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Abbreviations

ALBICOCCA ALtimeter-BasedInvestigationsinCOrsica,CapraiaandContiguousAreas
ASI AgenziaSpazialeItaliana
AVISO Archivage, Validation et Interprétation des données des Satellites

Océanographiques
CLS CollecteLocalisationSatellites
CNES CentreNationald’ÉtudesSpatiales
COASTALT ESAdevelopmentofCOASTalALTimetry
CTOH CentredeTopographiedesOcéansetdel’Hydrosphère
DUACS DataUnificationandAltimeterCombinationSystem
ENVISAT ENVIronmentalSATellite
ESA EuropeanSpaceAgency
EU EuropeanUnion
FES FiniteElementSolution
GDR Geophysicaldatarecord
GEOSAT GEodetic&OceanographicSATellite
GFO GEOSATFollow-On
GMES GlobalMonitoringforEnvironmentandSecurity
GOCE Gravityfieldandsteady-stateOceanCirculationExplorer
GODAE GlobalOceanDataAssimilationExperiment
GOT GlobalOceanTide
IB InvertedBarometer
IMBER IntegratedMarineBiogeochemistryandEcosystemResearch
LA Laboratoired’Aérologie
LEGOS Laboratoired’ÉtudesenGéophysiqueetOcéanographieSpatiales
LPC Liguro-Provençal-Catalan
LSER Large-scaleerrorreduction
MARINA MARginINtegratedApproach
MDT Meandynamictopography
MERSEA MarineEnvironmentandSecurityfortheEuropeanArea
MFSTEP MediterraneanForecastingSystemTowardEnvironmentalPrediction
Mog2D Modèled’OndesdeGravité2D
MSS MeanSeaSurface
NWMED North-WesternMEDiterranean
OGCM OceanGeneralCirculationModel
OSTST OceanSurfaceTopographyScienceTeam
PISTACH PrototypeInnovantdeSystèmedeTraitementpourl’AltimétrieCôtière

etl’Hydrologie
SARAL SatellitewithARgosandALtika
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SLA SeaLevelAnomaly
SSALTO SegmentSolmultimissionsd’ALTimétrie,d’Orbitographieetdelocali-
 sationprécise
SSH SeaSurfaceHeight
SST SeaSurfaceTemperature
SVD SingularValueDecomposition
SWOT SurfaceWaterandOceanTopography
TOPEX TOPographyEXperiment
TOSCA Terre,Ocean,SurfacesContinentales,Atmosphère
T-UGOm ToulouseUnstructuredGridOceanModel
UNESCO UnitedNationsEducational,ScientificandCulturalOrganization

9.1 
 Introduction

Therawdataprovidedbyradaraltimetersonboardsatellitemissionsdonotcomereadyfor
use.Theymustbeprocessedtoremoveunwantedinstrumentaleffects.InthecaseofSSH
estimates,additionalinformationaboutorbitsandauxiliarycorrectionsduetoatmosphere
andoceaneffectsneedtobeapplied(FuandCazenave2001).Officialaltimetryproducts
generally contain sensormeasurements, orbit estimations and a full set of corrections
(AVISO1996).
Incoastalsystems,shorterspatialandtemporalscalesmakeoceandynamicsparticu-

larlycomplex,andthetemporalandspatialsamplingofcurrentaltimetermissionsisnot
fineenoughtocapturesuchvariability(Chelton2001).Moreover,theerrorbudgetofSSH
inferred from satellite radar altimetrymeasurements in coastal regions is increased by
intrinsicdifficultiesthatcanbeseparatedintotwocategories.
Firstly,closetothecoastline,thealtimeterfootprintiscontaminatedbyland(andalso

inlandwater) surface reflections (Mantripp1996;AndersenandKnudsen2000).These
surfacesthuscontributetothebackscatteredpowerreceivedbythealtimeterandsignifi-
cantlyaffecttheshapeofthewaveformandconsequentlyitstrackingbyonboardalgo-
rithmsbasedontheBrownmodel(Brown1977).Returnedechoesfromtheradaraltimeter
arealsooftennoisyinthecoastalzoneandtheassumptionoftheBrownmodel,whichis
basedonspecularreflectionfromtheopenseasurface,isquestionable.
Secondly, environmental and geophysical corrections are less reliable in coastal

regions than inopenoceans.Environmentalcorrectionsderived fromonboard instru-
ments (altimeter and radiometer) are contaminated by non-ocean surface reflections
(e.g.,Rufetal.1994;Cheltonetal.2001;Fernandesetal.2003).Seastatebiascorrec-
tion(i.e.thepathdelayduetoseasurfacestate)aswellastidesandtheoceanresponse
toatmospheric forcinghavebeen tailored todeepoceanconditions(e.g.,Anzenhofer
etal.1999;Cheltonetal.2001;LeProvost2001;CarrèreandLyard2003;Labroueetal.
2004).Finally,thestandardaltimeterdatavaliditychecksarenotwellsuitedforcoastal
regions and often reject many of the measurements acquired close to the coasts
(Vignudellietal.2000).
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These issues limit the effective use of altimeter-derived products in coastal areas
(Vignudellietal.2005).Asaconsequence,particularcarehastobetakentoimprovepast
andcurrentaltimeterdatareprocessingandcorrections.
Since the pioneering effort constituted by the ALBICOCCA (ALtimeter-Based

Investigations in COrsica, Capraia and Contiguous Areas) project (Lyard et al. 2003;
Vignudellietal.2005),variousgroupsarecurrentlyworkingtocorrecttheknownweak-
nessesintheoverallprocessingphasethatpreventtheuseofaltimetryincoastalandshelf
seas. For example, regionalmodelling is used to de-aliase the tidal and the short-term
meteorologicallyinducedsignalinsteadofusingglobalmodelslackinghorizontalresolu-
tion(e.g.,Janetal.2004;Pascualetal.2006;Bouffardetal.2008a,b).Othergroupsare
workingontheremovaloflandemissivityintheradiometerfootprintforwettropospheric
pathdelaycorrection(e.g.,Coppensetal.2007;Desportesetal.2007;Obligisetal.,this
volume)orusingnewwaveformmodels for the retrackingof coastalwaveforms (e.g.,
Berryetal.2005;DengandFeatherstone2006;Quesneyetal.2007;Gommengingeretal.,
thisvolume).Moredetailscanbefoundinthevariouschaptersofthisvolume.Someof
thesealgorithms(e.g.,newretrackingalgorithms,newradiometerwettroposphericcor-
rection, new regional de-aliasing corrections) are currently being implemented by the
Frenchspaceagency(CNES)andtheEuropeanSpaceAgency(ESA)forthedefinitionof
new coastal products, within the framework of the PISTACH (Lambin et al. 2008),
COMAPI(Lyardetal.2009),andCOASTALT(Cipollinietal.2008a)project.
This paper discusses the ongoingwork atCTOH/LEGOS to reprocess the standard

altimeterrecordsbyapplyingadaptedstrategiesforallofthecorrectivetermsofthepost-
processing stage (the benefit of pre-processing strategies are discussed in detail in the
chapter by Gommenginger et al., this volume). Sect. 9.3 presents the latest technical
upgrades for higher resolution andmulti-satellitemonitoring of coastal processes.The
physicallyconsistentintegrationofsatellitealtimetryintomodelsforcoastaloceananaly-
sisisdiscussedinSect.9.4.Finally,Sect.9.5presentsconclusionsandperspectives.

