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1. Intr oduction

For centuries,ourknowledgeof theoceans'surfacecirculationwasinferredfrom thedrift of �oating objects.Dramatic
examplesincludewreckedChinesejunksandJapaneseglass�shing ballswhich have washedashoreon theUS west
coast(Sverdrupetal.,1942).Suchobservationscouldonly providecrudeideasof gyre-scalecurrents,astherewasno
wayto tell theexactbeginning(in timeor space)of thedrifter's journey, or thetrajectoryit hadtaken.Currentscanbe
moreaccuratelyinferredfrom shipdrift measurements.A ship'smotionrelative to thesurroundingwateris measured
by theshiplog; its absolutemotionis estimatedfrom navigational�x es.In theabsenceof wind andthe“sailing” force
of �o w aroundthehull andkeel,thedifferencebetweenabsoluteandrelative motionis thevelocityof thewater(the
current).However, dueto relatively largenavigationalerrorsin themostlypre-GPSdatasetof shipdrifts, suchcurrent
estimatescanhave errorsof O(20 cm/s)(RichardsonandMcKee,1984). In addition,a drifting ship is exposedto
bothcurrentsandwind, makingtherelative roleof thetwo forcesdif�cult to separate.Comparisonof shipdrifts with
lesswindage-pronemeasurementshave revealedsigni�cant differencesin thetropicalPaci�c (Reverdinet al., 1994)
andAtlantic (RichardsonandWalsh,1986;Lumpkin andGarzoli,2005). To reducethewind force, investigatorsin
theearly1800sbeganusingdrift-bottlesto mapsurfacecurrents.Thesebottlesweretypically weigheddown sothat
they werealmostentirelysubmersed,andtypically carrieda noteindicatingtheir launchlocationandtime (Sverdrup
et al., 1942).Bottleshave beenusedto mapcurrentsin regionssuchastheNorth Sea(Fulton,1897;Tait, 1930)and
northwesternPaci�c Ocean(Uda,1935).

A majorsteptowardscollectingtrue Lagrangiantime seriesof velocity wasmadeby attachinga seaanchor, or
“drogue”, to a buoyantobjectthatwould not extendfar above thesurfacebut couldbetrackedby triangulationfrom
a �x ed point (suchasan anchoredship). Observationsof this naturewerecollectedoff the US eastcoastasearly
asthemid-1700s(Franklin,1785;Davis, 1991)andwerecollectedworldwide in thefamous1872–1876Challenger
oceanographicsurvey at mostof the 354 hydrographicstations(Thomson,1877;Niiler, 2001). With the adventof
radio,drifter positionscouldbetransmittedfrom small,low-dragantennaeandtriangulatedfrom shore(Davis, 1991).
Drifters of this type arestill manufacturedtoday, often inspiredby thecruciform-shapeddesignusedin theCoastal
OceanDynamicsExperiment(CODE).In CODE,164drifterswereusedto mapcurrentsandtheir variability andto
calculateLagrangianintegralscalesanddispersionoff theCaliforniacoast(Davis, 1985).
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The early 1970ssaw the introductionof positioningvia satelliteobservationsof an earthboundtransmitter's
Dopplershift. This was�rst doneusingthe NIMBUS satellitesandlater the moreaccurateArgosDataCollection
andLocationSystemcarriedaboardtheNationalOceanicandAtmosphericAdministration(NOAA) TIROS-Npolar-
orbiting satellites. Several independentgroupspromptly developedanddeployed satellite-tracked surfacedrifting
buoys. Oneof theearliestsuchdeploymentswasin 1975aspartof theNorth Paci�c Experiment(NORPAX). NOR-
PAX drifters were3 m long, 38 cm-diameter�berglasscylinders,droguedat 30 m with a 9 m parachute(McNally
et al., 1983). An arrayof 35 drifters,droguedwith 200m of polypropyleneline andeithera 25 kg weightor a win-
dowshadesail, wasdeployedin theGulf Streamregion in 1976-1978(Richardson,1980). Thesedrifters includeda
tetherstrainsensorto indicatedroguestatus,but this sensorfrequentlyfailedshortlyafterdeployment.A largearray
of over 300Argos-trackeddrifterswasdeployedaspartof theGlobalAtmosphereResearchProgram(GARP)First
GlobalGARPExperiment(FGGE)in 1979–80in theSouthernOcean(Garrett,1980).FGGEdrifterswerecon�gured
in variousdesigns,with the “regular” variety having a tall (3.4 m) surface�oat and100 m line actingasa drogue,
weightedat theendwith 29.5kg of chain.OtherFGGEdriftershadlargevanesfor measuringwind direction.From
1981–84,113HERMES-typedrifters,droguedwith a windowshadesail at 100m depth,weredeployedin theeast-
ern andnorthernNorth Atlantic (KraussandBöning,1987). In 1983–85,53 TIROS andmini-TIROSdrifters were
deployedin thetropicalAtlantic aspartof theSEQUAL (SeasonalResponseof theEquatorialAtlantic) andFOCAL
(ProgrammeFrancaiseOcéan-Climaten AtlantiqueEquatorial)programs.The TIROS designhada windowshade
drogueof area20m2 centeredat20m depth,while themini-TIROShada2.2m2 windowshadecenteredat5 m depth
(RichardsonandReverdin,1987).Thedriftersdid nothavesensorsto indicatedroguepresence,althoughtwo TIROS
driftersrecoveredafter217daysat seahaddroguesin “excellentcondition” (RichardsonandReverdin,1987).

