10.15,two
analyzedsealevel anomaliesare one month apart(from an experimentstartingJanuary2003, the 8th).
After only four cyclesof assimilationwith assimilatedSLA over a 7-daywindow, the meso-scal@ctivity
is clearlyenhancedmostlyin the Gulf streamandKuroshioregions,andin the circumpolarCurrentfor the
southerrHemisphere.
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Fi1G. 10.12— Weekly meanChloroplyll-A concentratiorirom MODIS-CATSAT (left column)andweekly
meanSealevel anomaly(meters)from PSY2v2(right column)during 6 weeksin araw. The rst week
(top panelsjs from July 25thto 31th2004.Thelastweek(lower panels)s from August29thto September

4th 2004.
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FiG. 10.13— Timeserieq1996-1998)of the temperaturavith depthat the Equatorand 220rE longitude
from : the POGO5Bexperiment(rightlandthe TAO datasetgleft).

FiG. 10.14- Time seriesof seaice concentratior{black dottedline), katabatiovinds magnitude(red), sea
ice production(blue) andsurfaceair temperaturégreen)in the PrydzBay areabetweerthe 26thapril and
14thaugustl994.Theblackheavy lineis the10m:s' * thresholdor thewind ; theshadedlueareasn the

gure representhepolyniasoccurrencen the experiment.
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FiG. 10.15—- PSY3vlanalyzedsealevel anomaliegm) : (top) First SLA analysig2003January)(bottom)
after4 cyclesof SLA assimilation(February2003)(onemonthJanuaryclimatologicalforcing spin-up)
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Environmental Impact of Aviation






1 Introduction

DanielCariolle

The aircraft emissionshave an impact on atmosphericchemistryand on the radiatve balanceof the
atmosphere-or example,contrailsformedby condensatiof watervaporonto exhaustaerosolsandsoot
particlestriggerthe formationof cirrus clouds.Emissionsof nitrogenoxidesperturbthe naturalchemical
cyclesandleadto ozoneproductionor destructiordependingon local air masscompositionandinsolation.
Theseozoneperturbationglongwith the emissionof CO2,watervapourandice particlesformation,soot
particles,sulphuricaerosoldrom the burning kerosenggive an additionalcontritution to the greenhouse
forcing. The mostrecentevaluationsof thoseeffectsshaw the existenceof anampli cation factorof about
3 for greenhousepotentialfactorfrom aircraftemission: amoleculeof CO2emittedfrom a jet airplaneis

afactorof 3 moreef cient for greenhouseforcing thana similar moleculeemittedat groundlevel.

Giventhe exponentialincreaseof the air traf ¢ it is anticipatedthatthe aircraftemissionswill doubleby
year2020comparedo presentTheair traf c would thenbea majorplayerof theclimatechangeThereis
nodoubtthatin futurenegotiationprocessefor thelimitation of greenrhousegasemissionsviation sources
will bea centralissue.lt is thereforeimportantthat the regulationsthat could be imposedon aviation be
basednwell-soundscienti ¢ studies.

As this thematicwasrecognisedsanimportantissuefor the CERFACS shareholderandfor the ministry
of transportation(which hasthe administratve supervisionof Météo-France)it was decidedin 2003to
settlea new projectOaviation andervironmentOwithin the CERFACS andCNRM teams.

The main objective of the projectis to betterquantify the chemicaland radiatve atmospheridmpacts
of aviation at the various scalesfrom the aircraft near eld to the global atmosphereAn integrated
evaluationof the differentstepsthat involvesthe emissiontransformationsnustbe performed from the
gaseousndparticulatespecieggeneratiorin the comhustionchamberstheir chemicalandmicroptysical
transformationsn the aircraft near eld, their vertical and horizontaldilution in the far wake alongthe
contrail path, up to the formation of corridorsby the eets andtheir transportby the generalcirculation
of the atmosphereAt eachof thosestepsthe chemicalandradiatve atmospherigerturbationamustbe
assessed.

Duringthislast2 yearperiodemphasiiasheenplacedonthemodeldevelopmentsAt smallandmesoscale
the numericalmodelsNTMIX and Méso-NH have beendevelopedin the areaof transportschemedor
chemicalspeciesand microptysic associatedo 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 theatmospherienesoscale.

On globalscalea linearizedapproacho the atmospherichemistryhasbeendevelopedandvalidated,and
hasbeenintroducedn thelatestversionthethe CNRM ARPEGE/Climaglobalmodel.Onthesamdine an
equialentapproacthasbeendevelopedfor aradiatve schemehatallows arapid evaluationof theimpact
of possibleozonechangeon the stratospheri¢emperaturesvalidation of the radiative schemehasbeen
performedusingthe IFS globalmodelof the ECMWF andsensitvity experimentshave beenobtainedwith

the2D ChemicalTransportModel MOCAGE. Thenext stepswill concentrat®ntheextensionof theozone
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linear schemeo accountfor the injection of NOx, H20 and CO from air traf ¢, andassessmerndf their
chemicalandradiative perturbations.