9.2  
 Post-processing Altimetry in Coastal Zones: Early Developments

The innovative data processing presented hereinafter was originally developed within the
frameworkoftheALBICOCCAprojectintheNorth-WesternMediterranean(NWMED)Sea
andcoordinatedbyFlorentLyardfortheCTOHgroupatLEGOS,Toulouse,France(Lyard
etal.2003).OneofthekeytasksofthisFrench-Italianprojectwastodesignandimplementan
altimeterdataprocessingtooladaptedtocoastaloceanapplications(e.g.,absolutecalibration
anddriftmonitoringofthealtimeter,estimationofwatertransportandvalidationofnumerical
models).AdditionaldevelopmentsledtotheX-TRACKaltimeterdataprocessor(Roblouetal.
2007).Theobjectiveofthisprocessoristoimproveboththequantityandqualityofaltimeter
seasurfaceheightmeasurementsincoastalregions,bytacklingallcomponentsinthealtimeter
measurementerrorbudgetasrecommendedbyearlierstudies(Manzellaetal.1997;Anzenhofer
etal.1999;Vignudellietal.2000).Thismeansgivingprioritytoredefiningthedataediting
strategy tominimize the lossofdataduring thecorrectionphase,byusing improved local
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modellingoftidesandshort-periodoceanresponsetowindandatmosphericpressureforcing
wherepossibleandbyusinganoptimal,highresolution,along-trackverticalreferencesurface.

9.2.1  

 Redefining Editing Strategies

TheALBICOCCAprojectrevealedanumberofimportantissuesabouttheuseofaltimetry
forcoastalapplications.Oneofthemwasthatcurrentproductsrejectasignificantamount
ofdatainthecoastalzonenotonlybecauseofradarechointerferencesfromthesurround-
inglandbutalsoduetosuboptimaleditingcriteria.Thestandardvaliditychecksforaltim-
eterdataeditinghavebeendesignedforopen-oceanregions.However,therelevanceof
thesechecksneedstobere-investigatedincoastalsystemswhereparticularcareisrequired
toselectaltimeterdataofsufficientqualityandquantity.Typically,theusualdataeditingis
excessivelyrestrictiveclosetothecoastline,inparticularbecauseofthepoorspatialreso-
lutionofthelandflagfromtheradiometerswath,whichlimitstheamountofexploitable
altimeterdatainanalmost50km-widthcoastalstrip.Thestandardeditingcriteriaarebasi-
callybuiltonradiometeroraltimetermeasurementsand/orderivedparameters,whichare
oftendegradedinaccuracyastheirfootprintsarecontaminatedbythepresenceofland.
Tomakethemostofcoastalaltimetryhowever,weneedtogobeyondthesinglepoint

data editing approach. Editing criteria based on thresholds and applied to individual
ground-pointdataarenotenough:manydataareincorrectlyflaggedasunreliablebecause
ofstandard,conservativeopenoceanflagsandeditingcriteria.Inversely,erroneousdata
couldalsobequalifiedas“good.”ThemethodologyappliedfortheX-TRACKprocessor
thereforeadoptsanewdata-screeningstrategyandalong-trackfilteringtechniqueswhich
allowmoredatatoberecoveredinthecoastalzone(Lyardetal.2003).
Theguidingprincipleofthismethodologyistoscreenmultiplealong-trackaltimeter

datatogether,ratherthanindividualground-points.Thefirststepis tomaintainalldata
pointswherepossibleinthecoastalzone.Thisimpliestheuseofahigh-resolutionland
maskbasedonup-to-datecoastlinedatabasesandthatstandardopen-oceaneditingcriteria
arenotapplied.Aftercarefullyrevisitingthesourceoftheflags,morelenienteditingcri-
teriaandcoastally-dedicatedstatisticalthresholdshavebeendefined(seeTable9.1).
Then,inasecondstep,avoidinganysubjectivehumanprocedure,foreachsingleenvi-

ronmentalandseastatecorrection(e.g.,wetanddrytroposphericpathdelay,ionospheric
path delay, sea state bias), erroneous corrective terms are detected but not rejected.

Table 9.1 X-TRACKredefinedthresholdsfordataeditinginthecoastalzone
Parameter Min.threshold Max.threshold

Backscattercoefficient(Kuband) 1.0dB 30.0dB

Backscattercoefficient(C,Sband) 7.0dB 30.0dB

Wettroposphericpathdelay −0.5m 0.0m

Seastatebias N/A 0.0m

Ionosphericpathdelay N/A 0.0m
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Thissecondalong-trackscreeningflagsas“nonvalid”contiguousmeasurementsof0-value
forseastatebias,wettroposphericandionosphericpathdelayscorrections.Allprevious
corrections and the range are also flagged as “non valid” if they are more than three
along-trackstandarddeviationfromthealong-trackmeancomputedfromeachsinglevalid
datasets.Finally,oncethesevaliddatasets(meaningaltimetermeasurementsplusassoci-
atedcorrections)areselected,thealong-trackcorrectivetermsarethenfilteredandinterpo-
latedatthetimeofthevalidrangemeasurementsusinghighorderpolynomialandminimal
curvature interpolation (e.g.,Bézier surfaces).Asa consequence, thisprocedureallows
invalidcorrectiontermstoberetrievedeverywhere,wherethealtimetricrangeisvalid.
Fig.9.1showsanexampleofthedatarecoveryalongtheTOPEX/Poseidon(T/P)pass

137forcycle200(February22,1998).TheoriginalGDRwettroposphericcorrectionfrom
theonboardradiometerisaffectedbyseveralerroneousvalues(blackcurve)inthevicinity
ofland(i.e.approachingthePortuguesecoast,coming-offSpain,approachingandleaving
Brittany,crossingtheEnglishChannelandoverflyingtheDanishpeninsula)whichwere
flaggedasbad in theX-TRACKeditingstrategy.The remainingvalidwet tropospheric
correctivetermsprovidedbytheradiometerareindicated(redcurve).De-flaggingandre-
interpolationofthewettroposphericcorrectionyieldsareconstructedlevelprofile(purple
curve).Inthisexample,thelargeoscillationsclosetothecoastlinesinducedbylandeffects
aresmoothedandthesmalleronesovertheocean,assumedtobenoiseeffects,arefiltered.
Moreover,acorrectivetermisprovidedif therangemeasurementisavailableandvalid
(e.g.,extrapolationapproaching/leavingthecoasts,oroveraDanishlake).
Biroletal.(2010),Durandetal.(2008)andVignudellietal.(2005)outlinedthebene-

fitsofsuchastrategytotheoverallimprovementofaltimeterproductquality.Withrespect
tostandardAVISOproducts,thisinnovativemethodologyallowsmorealtimeterdatatobe
acquired in the coastal zone and ensures better quality for the derived products. For
instance,Bouffardetal.(seetheirchapterinthisbook)improvedtheconsistencyofaltim-
etersealevelanomalies(SLA)estimateswithtidegaugesealevelby7%overtheNWMED.
ThisconceptofworkingalongthesatellitetrackissimilarlyappliedbyTournadre(2006)
inhisrainfallretrievalstudiesorbyOllivieretal.(2005)intheframeworkoftheirpre-
processingofthealtimeterwaveforms.

9.2.2  

 Improving De-aliasing Corrections

Asecondobstacletotacklewhenstudyingcoastaloceanprocesseswithsatellitealtimetry
isthealiasingofthetidesandshort-periodoceanresponsetowindandatmosphericpres-
sureforcinginthealtimetrytimeseries.Thehighfrequencyenergeticvariabilityclearly
cannotberesolvedbythe10-day,17-dayor35-dayrepeatperiodsoftheT/P,Jason-1/2,
GFO,ERS-1/2andEnvisatorbits.Thishighfrequencyvariabilityappearsasnoisewhich
isthenaliasedintolowerfrequencies.Thisisamajorproblemwhenestimatingthesea-
sonalorlongertimescaleofoceaniccirculationinaltimeterdata.Theimpactofthisalias-
ingphenomenonisworseforcoastalregionsbecausethehighfrequencysignalhaslarger
amplitude in shallowwaters (Andersen1999).Theclassical solution to this issue is to
removethishighfrequencysignalbyusingrealisticoceanmodels.
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Fig. 9.1 Correctionreconstruction.Left:geographicallocation(WesternEurope).Right:exampleof
wettroposphericpathdelaycorrection(T/Ppass137,cycle200).Black:rawcorrectionfromT/P
GDR;red:validcorrectivetermsasselectedbytheprocessingscheme;purple:reconstructedcor-
rectivetermsforthe10Hzrangemeasurements.X-axisunitistimeinhoursduringFebruary22,
1998.Y-axisunitismeters
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However,globaloceanmodelsdonotprovideaprecisehighfrequency,high-resolution
correction in termsofboth tidesandmeteorologicallyforcedoceanresponse incoastal
seasandovercontinentalshelves.Indeed,inshallowwaters,thepropagationofgravity
wavesisperturbedbynumerousfactors,e.g.,localbathymetryfeatures,thegeometryof
theshelfandtheshorelines,bottomroughness,non-linearinteractions,baroclinicity,etc.
Despite their impressive improvementduring thepast decade and the adventof the

preciseT/Pmission(LeProvost2001),globaltidalmodelsaregenerallytooinaccurate
overshallowwaterareastofullyremovetidaleffectsfromaltimetermeasurements(see
thechapterbyRayetal.,thisvolume).Duetotheirinsufficientspatialresolution,global
modelscannotresolverapidchangesintidalfeaturesandincorrectlyrepresentthefric-
tionaldissipation.Indeed,currentglobaltidalmodelscannotrepresenttidesincoastaland
shelfseasbelowadecimetreerrorlevel.Inparticular,theomissionorthemismodellingof
secondaryconstituentsandnon-lineartidesislargelyresponsiblefortheincreaseinthe
errorbudgetofglobalmodelsovercontinentalshelvesandalongcoasts.
Inaddition to tides, recentresultshavealsoshownthatatmospherically-forcedhighfre-

quencysignalscanbeasourceoflargealiasinginaltimeterrecordsatmidandhighlatitudes
(GasparandPonte1997;Stammeretal.2000;Hiroseetal.2001;CarrèreandLyard2003).The
atmosphericeffectsarenormallyrepresentedbytheso-calledInverseBarometer(IB)correc-
tion,whichisadequatefortheopenocean,butknowntobeunsatisfactoryovercontinental
shelvesandshallowwaterseasandathighlatituderegions(CarrèreandLyard2003).Inreality,
seasurfacevariationdependsbothstaticallyanddynamicallyonmeteorologicalforcingwhereas
theIBapproximationmerelyformulatesthehydrostaticequilibriumbetweenthesealeveland
theappliedatmosphericpressuregradients.Moreover, the IBapproximation totally ignores
wind-forcedsealevelvariationsthatcanparticularlyprevailaroundthe10-dayperiod.
Theseissueshavealreadybeenaddressedbyseveralteams(Hanetal.2002;Vignudelli

etal.2005;Volkovetal.2007)andithasbeendemonstratedthatcoastalaltimetryneeds
specific,regionalmodelstohelpreducethealiasingissueforshort-periodoceanresponse
to astronomic and atmospheric loading. As recommended by the Ocean Surface
TopographyScienceTeam(SALP2006),thestrategyinitiatedbyLyardetal.atLEGOS
istodevelopstate-of-the-artmodellingforoceanresponsetobothastronomicandatmo-
sphericloading.Theirapproachconsistsofdevelopingrealisticregionalmodelsbasedon
thebarotropicmodeoftheT-UGOmcode,withadditionalresolutionandlocallyadapted
bathymetry.
Theshallowwater2DmodeoftheT-UGOmcodeissimilartothatpreviouslydescribed

intheliteratureasMog2D(CarrèreandLyard2003).Briefly,thecodeisderivedoriginally
fromLynchandGray(1979)andhassincebeendevelopedforcoastaltoglobaltidaland
atmosphericdrivenapplications(GreenbergandLyard,personalcommunication).Theclas-
sicaldepth-averagedcontinuityandmomentumshallowwaterequationsaresolvedthrough
anon-linearwaveequationwithaquasi-elliptic formulation,which improvesnumerical
stability.Currentsarederivedthroughthenon-conservativemomentumequation.Afinite
elementmethodisappliedforconvertingtheproblemintoadiscreteformulationoveran
unstructuredtriangularmesh.Thisspatialdiscretizationmethodallowsarefinementofthe
modelresolutioninregionsofinterest,suchascomplexcoastlines,shallowwaters(where
mostbottomfrictiondissipationoccurs)andareasofstrongtopographicgradients(showing
strong current variability and internalwave generation). It is therefore particularlywell
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adaptedtocoastalandshelfmodellingofgravitywavepropagation.Toimprovethecompu-
tationalefficiency,amultiplereducedtime-steppingschemeisintroducedforthepurposeof
smoothingpotentialinstabilitiesatmodelnodes.CarrèreandLyard(2003)andMangiarotti
andLyard(2008)amongothershavealreadyshownitsefficiencyinmodelling thehigh
frequencybarotropicresponsetometeorologicalforcingbothataglobalandregionalscale.
ThequalityoftheregionaltidalsolutionshasbeenhighlightedbyPairaudetal.(2008)over
theEuropeanShelf orMaraldi et al. (2007) over theKerguelenShelf (Southern Indian
Ocean)forinstance.Forthesetwoshelves,therootsumsquareerroroftheprincipalcon-
stituentsisatleasttwotimeslowerthanforglobalmodels.
As a consequence,where possible, localmodelling of tides is used preferentially at

CTOH/LEGOS in theX-TRACKprocessor, as analternative toglobalopen-ocean tide
modelsprovidedinthestandardaltimeterproducts,suchasFES2004(Lyardetal.2006)or
GOT00b (or itsupdatedversionGOT4.7).Regionalmodelsbasedon theT-UGOm2D
hydrodynamiccodearecurrentlyavailable1overtheEuropeanshelf(Pairaudetal.2008),
over theKerguelen shelf in the Southern IndianOcean (Maraldi et al. 2007), over the
CaspianSea(seethechapterbyKouraevetal.,thisvolume)orintheArabo-PersicGulf
(LyardandRoblou2009).Inaddition,compositespectracanalsobedesignediftheregional
tidalatlasexhibitsweaknesses.Forinstance,theK1constituentsolutionderivedfromthe
regionalT-UGOm2DsimulationsovertheMediterraneanSeasufferslargebiasesinphase
lagoverthewesternbasinandleadstogreaterrootmeansquaredifferencesincomparison
totidegaugeobservationsthanforglobaltidalmodels(Roblou2004).Asaconsequence,it
hasbeenreplacedbytheK1solutiontakenfromtheFES2004atlasintheoptimalspectrum
usedfortheMediterraneanSeaintheX-TRACKprocessor.Finally,althoughpurelyhydro-
dynamicmodellinggivesasatisfactoryperformancecomparedtothestandardglobaldata-
bases(e.g.,FES2004,GOT00boritsupdateGOT4.7),LyardandRoblou(2009)strongly
recommendconstrainingregionaltidalsolutionsbydataassimilationtechniquestoprovide
thefullrequiredaccuracyinthetidalcorrectionsforcoastalaltimetry.
Regionalmodelsofshort-periodoceanresponsetowindandatmosphericpressureforc-

inghavebeendevelopedorarecurrentlyunderdevelopmentbasedonthesameregional
meshesasfortides.Forexample,Cipollinietal.(2008b)usedtheMediterraneanregional
modeltocorrectforhighfrequencyatmosphericvariabilityinatidegaugedataset.They
foundthattheaveragedimprovementforperiodsoflessthan20daysis46%incomparison
withtheIBmodeland5%incomparisonwiththeMog2D-Gglobalmodel(recommended
correctionforshort-termatmosphericeffects).Similarimprovementsareobtainedwhen
de-aliasinganaltimeterdataset(seethechapterbyBouffardetal.,thisvolume).