We have establishnumerouscooperationswithin the presentproject. First with the CNRM for the use
of Méso-NH and ARPEGE/Climatand MOCAGE models,and secondat the europearievel within the

QUANTIFY projectcoordinatecby the DLR where CERFACS is responsibleof the activity 1l "Dilution
andProcessing".

Thenext sectiongdetailsthe resultsobtainedwithin the periodcoveredby thisreport.
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2 Small-scale simulations of aircraft
emissions

2.1 Development of NTMIX model for contrail formation and
aircraft emissiongR. Paoli)

A two-phaseo w modelbasedon amixed Eulerian/Lagrangiaapproactwasdevelopedin NTMIX solver
to simulatetheformationandevolution of a contrailin anaircraftwake. Large-eddysimulationswereused
for thecarriergaseouphasewhile aLagrangiarparticletrackingmethodwasusedfor thedispersegbhase,
consistingof ice crystalsand exhautssootparticles.A microphysical modelfor vapourcondensatiomvas
alsointegrated,so that the proposedmethodprovides a detailedmonitoring of the evolution and growth
of eachcrystalandclusterof crystalsin the wake. The analysis,initiatedin 2003 at Stanford,focusedon
the interactionbetweena trailing vortex and an exhaustjet loadedwith soot particlesand watervapour
andwas nalized in two journal articlesby Paoli et al. [PAE1] andPaoli and Garnier[PAEZ2]. This work
hasbeenrecentlyextendedby Cariolleetal. [PAE4] includinga measuredaircraftwake asthe background
o w- eld, insteadof ananalyticalvortex model,seeFig. 2.1. The thermodynamiaonditionsfor contrail
formationwereidenti ed by tracking the spatialdistribution of supersaturatiorsi,e aroundparticlesas
shawn in the snapshoof Fig. 2.1. This is a key variablesincethe growth rate of eachparticle depends
on the local supersaturatiorr,, » Sy, whichin turn dependsn the local temperatureTherefore dueto
the exhaustcoolingin the plume,watervaporcondensesver sootparticlesandformsice crystalswhose
sizesgrow until thermodynami@quilibriumbetweerthetwo phasess reachedTheevolution of themean
crystalradiusr .y g in Fig. 2.2 shavs thatit attainsanasymptoticvaluearoundl*m whichis in therange
of obsenationsreportedn theliterature.

In the framework of our long-termcollaborationwith Univ. of Strasbouy, a moduledevelopedby Prof.
Mirabela&Zs groupwhich providesa uni ed treatmenbf aerosolssootandice particleshasbeenrecently
installedon CERFACSmachinesThe nal goalis to developanintegratedtool to predictthechemicaland

FiG. 2.1 - Contrail formationin a measuredircraft wake. Left, initial vorticity distribution. Right, iso-
surfaceof ice supersaturatio®ice att = 8sec: green,Sice=o = 0; yellow, Sice = 10%; sootparticles
andice crystalsarerepresentetly blackandwhite dots,respectiely.

CERFACSACTIVITY REPOR 195



SMALL-SCALE SIMULATIONS OF AIRCRAFT EMISSIONS
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FiG. 2.2—Ice crystalradiusevolution. Left, temporalevolution of themeanradiusr ., 4. Right: crystalsize
spectrumatt = 8sec:

FIG. 2.3- Velocity vectorplot in 3D shearundera singlebell mountainsimulatedwith Méso-NHcode.

microphysicaltransformationsf exhaustsn thewake. An a8Hoff-linea&¥ couplingwasobtainedby using
theparticle-trajectonsolutionscomputecoy NTMIX asinputparameterfor theboxmodel. Thefeasibility
of an a4KJon lineaAk integrationinto a cfd coderepresents challengingscienti ¢ 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-Francemeteorologicakode Méso-NH. A signi cant effort hasbeenmadeto understandhe
comple structureof Méso-NHandthedevelopmenbf postprocessingoolsusingwidespreagndportable
outputformat,suchasNetCDFE Somepreliminaryacademicasesverealsorun for the sake of validation.
An exampleis the 3D shear o w over a single bell mountainreportedin Fig. 2.3. The gure shows that
orographicforcing producegravity wave propagtingright- andupward. A stratgy to properlyinitialize
thesesimulationsin Méso-NH to cover the mesoscalel00 km domainis now investigated, as well as
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FIG. 2.4— Snapshobtf particle-laderslabadwectedin isotropicandhomogeneousirbulence.Left : scalar
eld in a Semi-Lagrangiasimulation.Right : (reconstructedhumberdensity eld in a fully Lagrangian
simulation(initially 100 particlespercell).

the possibleuseof a nestedversionof Méso-NH.Emphasids put on the contrail-to-cirrustransitionthat
occursafter the vortex breakdevn, dueto the combinedactionof wind shearand strati cation, with the
wake and atmospheridurbulence.The overall approachof thesemesoscalsimulationswill be validated
usingexisting (in situ andsatellite)obsenrations.