9.2.3  

 Improving the Vertical Reference Frame

Intheabsenceofageoidmodelwithsufficientaccuracyatsmallscaleswhicharetypicalof
regionalandcoastaloceandynamics,mostresearchersovercomethatdifficultybyreferencing

1TidalatlasesarefreelyavailableonrequestontheSIROCCOwebsite:http://sirocco.omp.obs-
mip.fr/outils/Tugo/Produits/TugoProduits.htm
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theradaraltimetryobservationstoahydrographicreferencesurface.TheSLAisdefinedasthe
differencebetweenthesealevelsinferredfromsatellitealtimetryandthisreferencesurface.It
isusuallyapproachedbythetimeaverageofaltimeterSSHs,theso-calledmeansurfaceheight
orMSS.However,attentionhastobepaidtorespecttheconsistencyofthecorrectionsapplied
totheSSHestimatesandthoseappliedwhenbuildingtheMSS.
Incoastalareas,theresolutionofgenericMSSproductsderivedfromaltimetrydatais

degradedforseveralreasons.First,altimeterstandarddataareoftenmissinginthecoastal
band(fromthecoastlineto50kmoffshore).Thisimpliesthattheoceanmeanseasurface
productsaremergedwithaterrestrialgeoidmodel(Hernandezetal.2000)whoseweight
becomes predominant in the inversemethod appliedwhen building the resultingMSS
product.Secondly,thetoo-sparsealtimetrydatameasurementsthatareavailableincoastal
andshelfseasareassociatedwithsignificanterrorsduetothespecificde-aliasingofthe
shorttime-spacescalesofthehigh-frequencydynamicsthroughtheuseofglobalmodels
thataregenerallytooinaccurateincoastalareas.Finally,currentsatellitegravimetermis-
sionsdonotprovidereliablegeoidinformationforwavelengthslowerthan200km;this
resultsdefactoinlimited-resolutionMSSproducts.
Toovercomesomeoftheseproblems,theX-TRACKprocessorallowsthepossibilityof

computingahighresolution,along-trackmeanseasurfaceconsistentwiththeoptimized
altimeterdatasetandonahighresolution,regulargridfollowingthesatellitegroundtrack
(Lyardetal.2003).Thisalong-trackMSSiscomputedonaregulargrid(0.01°×0.01°)
followingthesatellitegroundtrackfromaninversemethod(optimalinterpolation):

T 1 1

0 0( ) ( ) ( ) ( ) ( )T
J x y Hx R y Hx x x B x x

- -= - - + - - (9.1)

wherexrepresentsthemeanseasurfacemodelvector,ythealtimeterdatavectorandHthe
observation matrix. The observation matrix uses the coastal-improved altimeter SSHs
describedintheprevioussections.ThecovarianceoperatorRdescribesuncertaintieson
boththeinstrumentalmeasurementsandontherepresentativenessoftheobservationoper-
atorH.Itisassumedtobediagonal(whichmeansthaterrorsareuncorrelated)withobser-
vationerrorsvariancessetto20cm².CovarianceoperatorBdescribestheGaussian-shaped
uncertaintiesforthemeanseasurfacemodel.Vectorx0,representingthepriormodel,isthe
interpolationoftheMSSCLS01productontotheoptimalmodelgrid.Errorvariancesare
setto0.1m²forthepriormodel(x0)anditscorrelationlengthissettothegridresolution,
e.g.,correlation is0.5at0.01°distance.TheresultingMSSthus takes intoaccount the
across-trackgradientofSSHmeasurements.Thetimeperiodoverwhichthisaverageis
computedisalsoanimportantparameter,asitshouldtakeintoaccounttypicalphysical
timescales(especiallytheannualcycle).
Finally,theresultingMSScontainsthegeoid,theMDTwithregardtothisgeoidand

theaveragedoceanvariabilityfortheperiodoverwhichtheMSShasbeencomputed.
Fig.9.2illustratesthemeanseasurfaceobtainedfollowingtheX-TRACKmethodology

alongtheT/Pgroundtrack009.ItrepresentsT/Psealevelanomaliesobtainedbycomputing
themeanseasurfaceusingtheX-TRACKoptimalmeanseasurfacemodel(reddots)versus
theoriginalGDRcorrectionfromthemeanseasurfacemodelMSSCLS01(greendots)fora
particulargroundtrackinanear-shoreregion.Blackdotsillustratethemeanseasurfacedif-
ference(i.e.optimalmodelversusitspriormodelMSSCLS01)asafunctionoflatitude.The

10



differencebetweentheX-TRACKoptimalMSSandtheMSSCLS01ismainlycentredon
zero,withoscillationsapparentlyrelatedtoMSSCLS01gridresolutionandabumpinthe
coastal zone.Similardiscrepancieshavebeen found forotherground tracks (Lyardet al.
2003).ThisisafirstindicationthattheX-TRACKoptimalmeanseasurfacemodelperforms
betterinthenear-coastregions,sincethishigherspatialresolutionmeanseasurfacepermits
bettermodellingofthelocalgeodeticvariability.Thesediscrepanciescouldarisefromalack
ofnear-coastaltimeterdatainthedatasetusedtoderiveMSSCLS01,resultinginanimpre-
ciseextrapolationbetweenthesatelliteMSSandtheEGM96geoidinthecoastalband.
Aftersuchprocessing,X-TRACKSLAscanbeprovided2bothontheiroriginalalong-

trackposition(meaningforeachindividualSSHmeasurement)andprojectedontoamean
referencetrack(meaningthattimeseriesareavailableonafixedspatialgrid).

9.3  
 Latest Upgrades of the X-TRACK Processor

BasedontheX-TRACKalong-trackaltimetryprofiles,Durandetal.(2008)havesetupa
novelmethodologyformonitoringtheEastIndiaCoastalcurrent.Theirmethodrelieson
geophysicalparameterssuchasthelengthofthefirstbaroclinicRossbyradiusofdeforma-
tionorthemaximalacceptablemagnitudeofthesurfacecurrent.However,expandingthis
methodology toothercoastal seas like theEuropeanseaswillneedahigher resolution
becausethefirstbaroclinicRossbyradiusofdeformationismuchsmallertherethaninthe
tropics(Cheltonetal.1998).Consequently,observingthecomplexdynamicsofcoastal

2Coastal-orienteddatasetsarecomputedoverseveralcoastalregionsandmadefreelyavailable
throughtheCTOH/LEGOSwebsite:http://ctoh.legos.obs-mip.fr/products/coastal-products
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Kelvinwavesinthemidtohighlatitudesorwesterncurrentsalongcoastsandcontinental
shelves requiresongoing improvementof the spaceand timesamplingof thealtimeter
productsusingseveralsatellites(Pascualetal.2006)andahigherratefordatastreams
(10and20Hz,e.g.,Bouffardetal.2008a;LeHénaffetal.2010).

9.3.1  

 Orbit and Large-Scale Error Reduction

Takingadvantageofmultiplesatellitemissionsincreasesthecoverageofthecoastalarea
(Bouffardetal.2008a),butthisdoesnotnecessarilyimprovethequalityofthefinaldata
productbecauseoftheinhomogeneouserrorbudgetsbetweenthedifferentsatellitealtim-
etry missions. One of the most important sources of error is large-scale orbit error.
ALarge-ScaleErrorReduction(LSER)methoddesignedforregionalapplicationhasbeen
developedandimplementedintheX-TRACKprocessor.Thismethod,whichisnotexpen-
siveintermsofcomputationalcost,keepseachsatellitedatasetindependentasopposedto
astandarddual-satellitecrossoverminimization(LeTraonandOgor1998).Overshort
distances(arclengthssmallerthan1,500km),whichisthecaseformostshelfseas,the
orbiterrorcanbemodelledbyapolynomialapproximation;itisgenerallyafirstorderbias
andtiltfit(Tai1989,1991).TheLSERmethodisbasedonthispreviousassumption.
Thisnewalgorithmfunctionsasfollows.Thefirststepistocomputethetimeevolution

ofthealong-track-averagedSLAinordertoidentifylarge-scaleerrors.TheSLAsusedin
thisalgorithmaresmoothedalongthearc-orbitwitha20kmlow-passLoessfiltertoreduce
theinfluenceofmesoscaledynamicsinthecalculationofthelarge-scaleerror.OnlySLAsthat
are less than twostandarddeviations from thealong-trackmedianvalueareused.This
eliminates spurious data in the coastal zone and allows having consistent geographical
coveragewhenaveragingalong-trackSLAsforeachcycle.TheblackcurveonFig.9.3
(step1)shows,suchatimeseriesfortheGFOtrack74between2001and2005.Asshown
inFig.9.3(step1)somelargeoffsetsappearinarandomway:theaveragedalong-track
SLAsuddenlyjumpsby10–80cmwithinthetimespanoftwocycles.Thesephysically
impossiblejumpsaretheconsequencesoflarge-scaleerrors,essentiallyduetobadorbit
determination,andhavetoberemoved.Inasecondstep,theannualandinter-annualsignal
isremovedusingaLoessfilterinordertoeliminatethelowfrequencysignalduetosteric
effects(seeFig.9.3,step2).Thentime-averagedstatistics(meanandstandarddeviation)
arecomputedforthespatially-averagedSLAtimeseries.Outliersgreaterthanthreestan-
darddeviationfromthespatialtemporalmeanofthealong-trackSLAidentifycyclesthat
havetobecorrected.Thecorrectionconsistsinremovingabiasfortheoverallgroundtrack
oftherejectedcycles.Thebiasesaredeterminedwithrespecttoasmoothedversionofthe
along-track averages. The smoothing consists of a combination of Bézier surfaces for
smoothingpurposesand linear interpolation (seedashedcurve inFig.9.3, step3).The
previousthreestepsareintegratedintoaniterativeprocessinordertoselectbetter,dis-
criminateandcorrecttheoutliers.
Thismethodisespeciallywelladaptedforregionalstudies.Althoughitisaverybasic

orbitandlarge-scaleadjustment,itissufficientforaregionalstudy,especiallywhenother
errorsdominate(e.g.,datacoverage,de-aliasingcorrections,landcontamination,etc.).
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9.3.2  

 High Rate Data Stream

Observingsmallmesoscaleandcoastalcurrentsealevelvariabilityisachallengingissue
whichrequiresintensivespatialsampling.Energeticsmall-scaleoceandynamicsarefound
alongthecontinentalslopeandtheyareverydifficulttoobservewithstandardaltimetry.
ThefirstbaroclinicRossbyradiusofdeformationisgenerallyonlyafewkilometresand
despitealowsignal-to-noiseratio,characteristiclengthscalesofenergeticdisturbances
of the coastal currents could be of sufficient size and magnitude to be detected with
high-resolution altimetry. The availability of 10/20Hz values (350–700m along-track
resolution)canprovidedenserspatialcoverageofsealevelvariabilityandalsoenables
theestimationofanMSSatahigherresolutionalongthesatellitegroundtrack.The20Hz
data (respectively the10Hz) alsoallowsa closer approach to the shorelinebefore the
singlemeasurement encounters land in its footprint, by reconstructing the 10 (respec-
tively5)pointsbetweenthelast1Hzvalueavailableandthecoastline(AVISO1996).
In order to assess the ability of high frequency sampling to observe small coherent

dynamicsignalsratherthannoise,Bouffardetal.(2006)computedalong-trackSLAspa-
tialspectrawithalloftheT/PgroundtracksovertheNWMEDSea.Forconvenience,they
performedatimeaverageoverallavailablecycles.Theanalysisofthespectrashowsthat
the10HzT/Pdataexhibittheonsetofwhitenoisebelow3km,avaluemuchlowerthan

Fig. 9.3 Time evolution of the along-track averaged SLA,GFO track 074.Step 1: Raw signal
versus lowfrequency (LF)signal.Step2:Detectionand removalof theerroneouscyclesby3
s-filteringofthehighfrequencysignal.Step3:Reconstructionofthecorrectedsignalbyalinear
regressionoverafour-cycletimewindow
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thestandard1Hzsignal(forwhichthesmallestresolvedscaleisabout13kmduetothe
Nyquist-Shannontheorem3).Upto3kmthesignalisdominatedbywhitenoise(duetothe
onboardtrackingmode),whereastheoceanographicsignalemergesfromthenoiselevelat
scalesgreaterthan3km.SimilarresultshavebeenfoundfortheJason-1satellitewherethe
powerspectrumshapeisslightlydifferentinthesmallscalesduetoadifferentonboard
trackingmodebutacoherentsignalexistsforspatialscalesgreaterthan3km.Asaconse-
quence,a1.5kmhigh-passLoessfilterisappliedtodifferentiatebetweenhighrateorbit
andrangeparametersfortheprocessingofhighrateSLAsintheX-TRACKprocessor.
As demonstrated in Bouffard et al. (2008b) over the Corsica channel area, such a

simple post-processing strategy is sufficient to increase the quality and availability of
coastalX-TRACKdatacomparedto1HzAVISOstandardproducts.Fig.9.4(adapted
fromLeHénaffetal.2010)illustratestheabilityoftheadoptedmethodologytoretrieve
datacloser to thecoast compared toAVISOregionaldatasets (e.g.,SSALTO/DUACS
MERSEAproductsDT-SLAext),herealongthenortherncoastofSpain.Theuseofthe
highratedatastreamprovidesaltimeterdatawithfinerspatialresolutionandimproved
temporalsampling.Theseimprovementsallowthemtostudyprocessesassociatedwith
theshelfbreak,suchastheslopecurrent,whichwouldnothavebeenpossiblewithclas-
sical1Hzaltimeterproducts.
However,despiteafinerspatialresolutionthan1Hzdata,cautionisrequired:thispost-

processingtechniquestillcannotprovidereliableSLAseitheratrealhighfrequencysam-
pling(e.g.,atlengthscalesof0.3or0.6km)orrightuptothecoastline,wheretheBrown
model(usedforretrievingrangestosurfacefromaltimeterwaveforms)isnotautomati-
callywelladaptedandthealtimeterandradiometerfootprintsarecontaminatedbyland
reflections.

9.4  
 Matching Satellite Altimetry with Coastal Circulation Models

9.4.1 

 Rationale

Thereisincreasingconsensusthatcoastalmanagementrequiresaholisticview,basedon
betterqualityandmoreintegratedgeospatialandenvironmentalinformationonwhicha
scientifically-soundpolicycanbebuilt,insteadofasectorbysectorapproach.Inthefuture,
animportant,internationalresearcheffortwillbemadeoncoastalzones(withintheGMES
andIMBERinitiatives)andwillaimatdevelopingoperationaloceanographyandservices

3Inessence, theNyquist-Shannonsampling theoremasserts thatananalogsignal thathasbeen
sampledcanbereconstructedfromthesamplesifthesamplingrateexceeds2Nsamplespersec-
ond,whereNisthehighestfrequencyintheoriginalsignal.InthecaseoftheT/Psatellite,1Hz
samplingalongthesatellitegroundtrackrepresents6–7kmspatialsampling(dependingonthe
latitudeofthesatellite),meaningthatonlyscalesgreaterthanabout13kmcanbereconstructed
fromthesamples.
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atregionalandcoastalscales.Asforthedeepocean,regionaloperationaloceanography
willbemadepossibleonlyinanintegratedapproach,mergingprocess-orientedstudies,
remote-sensedandinsituobservationsystems,oceanmodellinganddataassimilation.
Oceanmodelling isaprecious tool forstudyingphysicalprocessesbecauseallstate

variablesofthesystemcanbeaccessed.However,modelsonlypartiallyrepresentthetrue
stateoftheocean.Dataassimilationofsatellitealtimetrycanthushelpinreducingmodel
errors.Data assimilation of coastally-improved satellite altimetry (e.g.,CTOH/LEGOS
SLAproductsbasedonX-TRACKprocessor, forthcomingCOASTALTandPISTACH
datasets,etc.)couldbehighlyvaluableforregionalcirculationandevenfordeepconvec-
tion studies. At amore local level, a realistic representation of regional circulation is
required for the studyof thecurrent-shelf/slope interactionsormorecoastalprocesses.
Althoughsatellitealtimetryisnotcapableofdirectmonitoringofsuchsmall-scalecoastal
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phenomenaaswind-inducedprocessesorupwellingsystems,theobservationsitprovides
of regional oceanic features will still enhance the realism of coastal models through
improvedmonitoringoftheoffshorecirculationbydataassimilation.
Theobjectiveofthefollowingsectionistoaddresstheissueofanoptimalmatchingof

improved,coastal-orientedaltimeterobservationswithregionalhydrodynamicmodelsea
surfaceelevationestimates.Methodologiesofmatchingareproposedandtheresultsof
casestudiesarediscussed.