2.3 Numerical algorithms : Semi-Lagrangian (R. Paoli and the
cfd/combustion team)

A signi cant part of the teamactiity hasbeendedicatedo the developmentof an ef cient numerical
algorithmto transportthe disperseghasein two-phaseo w simulations(aerosolsandice crystalsin the
presentcase).To that end, a Semi-Lagrangiarschemeadvection hasbeenimplementedn NTMIX for
its good computationakf ciency in long-lastingsimulations,as alreadyexperiencedn the atmospheric
sciencescommunity Thesekind of methodscan also be designedto supply local diffusion around
propagtingfrontsof non-difusive scalarsin particulay a Conserative Quasi-Monoton&emi-Lagrangian
schemeg(CQMSL) hasbeenimplementedhat switchesfrom high-orderHermiteto low-order Lagrange
interpolationin the vicinity of stronggradients.Conseration is further guaranteedia a-posteriorimass
recovering.A preliminarytestwasrun, consistingn a Direct NumericalSimulationof a particle-laderslab
adwectedin isotropicandhomogeneoutiurbulence.Thescalareld shovnin Fig. 2.4compareseasonably
with thenumberdensity eld reconstructedrom afully Lagrangian-particlsimulation.Next stepswill be
to includethe dispersedhasevelocity in the numericalmethod,aswell asthe adwectionof particlesize
distributions.
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3 Large scale ozone distribution and
radiative response

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

A linearizedozoneschemes usedin the ARPEGE/Climatmodel.It hasbeendevelopedby Cariolle and
Déqué(1986)in orderto studytheinteractionsbetweerthe ozonedistribution andthe climateevolution. It
is computationallyef cient andcanbe usedfor rst rapid assessmertf impactswithout the needto use
moresophisticate@hemicakranspormodelssuchasMOCAGE, whichis muchmoreresourcelemanding.

The ozoneschemeneededo be updatedthe major objectveswere rst to remove as muchaspossible
the bias of the parameterizatiomnd secondto bettertake into accountthe effects of the heterogeneous
chemistry In particularattentionhasbeenpaid to the systematicunderevaluationof the ozonecontent
at the equatorin the lower stratospher¢hat hasbeenpointedout with the original parameterizationTo
this endthe photochemicaD MOBIDIC modelthatgeneratethe coefcients of the parameterizatiohas
beenupgradedhfterdetailedanalysisof therelative effectsof transporandchemistryandcomparisonsvith
variousclimatologicaldataset¢Cariolle [PAE®]).

Thefollowing improvementshave beenintroduced

- careful analysis of the computation methodsto obtain the meridional residual circulation from
ARPEGE/climat

- removal in the chemicalcomputationf the cold biasfoundin the ARPEGEforcing in the middle and
high stratosphere

- analysisof thein uence of horizontalandvertical diffusion

- evaluationof the computationsnethodusedfor the photolysisrates

- introductionof a new formulationfor the ozonedestructiordueto heterogeneoushemistrybasedn the
localtotal ozonechlorine

- upgradehe chemistryaccordingto the JPL-2003-25ecommendations

- tune the vertical diffusion coefcient above the equatorialtropopauseo be in betteragreementvith
distributionsof CH4 andN,O measuredby HALOE

- increasehewashoutratesin theboundaryayerto improvedthe tropospherimzonecontent(lessN Ox)

After having introducedseveralimprovementsn thoseareagshe MOBIDIC modelproducesasigni cantly
improved O3 simulation.This derived new versionv2 of the parameterizatiohasbeenextensiely tested
using the MOCAGE CTM and the ARPEGE and IFS models.As an example, gure 3.1 shows the
comparisorbetweerthe TOMS dataandthe MOCAGE ozone eld for a4 yearsimulationusingthev2.1
schemeAs canbe seenthe modelreproducegjuite well the ozonevariability at the equatoy the spring
maximaatthe NH high latitudesandthe ozonedestructiorin the SH nearthe polein Septembre-Octobre.
In orderto usethe linearizedschemeor emissionscenario§rom aircraftit mustbe further developedto
includethein uence on ozonechemicalproductionanddestructiorratesof the perturbationslueto NOy
speciegmainlyN O+ N O, andH N O3), CO andH 0. To thisendthe MOBIDIC modelwill beusedand
comparisorwith the MOCAGE modelwill be performedusingemissionsand/ordistributionsof perturbed
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FIG. 3.1—Total ozonedistributionsgivenby the MOCAGE simulationsat T21 usingthev2.1 schemend
forcedby ECMWF operationahnalysesand TOMS data.

speciesrom the FP5 SCENIC project. This taskis undertalen by D. Cariolle in collaborationwith the
CAIAC team(H. Teyssedrepf the CNRM.