9.4.2  

 Consistency Between Altimeter Measurements and Model Estimates

Onceareferencelevelisremovedandtheeffectsoftidesandshort-periodoceanresponse
towindandatmosphericpressureforcingarecorrected,themostimportantcomponentof
satellite-observedsealevelvariabilityonaseasonaltimescaleisduetotheso-calledsteric
effect.Thiscanbedefinedasthevariationofthesealevelduetotheexpansion/contraction
oftheoceanwatervolumeinresponsetodensitychangesinthewholewatercolumn(see
Lombardetal.2006).Thisstericexpansion/contractionisanoceanprocessoffirstimpor-
tancewhen it comes to local sea levelvariations in the seasonal and inter-annual time
scales(e.g.,Pattulloetal.1955;Churchetal.1991;Gregory1993),anditssurfacesigna-
tureisaddedtotheseasonalandinter-annualsurfacevariationsduetooceandynamics.

9.4.2.1  

 Steric Effect Surface Signature

Fromaphysicsstandpoint,thesealevelchangecausedbystericeffect,h,canbeestimated
byintegratingthedensityanomaliesoverthewholewatercolumn(TomczakandGodfrey
1994):
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l j - l j
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l jò
ρ ρ

ρ
(9.2)

wherethedensityrisafunctionofthelongitudel,thelatitudej,thedepthzandthetime
t,rrefisacharacteristicdensityovertheareadependingonlyonthegeographicallocation
anddepth,andHisthetotalwaterdepth.ConsideringtheUNESCOstateequationthat
linkstheseawaterdensitytoitstemperatureandsalinity(UNESCO1981),thesealevel
changecausedbystericeffectonlydependsontemperatureandsalinityvariationsinthe
watercolumn.
Evenifthethermal-stericcontributionoftheoceanupperlayerscanaccountformost

ofthesealevelvariations,thethermal-stericcontributionofthedeeperoceanlayers,as
wellasthehalo-stericcontribution,shouldnotbeneglectedattheregionalscale.Inpar-
ticular, recentworks have demonstrated that the halo-steric contribution (coming from
salinityfresheningduetofreshwaterinputbyriverdischarge,evaporation,precipitation,
icemelting,etc.)canlocallybalancethethermo-stericeffects,inparticularintheNorthern
Atlantic ocean (Antonov et al. 2002; Ishii et al. 2006;Wunsch et al. 2007; Köhl and
Stammer2008;Lombardetal.2009).Inthesameway,thethermal-stericcontributionof
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thedeeperlayerscanexplainthesealevelvariationsintheSouthernOcean(Morrowetal.
2008;Lombardetal.2009).
Recentstudies(Cartonetal.2005;Lombardetal.2009)haveshownthattheregional

variationsofthestericeffectsignaturemostlyresultfromthegeneraloceancirculationin
responsetowindandatmosphericpressureforcing(throughthebuoyancyforcingterm).
Heatfluxesandfreshwaterinputscouldalsoaccountforasignificantpart,inparticularin
theSouthernOceanandintheNorthernhemisphere(KöhlandStammer2008).Inaddi-
tion, theseseasonallowfrequencyphenomenaarealsoenhancedbythesealevel trend
causedbyglobalwarming.Ithasbeenshownthatitsimpactoncoastalseasanditsregional
discrepanciescanbesignificant(e.g.,Lombardetal.2009).

9.4.2.2  

 Steric Height in Coastal Ocean Models

Regionalandcoastalcirculationmodelsmainlyfeatureasolutionofthefreesurfacewhich
satisfiestheprimitiveequations.Inaddition,thesemodelsgenerallyformulatethehydro-
staticandtheBoussinesqhypotheses,respectivelyassumingnegligibleverticalvelocities
andvolumeconservation(rather thanmass-conservation).For thesakeofconvenience,
themodelassumingthevolumeconservationwillbereferredtointhefollowinglinesas
the“Boussinesqmodel.”
ComparedwiththebasicsituationdescribedintheleftsideofFig.9.5,auniformtem-

peraturefluxenteringtheupperlayeroftheleftcolumngeneratesadecreaseofthedensity
in thiscolumn.Theupper layerwatercolumnthenexpandsand its thickness increases
fromh2toh2+dh(inthemiddlepartofFig.9.5).Duetothefactthatthetotalmassof
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ingintotheupperlayeroftheleft-handvolume.(b)Free-surfaceadjustmentofamass-conserving
model.(c)Free-surfaceadjustmentofanincompressiblevolume-conservingmodel
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eachcolumnisunchanged,thehydrostaticpressureattheinterfacealsoremainsunmodi-
fiedinbothcolumns.
Theconservationofmassinthewatercolumnspresupposesthat:

(h2 dh) ( 2 )  h2 2+ ´ - = ´r r r∆  (9.3)
whereh2istheheightoftheupperlayerofdensityr2,dhistheriseofsealevelinduced
bythevariationofdensityDr(seeleftsideandcentreofFig.9.5).
Consequently,

dh h2 / ( 2 )r r r= -× ∆ ∆ (9.4)
Assuming,thatthevariationsofdensityaremuchsmallerthanthedensityitself(generally
witharatioof1for1,000),theseasurfaceelevationduetotheexpansionoftheleftcol-
umninFig.9.5canbeapproximatedby:

dh h2 / 2r r= ´ D  (9.5)
IntheBoussinesqmodel(seerightsideofFig.9.5),itisassumedthatthefluidisincom-
pressible,whichimpliesthattheexpansionofthetotalvolume(i.e.thevolumeofboth
columns)isnull.Ontheotherhand,onecanassumethat,ataregionalscale,thedynamic
responseofthemodelshouldimplyamodificationofthecolumnheightinordertokeep
thehydrostaticpressureattheinterfaceconstant,i.e.

(h2 dh /2) ( 2 )  (h2 dh /2) 2r r r+ ¢ ´ - D = - ¢ ´  (9.6)
whereh2istheheightoftheupperlayerofdensityr2,dh’istheriseofsealevelinduced
bythevariationofdensityDr(seerightsideofFig.9.5).
Finally,

dh h2 / ( 2 / 2)r r r¢ = ´ D - D (9.7)
Inthesameway,sincethevariationofdensityDrismuchsmallerthanthedensityr2:

dh h2 / 2r r¢ = ´ D (9.8)
Asaresult,theincompressibleBoussinesqmodelsareabletoreproducetherealisticdif-
ferenceofheightbetweentheheatedcolumnandthecoldone.Ontheotherhand,these
modelsdonotreproducethemeanseasurfacerise,i.e.theydonotreproducethemean
stericeffectoverthemodellingarea.Inotherwords,inthesemodels,thespatialvariability
of thestericeffect is taken intoaccountbut itsmean timevariation iszero,due to the
Boussinesqapproximation.This,forexample,removespartoftheseasonalstericeffect
andanymeansealevelrise.

9.4.3  

 Methodologies and Case Studies

Oncethecorrectionoftides,short-periodwindandatmosphericpressureeffectsandarefer-
encelevelhasbeenapplied,combiningaltimetryobservationsandcoastalcirculationmod-
elscanbereconsideredasacombinationofaltimetricandmodelledsealevelanomalies.
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Thesealevelanomalyobservedinthealtimetrymeasurementsismainlydominatedbythe
surfacesignatureoftheseasonalstericeffect,whichisgenerallynotreproducedbycoastal
circulationmodels. To account for this, either the steric effect contribution needs to be
removedfromaltimetryoraddedtothemodel.Inthefollowingsection,wewillconsider
bothoftheseapproaches.
However,thefollowingdiscussionisafirststepofanongoingeffortatCTOH/LEGOS

toaddresstheissueofmatchingaltimeter-derivedestimatesandhydrodynamicmodels
in the coastal systems. The methodologies are here assessed in a pilot system, the
NWMEDSea.Theyneedtobeimplementedandtestedinothercoastalandshelfseas
beforeprovidingthecommunitywithanyguideline,andinparticularforanoperational
correction.