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

A linearizedmodelof the atmosphericadiative transferhasbeenderived from the detailedradiatve model
usedatthe ECMWF within the IFS operationamodel.
A columnversionof the radiatve operationalcodehasbeenusedto derive the sensibility matrix of the
radiative tendenciedo temperaturdDQ/DT] and ozone[DQ/DO3]. Thesematrix are the jacobiansof
the radiative codeasa function of temperatureand ozone.They have beencalculatedby applyinglocal
perturbationgo a 1D verticaltemperaturero le representate of the equatorialatitudefor equinox(see
tablel). For the computationof [DQ/DT] a perturbationof +/- 5 K hasbeenappliedat eachlevel, the
radiatve codeintegratedand the tendenciesalculated.Similarly, for the computationof [DQ/DO3] an
O3 perturbationof +/- 20 % hasbeenappliedat eachlevel. The matrix [DQ/DQg] is in factthe sumof 2
matricespnefor thelongwave andonefor the shortwave radiations.
Thelinearradiationmodelsimply works asfollowing. Givena vertical pro le thatdeviatesfrom ¢ T and
¢ O3 fromthereferencegbro le it is thenpossibleto evaluatethe perturbatiorof theheatingrate¢ Q using
thematrix product:

¢ Q=[DQ=DT]- ¢ T+ [DQ=D0O3]- ¢ O3 (3.1

This modelhasbeentestedusinguniform temperature@ndozoneperturbationgwith sometestsof mixed
O3z and T changes)ver the vertical (aslarge as 20 K and 50% ozone)and heatingrateswere found to
deviate lessthana few percentrelative to full radiatve calculations.This meanthat for a large rangeof
temperatureand O3 changeshe responsef the radiatve modelis approximatelinear, provided thatin
thecalculationof partialderivativescareis takento allow for theradiationexchangebetweerlayers.
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The importanceof the exchangebetweenlayersis illustratedby calculatingthe vertical dependencef
the radiatve dampingtime. The radiative dampingtime is de ned hereasthe time necessaryo dampa
speci ¢ temperaturgerturbationlt is obtaineddirectly from the linear modelby integratingequation(1)
with ¢ O3 = 0, and¢ T = 1K, theresult¢ Q givesthe dampingtime ¢, = ¢ Q' ! ateachlevel. If the
temperatur@erturbations appliedto onelevel only, oneobtainsthetime necessarjo dampthetemperature
anomalyhaving the depthof thecorrespondindpyer In thatcasethe¢ Q termis equalto thediagonalterm
of thematrix[DQ/DT]. In caseof atemperaturgerturbatiorwith effectonthewholevertical,oneobtains
the so-calledNewtoniandampingtime, the time to dampthe local temperatur@anomalytaking accountof
the in uence of the changesn the radiatve ux escomingfrom all levels above and belav the level in
consideration.

Figure 3.2 shaws the vertical distributions of ¢, when the temperatureperturbationaffects one layer, 3
layerscenterechtagivenlevel, 5 layers,7 layersandsoon...If theradiationexchangebetweerayerswas
unimportantheverticaldistributionsof ¢, shouldbe very closefrom oneanother
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FiG. 3.2—Radiatve dampingtime asa functionof thedepthof thetemperatur@erturbationThedarkblue
curve correspondso perturbationof onemodellayer, redfor 3 layers,greenfor 5 layers,light blue for 7
layersandpurplefor 9 levels.

This is the casein the upper stratospherebore 30 km where the different evaluationsof ¢ shav a
goodcorvergenceasthe depthof the temperaturgerturbationincreaseslin thataltituderangethe matrix
[DQ=DT] is diagonallydominantandit makessenseo considetthe Newtoniandampingtime asthetime
representatie to dampary temperaturgerturbationln contrastbelov 25 km, in the lower stratosphere,
the dampingtime increaseswith the depthof the temperaturgerturbationwith no sign of corvergence.
For examplemorethan60 daysareneededo relaxthetemperaturéo thereferencepro le for ananomaly
spanningfrom 20 hPa to 100 hPa, a value consistentwith the time taken by the IFS modelto respond
to the ozoneperturbationdescribedabore. As discussedy mary authors,in the lower stratospher¢he
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equilibrium temperaturesre very sensitve to the cornvergenceof the infrared radiation ux es.Whatwe
have shawvn is thatit canbe accountedor within alinearframewvork, andthatperturbationghataffect the
lower stratosphereantake severalmonthsto displacethe modelequilibriumstate.

The responseof the linear radiation model to ozonechangewas found to be very consistentwith the
sensitvity of the ECMWF generalcirculationmodel (Cariolle [PAES] ; Cariolle and Morcrette[PAE3)).
In particular thelower stratospheritemperaturesf thelinearmodelandof the GCM respondsimilarly to
changesn the vertical ozonegradientin the uppertroposphere-ler stratospherée canconcludethat
the GCM sensitvity to ozoneis mostly a linearresponsevia changesn the solarandlong wave radiation
absorptioncombinedwith thevery long radiatve dampingtimesthatprevail in the lower stratosphereOn
time-scaleof several months,heattransport,chemistry-temperatur@ateractions possiblere-adjustments
in the watervaporandcloud distributions,and dynamicalfeed-backslo not play animportantrole in the
GCM responseThe presentlinearizedapproachto radiative transfercan thereforeconstitutea valuable
meanto obtainatlow computationatosta rst guessof the stratospheritemperatureesponsef coupled
GCM-ChemicalTransportModelsto ozonedistribution changes.

This linearizedcodewill be usedwithin the MOBIDIC modelandusedto evaluatethe upperatmosphere
temperaturesvolution dueto aircraft inducedozonechange.This taskis undertalken 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'S® group hasfocusedits actiity on the developmentof an expertisein the
domainof heating,ventilationandair conditioning(HVAC) systemsandon the improvementof the N'S®
solution.

The HVAC actiity hasintroducedthe CFD simulationtowardthe responsiblef the ventilationsystemof
professionabuilding or plant.

Firstusedin additionof acampaigrof measureg is now asked,thanksto theobtainedresults to studythe
ventilationsystemof building on project.

The versionof the N'S® solutionachieved in 2004 hasbeentestedin 2005 by Airbus and Turbomecan
orderto de ne improvementgo bedoneto make it useon regularbasisby them.

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

The resultsobtainedwith the Airbus testgroupallows N'S® groupto submitits usein the framework of

the Virtual TestingAirbus project. The challengewill beto contrikute to a bettercollaborationbetween
Computatiorandtests.
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2 Heating, Ventilation and Air
Conditioning Flow Modelling

In the eld of air ow modelling, the group hascarriedout CFD simulationsin the domainof heating,
ventilationandair conditioning(HVAC) systemsThis activity hadbeeninitiatedin the framavork of the
FP5EuropearprojectASICA which allowedacquiringexpertisedn the eld.

The objectivesof this activity areto modelandsimulateair o ws in buildings, the useof reliable,ef cient
and e xible predictve CFD software's, andthe supply of supportto traditionaldesignand experimental
methodgor the managemenf comfortconditionsin buildingsandHVAC systems.

2.1 Industrial ventilation simulation in alargeworkshop(G. Jonville,
C. Garrigue, consultantT. Schénfeld

In the frameof the rst phaseof this project,numericalair o w simulationsof the industrialventilationin

a very large aircraft workshophave beenperformedduring 2004 and 2005. The main objectveswereto

studythe relevanceof 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 geometricrepresentation®f the material environmentin the workshop have been
considered.

The air inlet ventswere positionedeitheron the ceiling, eitheron somewalls. The air outlet ventswere
positionedonthe oor.

Realisticinlet, outlet and wall boundaryconditionshave beende ned basedon measureddata from

measuremergampaign®n site. Somemeasuredaluesof air velocity andtemperaturénsidetheworkshop
werealsoavailable. Structuredand unstructureccomputationabrids with up to 2M hexahedralcells and
3.5Mtetrahedratells (Fig. 2.1) weregeneratedhy meansof advancedCFD grid generatiortools.

FiG. 2.1-Unstructuredetrahedraineshegenerate@roundgenericaircraftplacedin industrialworkshop.
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Physicalandnumericalmodelshave beenimplementedor settingup the air ow simulationruns: steady
Navier-Stokesequationgor modellingthetransporiof momentumk- modelfor modellingturbulenceand
enegy equationfor temperatureThe computationdrave beenperformedwith a bi-processocomputerof

4Gbmainmemorycapacity Theruntimesrangebetweenl8 and34 CPU hoursfor onecomputatiorcase.

FiG. 2.2—Pathlinesillustrating ow eld in workshopfor differentcon guration.

The numericalapproachto the air o w investigation shaved that advancedCFD software, pre and post-
processorvith asigni cant level of compleity and e xibility have sufcient potentialto predicttheglobal
air ow in large industrial buildings with a goodaccurag at reasonableost. Somecorrelationsbetween
simulationresultsandobsenrationson site have beenunderlined.

The simulationsallowed visualisingand understandingf the physical phenomenato provide velocity
directionandintensity temperaturelistribution andparticlespath(Fig. 2.2).

The rst phaseof this project proved that the numericalair ow simulationin buildings is a reasonable
supportto the traditionaldesignandexperimentalmethods The approachs very informative in practical
designanda promisingessentiatool for themanagemertdf largeindustrialworkshopsaandHVAC systems.