9.4.3.1  

 Modelling Approach

 Strategy

Greatbatch(1994)showedthatitwaspossibletocorrectthemodelledfree-surfaceeleva-
tioncomputedwithmodelstakingintoaccounttheBoussinesqapproximationbyadjust-
ingaspecificconstant.Thisadjustmentconstantisspatiallyuniformoverthemodelling
area,buthasatimevariabilitytakingintoaccountthenetexpansion/contractionofthe
ocean.Furthermore,thiscorrection,beingspatiallyuniform,hasnodynamicimpacton
thecurrentvelocitiescomputedbymodels.Themethodologyproposedhereconsistsof
preferentiallyremovingthestericeffectcontributionfromthealtimetermeasurements.
Basedontheseawaterstateequation,thedensityfieldcanbeobtainedfromthemodel

salinityandpotentialtemperaturefieldsatthetimeofthealtimetermeasurements.Then,in
ordertoavoidlocaldifferences,theresultingstericsealevelelevationfieldneedstobesmoothed
overa largeenougharea(e.g.,byaveragingover thewholeregionaldomain).Finally, this
meanstericchangewouldpreferablybeaveragedoverawindowofseveraldays,sinceonlyits
lowfrequencytimevariabilityisrequiredinthecaseofregionalandcoastalmodels.
Inordertoexcludeallstericchangeprocesseswithnon-zeroaveragecontributionover

therunperiod,asecondcorrectivetermshouldbeadded,takingintoaccountthemean
modelseasurfaceelevationandthemeanstericheightdifferentialoverthestudyperiod.
Inpractice,thechoiceoftheaveragingperiodisinitiallymadefromthestartandenddates
ofthemodelrun,sothatinasecondstepaltimeterSLAsareconsistentlyaveragedoverthe
sameperiod.
Asaconsequence,astericcorrectionfrommodelsimulationoutputscanresultasfollows:

domain period domain, period

LFsteric( , , ) ( , , ) sterich x y t x y t h= - +( ) ( )δ η (9.9)

whered is the adjustment constant to apply,hsteric is the steric surface signatureon the
modelgridpoints(x,y)andattimetofobservations,histhemodelseasurfaceelevation
atgridpoints(x,y)andattimetofobservations;theoverbar P

X denotestheaverageofX
overperiodPand(X)LFdenotesthelow-passedfilteringofX.
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Model Data

Thehydrodynamicmodelusedforthiscasestudyisthethree-dimensional,primitiveequa-
tioncoastaloceanmodelSYMPHONIE(Estourneletal.1997;Marsaleixetal.2006).Itis
inwidespreaduseforshelfcirculation,sedimenttransportandcoupledbio-physicalappli-
cations(e.g.,Estourneletal.2003;Dufau-Julliandetal.2004;Petrenkoetal.2005;Ulses
etal.2005;Gattietal.2006;Guizienetal.2006;Jordaetal.2007;Hermannetal.2008).
ThismodelisbasedonthehydrostaticassumptionandtheBoussinesqapproximation.Itis
eddy-resolving.Thethreecomponentsofthecurrent,thefree-surfaceelevation,thetem-
peratureandthesalinityarecomputedonanArakawaCgrid(ArakawaandSuarez1983),
using an energy-conserving finite differencemethod (Marsaleix et al. 2008).A hybrid
sigma-stepcoordinatesystemisusedfortheverticaldiscretizationandacurvilinearcoor-
dinateforthehorizontaldiscretization.Moredetailsonthemodelcharacteristicscanbe
foundinMarsaleixetal.(2008).Forthisstudy,themodelwasrunovertheNWMEDSea
fromSeptember2,2004toFebruary28,2005,ona3kmhorizontalgridspacingwhichis
about three times smaller than thefirstbaroclinicRossby radiusofdeformation in this
area,ofabout10km.Themodel isone-waynestedonadailybasis into theMFSTEP
projectOGCM(Estourneletal.2007).Fig.9.6displaysthebathymetryof theregional
modelsimulation.

 Coastal Altimeter Data

SLAestimateswerecomputedwith theX-TRACKprocessor for the fouraltimetry
missionsavailableoverthestudyperiod,namelyTOPEX/Poseidon,Jason-1,Envisat
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andGFO.Thealtimeterdatawerecorrectedforenvironmentalandseastateperturba-
tions,applyingtheedition/rebuildingprocedureasdescribedinprevioussections;the
tidalcorrectionwascomputedfromacompositespectrumbasedontheT-UGOm2D
forallconstituentsexceptK1whichwastakenfromFES2004;atmosphericloading
effectshavebeencorrectedbasedontheT-UGOm2Dregionalmodelsimulationsand
theMSSwascomputedoverthemodelrunperiod(02/09/2004–28/02/2005)asrec-
ommended previously. The steric effect surface signature was corrected using the
model itself,applyingEq.9.91HzSLAestimateswereprovidedalongtheground
track.

 Results and Analysis

Modelelevationsarefirstcomparedwithaltimeterestimates.Fig.9.7displaysexamples
ofcomparisonsbetweentheSLAderivedfrombothmodelandaltimeteralongdifferent
satellitetracks.Thesecomparisonsbetweenmodeloutputsandobservationsgloballyshow
goodagreementinthetypicalsynopticscaleandmesoscale.Theslopesandlarge-scale
structuresrepresentedinthemodelsimulationareclosetothosecapturedinthealtimeter
observations (a low-pass filter would highlight this feature). Moreover, altimeter data
seemstoprovideadditionalinformationatscalesshorterthan50–60kmthatarenotrep-
resentedinthemodelsimulation.
Inaddition,Fig.9.8representsthespatialpowerspectraofmodelelevation(bluecurve)

andcorrectedSLAsfromtheT/Paltimeter(redline).Itcanbenoticedthatshortscales
(lessthan10km)arenotpresentinthemodel,whichisnotsurprisingowingtothe3km
resolutionofitshorizontalgrid.Forwavelengthsbetween10and60km,themodeland
altimeterdatarepresentthesamelevelofenergy,implyinganoverall,statisticalagreement
forthesescales.
Inthisexample(Fig.9.7b),anoffsetofnearly10cmcanbeseenbetweenthemodel

elevationandthealtimetermeasurement(alongGFOtrack401).Thisbiasisalsoobserved
foracoincidentJason-1pass.Asthetwosatellitesareindependent,itcannotberesidual
orbiterrorbutismoreprobablyduetoaninternalerrorinthecomputationofthesteric
correctionatthattime.Thetimevariationoftheseasurfaceelevationspatialaverageina
Boussinesqincompressiblemodeldependsonthenetfluxofwateratitslateralboundar-
ies. In the present case, it thus depends on the sea surface elevation provided by the
OGCM.IftheseasurfaceelevationiserroneousintheOGCM,itintroducesanerroron
thecoastalmodelseasurfaceelevationthroughtheopenboundaryforcingandtheninthe
computationofthestericcorrection.Hopefully,thiskindoferrordoesnotaffectregional
circulationmodelling,which primarily depends on the sea surface elevation gradients
ratherthanontheabsolutevalueoftheseasurfaceelevation.However,whenassimilated,
suchanoutlierwill inevitablyhavean impacton theanalysissolutionandsmart tech-
niqueshavetobeimplementedintheassimilationschemestopreventthisspuriousmodel
adjustment(e.g.,byplacinganupperlimitonthedifferencebetweenmodelproxyand
observation).