2.2 Airow simulations in an enclosure polluted by particles

(G. Jonville)

A studyhasbeenrealisedconcerninghe numericalsimulationof internalair ow in aventilatedenclosure
pollutedby particles. Theenclosureepresentanindustrialroom. The aim wasto optimisethe ventilation
systemaccordingo theef ciency of extractingparticles.

For the CFD simulationsthe enclosurewas modelledas a 3D parallelepipedbox. The air inlet was
positionedontheceilingandtheair outletonthe oor with identicalmasso w rates.Severalcon gurations
have beenconsideredlependingn the sizeof theinlet andoutletsurfaces.
Structureccomputationagjridswith 850,000hexahedrakellshave beengeneratethy meansof anadvanced
CFD grid generationtool. For settingup the air ow simulationruns, steadyNavier-Stokes equationsin
conjunctionwith a k- turbulencemodelhave beenused.Thetransporof particleshasbeencomputedwith
adiscretephasemodel.Particlesof 20 diameterand 1600Kg/m3 wereuniformly injectedin the enclosure
ataninitial time andweretrackedaccordingto theresidentime (Fig. 2.3).
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FiG. 2.3 — Initial particlesinjection (left) and pathsof someparticlescoloredby residenttime (right) in
smallinlet surfacecon guration.

The resultsallowed comparingthe extractiontime of particlesbetweeneachcon guration andto choose
thebestsolutionin termsof extractionef ciency andimplementingacility. This solutionwasimplemented
attheendof 2005andtheair quality in theindustrialroomwasindeedimproved.

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

A studyhasbeenconductedconcerningheinternalair o w simulationin a building to verify andvalidate
theair conditioningsystemoperationandthe air temperatureaistribution.

The building underconstructionis destinedto receve fragile objectsandto welcomethe public. Objects
will beexposedat differentlevelsin alargeandroundedglass-fronteatabinetof 9m height.

The cabinetis divided by vertical girdersto glasscaseswith a ventilationsysteminstalledin eachoneto
controlthetemperatureCoolingair is injectedfrom oor andextractedin the upperpart.
Oneglasscasehasbeenchoserfor the simulationin the situationof which thethermal ux ontheexternal
glasswasmaximum.

Adaptedphysical modelshave beenusedfor settingup the air o w simulationruns: steadyNavier-Stokes
equationdor modellingthe transportof momentumk- modelfor modellingturbulence,enegy equation
for temperaturegravity, corvectionandradiationmodels.

The glasscasegeometryhasbeenmodelledanda structuredcomputationabrid with 750,000hexahedral
cellshasbeengeneratedy meansof anadvancedCFD grid generatioriool.

The resultsshov thermalstrati cation in the glasscase(Fig. 2.4), with a global averagetemperatureof
31rC. The averagetemperaturesomputedon four differentlevels from the temperatureelds (Fig. 2.4),
allow identifying excessiely high temperaturén the upperpart. Theseresultsproved beforeinstallingthe
systemthe necessityo modify the globaldevice in orderto obtainthe certi cation for exposingobjects.
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FiGc. 2.4 — Distribution of air temperaturein central plane shaving thermal strati cation (left) and
temperatureeld in horizontalplaneg(right).
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3 Development of collaborative working
solutions

S.Milhac

3.1 Presentationof the N'S® solution

TheN'S? solutionis a ComputerSupportedCollaboratve Working (CSCW)tool designedo easethe co-
operatiorbetweerremotepartnersn thecontet of numericalsimulationsprojects it is designedo replace
arealmeetingroomin adistributedworking ervironment.

The N'S® solutionallows the userto exploit all the classicaWEB conferencingools asthe audio/video
system the sharingapplications the whiteboardandthe chat, but alsoto co-visualizeand co-manipulate
3-dimensionatiatawith his partnersTheN'S?® solutionis designedo be of very intuitive use: mostof the
functionalitiescanbe activatedwith simplemouseclicks. A particulareffort wasalsomadeto develop a
clearergonomicinterface. Thestratey is to usethreemonitors.Eachhasa speci c role. Thecentralscreen
containsthe tools for controlling the conferenceOn the left screenthe usualof ce applicationscanbe
sharedor interactize andcollaboratve editing. Theright screeris devotedto the 3D co-visualization.

FiG. 3.1—N'S® solution,a clearergonomicinterface.

Since2004,differentfunctionalitieshave beenaddedto enrichthe solution:
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Functions

Version2004

Version2005

Audio, video,white board,chat,applicationsharing

X

Desktopsharing

File sharing

Progresdar

Onemousepnekeyboard

Viewer 3D for CAD andCAE Data

CAE 3D databasesharing

Changescalarvariablesof the 3D visualization

X| X| X

Changevectorvariablesof the 3D visualization

XXX X[ X[ X X| X[ X

In addition,the N'S® solutionproposeshefollowing speci cities :

— Launchthepresentatiomf the numericalsimulationresultsdirectly outa PaverPointdocument

FIG. 3.2—N'S? hyperlink.

— Cutandpastea snapshobf the 3D dataontothe whiteboardandaddcomments

— Sarethewhiteboardcontentasa basisfor the minutes.
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F1G. 3.3—N'S® snapshot.

3.2 N'S3group'sstrategy

TheN'S® group'sstratey is :
— Integrateef cient andeasyto useCOTS! or develop his own speci ¢ applications,
— Proposeanintuitive GUI managingall the applicationsandfacilitatingthe useof the N'S® solution.

3.2.1 COTS of the N'S® solution

COTS are usedto supportWeb conferencingunctions.The IBM solutionis usedfor audio/videowhen
the Windows solutionhasbeenselectedo supportwhiteboard,chat,applicationsharingand le transfer
Desktopsharingis possiblevia the VNC application.

To getanintuitive GUI whichis thekey pointof theN'S® solution,the COTS have beencustomizedhanks
JaraandC++developmentdo proposeonly theusefulfunctionsandhave themaccessibl@ia simpleclicks.

1ComponenOn The Shelf
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FiG. 3.4— COTS of theN'S? solution.

3.2.2 N'S® developments

For the 3D data, the N'S® group has developed a universal viewer called NS3D. It is collaboratve
visualization software allowing co-editing and co-manipulatingnumerical simulation 3D data without
having the sourceapplicationon bothsides NS3D,writtenin C++andbasedn Openliventor hasvarious
input interfaces.At the momentRadioss,Nastran,LS-Dyna and Ensightare fully supportedand mary

othersare basicallydeveloped(Abaqus,Ansys, Fluent, Tecplot,) The datacomingfrom differentsource
applicationsaremappedo a commonN'S? format. The viewer functionslike zooming,rotating,clipping

andanimationare proposedIn additionthe usercanshawv coloredsurfaces,cutting surfaces,isosurbices
andtracelinesTo male it easyto use,NS3D offersa setof functionswhich arede ned by theuserandthe

compleity of thevisualisationtaskis thenreducedo a coupleof parameters.

FiG. 3.5—NS3D.
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3.2.3 Intuiti ve GUI

To getanintuitive GUI, theN'S® grouphasimplementedheN'S? layermadeof scriptsandJava applets.

Therule of the N'S® layeris to take in chage transparentlythe hardware settingsandthe communication
betweerall theapplicationsTheobjectve is to facilitateandminimize theactionsof theuserto implement
avirtual meeting. TheN'S? layerhelpson four aspects

— Hardware settings : From the starting process,the settings of each PC and their gatevay are
transparentlytaken in chage. To increasethe commodityof the N'S® solution, the N'S? layer shares
onemouseandone keyboardfor both computersThe USB harddrive is automaticallymountedwhen
dataarerequired.

— Ergonomicinterface : TheN'S? layermanageshesizeandpositionof eachframeon thethreescreens.
A toolbaronthe centralscreerproposeshortcutgo the mostusedfunctionalities.

— Applications communication : The different collaboratve tools, COTS or NS3D, are automatically
startedwvhenneededandall functionalitiesarereachabldrom simplebuttons.Moreover, the N'S?® layer
assuresheN'S® hyperlink andsnapshofunctionalities.

— Userinformation : In additiona progresdarandalertmessagekeeptheuserinformedaboutthe status
of hisactions.

As shawvn in the gure, the N'S® layeris not a simpletool but associatiorof differentkinds of tools and
technologies

FIG. 3.6—N'S? layer
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3.3 N'S? solution compared to others

TheN'S? solutionis uniqueby providing within a videoconferencingool a viewer 3D for CAD andCAE
dataallowing real-timeco-visualizatiorandco-manipulatiorwith transientdata.

Functions WebEx | Workspace8D | N'S® solution
Audio - video X
White Board X
Chat X
Applicationsharing

Desktopsharing

Recording

File sharing

Viewer 3D for CAD Data

Viewer 3D for CAE Data

CAE 3D databasesharing
Changevariablesof the 3D visualization
Copy onwhite boardof 3D databaseviews
Launch3D databasefrom pptdocument

X[ X| X| X[ X

X[ X| X[ X[ X| X]| X

X| X[ X| X

X[ X[ X| X[ X[ X| X

FIG. 3.7—N'S® comparatie
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1 Introduction

NicolasMonnier

1.1 Keyresponsibilities

Key responsibilitieof CERFACS' "ComputerSupportGroup"are:

— To de ne CERFACS' Computerand Network architecturesand perspecties for their upgradeand
evolution;

— To provide, integrate and maintain all necessaryand selectedCERFACS' hardware and software
solutions

— To addres€CERFACSteams'needswith integratedsolutionsandservices

— To assistresearchersproviding them technical and application expertise including assistancewith
programmingandoptimisation

— To spreadall necessarypracticalinformationadvisingCERFACS' usersin their mainareasof interest.