21



Fig. 9.7 ComparisonbetweenSYMPHONIEmodelseasurfaceelevationandX-TRACKcorrected
SLAsalong(a)GFOtrack031,(b)GFOtrack401,(c)Jason-1track146,and(d)TOPEX/Poseidon
track009intheNWMEDSea.Tracklocationsaregivenontheassociatedrightpanels
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Fig. 9.7 (continued)
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Fig. 9.8 Meanspatialpowerspectra:SYMPHONIEmodelseasurfaceelevationpowerspec-
trum(blueline)andT/PSLAestimatespowerspectrum(redline).Poweramplitudeisgiven
inmeters

9.4.3.2  

 Statistical Approach

 Methodology

Anotherapproachistouseastatisticalanalysisofthealtimeterdatasetitselftocomputea
steric correction.This consists inperformingalong-track singularvaluedecomposition
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(SVD)ofthealtimeterSLAtimeseries.Atseasonaltimescales,seasurfacevariabilityis
generally dominated by ocean currents and the annual large-scale steric signal. In this
respect,inastatisticspointofview,thefirstmodeoftheSVDwouldthereforerepresent
thisannualstericsignalandcouldthenberemovedfromthealtimeterSLA.Unlikeahigh-
passdigitalfilterwithacut-offperiodof1year,thismethodallowsthealtimetrytoretain
thevariabilityoftheannualdynamics(thatissimulatedinBoussinesqmodels)sincethe
SVDmethodallowsdiscriminationbetweencoherentspatio-temporaldominantprocesses
(fromastatisticalstandpoint).

 Case Study

ThisapproachisillustratedthroughacasestudyovertheLigurianSea.Inthispartofthe
NWMEDSea,thecoastalsectionoftheJason-1pass222interceptstheLiguro-Provençal-
Catalan (LPC) Current quasi-perpendicularly (Fig. 9.9b). This coastal current flows
seasonallyandcounter-clockwisealongthecontinentalslopes,fromtheLigurianSeato
the Catalan Sea (e.g., Millot 1987, 1991). SLA estimates were computed with the
X-TRACKprocessorfortheJason-1pass222fromJanuary2002toDecember2004.
Whereasmodesgreaterthan1representlessthan5%each,mode1isstronglydominant

andrepresents79%ofthetotalenergy.Theassociatedtimeseries(Fig.9.9a,blackcurve)
showamarkedannualsignalwithnegativeandpositivemaximarespectivelyattheendof
winter(March–April)andsummer(September–October).Thealong-trackstructureofthe
mode1spatialcomponent(Fig.9.9b)showsaverysmallacross-shoreslope thatwould
generateaninsignificantacross-trackgeostrophicflow.Comparedtothestrongacross-track
gradientfeaturingtheLPCgeostrophiczonalcomponent,andnoticingthatthewholemode
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1spatialcomponentisofsamesign,thismodecanbeseenasalarge-scaletranslationatthe
annualperiod.Thissuggeststhatthismodecorrespondstothelarge-scalestericsignals.
Inordertovalidatethisassumption,thetimecomponenthasbeencomparedwiththe

sterictime-dependentspatialconstantbuiltfromtheSYMPHONIEtemperatureandsalin-
ityfieldsfollowingEq.9.9(Fig.9.9a,redcurve).Fig.9.9showsthat,althoughthemod-
elledsignalissmoother,thetwosignalsagreeverywellintermsofmagnitudeandphasing
whichconfirmthatmode1representsthelarge-scaleannualstericsignal.
Asaconsequence,themode1timeevolutioncanbeusedforstericcorrectionifthe

altimeterrecordsarelongenough(greaterthan2years)tobeanalysedusingtheSVD
method.Unfortunately, this implies that thismethodology is not applicable in opera-
tionalconditions.Moreover,thismethodologyassumesthattheannualstericeffectsur-
face signature is sufficientlymarked over the area of interest to be isolated from the
dynamicannualsignal.Thisassumptionwouldnotbeautomaticallyverifiedinallshelf
andcoastalseas.

9.5  
 Concluding Remarks and Perspectives

TheworkinitiatedbytheALBICOCCAprojectandcarriedoutattheCTOH/LEGOSin
theNWMEDhaspavedthewayforimprovedpost-processingofofficialaltimeterprod-
uctsforcoastalapplications.ThankstotheX-TRACKprocessor,itisnowpossibletoget
moredataclosetothecoasts(andeveninopensearegions),withareducederrorbudget
(see also the chapterbyBouffard et al., thisvolume). In this coastal-orientedpost-
processing,inadditiontomorelenienteditingcriteria,landeffectsonthealtimeterand
radiometermeasurementsareminimizedduringthecorrectionphaseandmissingorcor-
ruptedcorrectivetermsarereplacedbyinterpolation/extrapolationcurvesbasedonvalid
measurements.TheX-TRACKprocessorbenefitsfromstate-of-the-artlocalmodellingof
tidesandoceanresponsetowindandatmosphericpressureforcingasprovidedbythe
T-UGOm2D(Mog2Dfollow-on)codeforthede-aliasingofshort-termbarotropicsig-
nalsandnextgenerationmodelsareexpected toprovideanevenbetteraccuracy.The
high-resolution vertical reference frame needed to compute SLAs is locally adjusted
usingaconsistentandcoastal-tunedaltimeterdataset.
However,featuresandprocessesofinterestinthecoastalsystemsarethosewhichdrive

thelocalspatialvariabilityonshorttimescales,constrainedbytheseabedandinteraction
withthemeanflow,tides,seasonalcycles,inflowandoutflow.Intheseconditions,additional
developmentsarerequiredwithintheX-TRACKprocessorinordertouseseveralsatellites
(large-scaleerrorreduction)withtheirhigheracquisitionrateleadingtoincreasedspaceand
timesamplingofaltimeterobservations.
Unquestionably,theX-TRACKprocessorwillbenefitinthefuturefromadvancesin

thenewgenerationaltimeters(Ka-band,Delay-Doppler,interferometry,etc.)andsyner-
gieswithothersensors(tidegauges,SST,oceancolour,etc.).Butthenextmajorinputin
theshorttermshouldcomefromthepre-processingphaseandimprovementsinwettropo-
sphericpathdelaycorrection.Theretrievalofinformationfromradaraltimeterreturned
echoes and the decontamination of land effects in the radiometer measurements are
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expectedtobethesourceofaconsiderablereductionintheerrorbudgetofaltimeterprod-
ucts in the future. Finally, major improvements are also expected from the update of
regionaltidalatlases.
Thischapteralsofocusedonmatchingcoastal-orientedaltimetryandregionalcircula-

tionmodels.Intheprospectofintegratingaltimeterdataintomodels,thepresentstudyhas
pointedoutthespecificproblemoftakingintoaccountthestericeffectsurfacesignaturein
regionaloceanmodels thatgenerallydonot represent itwell.Wherepossible,anSVD
decompositionofaltimeterSLAestimateswouldneedtobeperformedinadelayedmode
sothatthestericanddynamicannualsurfacesignaturescouldbestatisticallydissociable.
Inordertocreatephysicallyconsistentdatasets,analternatestrategy,illustratedherefor
theNWMED,consistsinremovingfromthealtimeterSLAastericheightcomputedfrom
adiagnosticequationandbasedontemperatureandsalinityfieldscomputedbythemodel
itself.However,suchastrategyhighlydependsonthemodelusedandformingandapply-
inganoperationalcorrectiontermtoaltimetryobservationscomputedfromtemperature
andsalinity(providedbyforecastingsystemsforinstance)remainsachallengingissue.
Thismethodologicalworkconstitutesafirststeptowardassimilationofcoastalaltim-

etryintoregionalhydrodynamicmodelsandopensupthewayforanoperationalsurveyof
coastalenvironments.However,numerousinvestigationsstillneedtobemadebeforethe
routine monitoring of coastal dynamics can become possible. First of all, small- and
mesoscaledynamicsarepoorlyornotreproducedincoastalmodels,exceptfromastatisti-
calpointofview,whereastheyseemtobecapturedinaltimeterobservations.Consequently,
investigationsneedtobemadeintermsofhydrodynamicmodellinginordertofullyrep-
resentthesescales.Comparisonswithindependentinsitumeasurementswouldalsopro-
vide an idea of which scales are truly captured by satellite altimetry systems. The
capabilitiesofdataassimilationhavebeenclearlydemonstratedwithintheGlobalOcean
DataAssimilationExperiment(GODAE)fordeepoceanorbasin-scalesystemsanditnow
needstobedownscaledtoregionallevelincoastalandshelfseas.Thisalsorequiressub-
stantial investigation in termsofdataassimilationschemedefinitionanderror settings,
beforerunningrealisticexperimentsandfinallyreal-timeapplications.
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