This supportactiity is theresponsabilityof a ve peopleteam.

1.2 Generalstrategy

Generaktratgy is :

— Listeningto the users'needsfederatingthemto bene t from scalingfactors

— With the help of HPCN suppliersallow CERFACS' researchert work in an up-to-datesoftwareand
hardwareHPCN ervironment(StoragecapacitiesComputingpower, Post-processingndNetworking);

— Ensuredevelopmentgortability throughthe accesdo a wide rangeof architectures

— Establishpartnershigor accessibilityto high-endcon gurations.
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2  Architecture and Actions.

Isabelled'Ast, GerardDejean FabriceFleury, Patrick Laporte

2.1 CERFACS' computing resources(As of Dec05).

During theperiod CERFACS' computerresourcefhiave seentwo mainimprovements

— Computingpower : 6 timesfasterwith a Cray XD1 installation. The nev computer installedin june
2005, offers a peakperformancenf 576 G ops with 120 AMD Opteronprocessorinterconnecten a
Crayhigh speedandlow latengy network, 240 GB of memoryand3 TB of disk.

— Storage 9 timesmorecapacityontwo new leservers.The rst one(Network applianceFAS 960 with
3.6 TB of ber channeldisks)is dedicatedto high bandwidthaccesdo critical les, the secondone
(Network applianceR200with 16 TB os SATA disks)is dedicatedo the storageof large simulations
results.

2.2 Software ervironmentand Support.

CERFACS' softwareervironmentcoversthreedomains:

— Scienti ¢ developmenttools: CERFACS' usersneeda whole arrayof toolswhich allow themto create,
test,detug andexploit their computationasimulationsIn this frame,onelooksfor availability of awide
rangeof scienti ¢ tools (compilers,pro lers, dehuggers scienti cal libraries,and parallelizationtools)
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andtheir associatedocumentationThe availability of several OperatingSystemsassociatedvith their
scienti cal developmentervironmentguarantegortability of developmentson a wide rangeof Unix
machines

— Jobanddatamanagemenibols: giving usersa completesetof toolsis not enough.Onehasto provide
a job managemenérnvironmenton the centralcomputersjncluding batchqueuesyules of usageand
accountingneando optimiseglobalthroughputof CERFACS' computergLSF andPBSbatchsystems
arecurrentlyin use).On the otherhand,the "ComputerSupportGroup" providesdatabackup/ restore
(Time Navigator);

— Dedicatedapplicationsseners: in additionto developmentand managementools, several dedicated
applicationsenersareessentiato completea high-level softwareenvironment.Theseapplicationseners
are either an extensionof computingfacilities (Visualization seners, Data A ManagementSener,
MatLabseners)or anintegral partof CERFACS' infrastructurgWebseners,Mail sener, printersener,
NIS, ...).

2.3 AVBP and elsA standard production on Cray XD1 and HP
Alphaserver

Our Cray con guration (116 computingprocessorshgllows researcherso use 16 processors 32 GB
memoryfor their day-to-daystandardsimulationsThesener supportupto sezensimultaneoustandards
simulations, it is near two times more than on our Alphaserer which supportsonly four standard
simulationsgachof themusing8 processor$ 16 GB memory

The performanceatio (elapsetime for a standardsimulationon AlphaSerer / elapsetime for a standard
simulationon XD1) is 1.25for elsA and2.05for AVBP : axdl standardsimulationis two timeslargeron
Craythanon AlphaSerer andtherestitutiontime is two timesfasterfor AVBP and1,25fasterfor elsAon
thenew sener.

2.4 AVBP and elsA performance results on GigaEthernet and
In niband

To prepareour last tenderof offering (nev computingsolution) we measureAVBP and elsA scaling
performanceon clusterswith low lateny interconnectand clusterswith GigaEthernetinterconnect.
Measurementbave beendoneonthe samecomputerin dedicatednode we only switchfrom onenetwork
to the other

Numberof processors 1 4 8 16 | 32
AVBP elapseimeonGB | 1369 | 409 | 213 | 135 | 99
AVBP elapsdimeonIB | 1373 | 350 | 177 | 92 | 48

Numberof processors 1 4 8 16
elsAelapsdimeonGB | 2100 | 833 | 709 | 490
elsAelapsdimeonIB | 2086 | 653 | 398 | 271

With 16 processorinterconnectedvith In niband network we got AVBP resultstwo timesfasterthanon
thesame32 processorgterconnectewvith GigaEthernehetwork, elsAis evenmoredemanding thesame
simulationran fasteron 8 processorsnterconnectean In niband thanon 16 processorsnterconnected
with GigaEthernet.
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