2. The SVP drifter

In 1982the World ClimateResearchProgram(WCRP)recognizedthat a global arrayof drifters would be invalu-
ablefor oceanographicandclimateresearch,but uncertaintiesandlargevariationsin thewaterfollowing properties
of variousdrifter designsposeda major challenge,alongwith the high costsandexcessive weight of somedrifter
types(World ClimateResearchProgram,1988;Niiler, 2001). The WCRP declaredthat a standardized,low-cost,
lightweight,easily-deployedsurfacedrifter shouldbedeveloped,with a semi-rigiddroguewhich would maintainits
shapein high-shear�o ws. This developmenttook placeunderthe SurfaceVelocity Program(SVP) of the Tropical
OceanGlobalAtmosphere(TOGA) experimentandtheWorld OceanCirculationExperiment(WOCE).Initial fund-
ing wasprovidedby theUSOf�ce of Naval Research,with subsequentsupportfrom NOAA andtheNationalScience
Foundation.Competingdesignsweresubmittedby NOAA's Atlantic OceanographicandMeteorologicalLaboratory
(AOML), MIT' sDraperLaboratory, andScrippsInstitutionof Oceanography(SIO) (Niiler, 2003).

During the1980sthesedesignscontinuedto evolve,andin 1985–89they wererigorouslyevaluatedon a number
of criteria includingtheir water-following characteristics,quanti�ed by attachingvector-measuringcurrentmetersto
the topsandbottomof the drogues(Niiler et al., 1987,1995). Several droguedesignswereexaminedandvarious
problemsidenti�ed. For example,windowshadedroguescould twist andsail acrossa current; parachutedrogues
could collapseandsubsequentlyprovide very little drag; the line-and-chainFGGEdrogueprovided too little area
comparedto thesurface�oat, resultingin signi�cant slip with respectto thecurrentsat thedroguedepth(Niiler et al.,
1987,1995;Niiler andPaduan,1995;PazanandNiiler, 2001). Otherfactorswerealsoconsidered;for examplethe
rigid three-dimensionaltristardroguewasfoundto havesomewhatbetterwater-followingcharacteriststhantheholey-
sockdroguedevelopedat AOML, but theincreasedmanufacturingandshippingcostsandmoredif�cult deployments
for thetristaroutweightedthis bene�t. By 1993a cleardesignfor theSVPdrifter hademergedwhich combinedthe
holey-sockdrogueof theAOML drifterswith reinforcedtetherendsandsurface�oat designsfrom SIO. This design
(SybrandyandNiiler, 1992)becamethefoundationfor futureSVPdrifter development.
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The moderndatasetof “SVP” drifters includesall drifters deployedduring the 1979–1993developmentperiod
that hada holey-sockdroguecenteredat 15 m depth. AOML spar-type drifters with holey-sockdrogueswere�rst
deployedin February1979aspartof theTOGA/EquatorialPaci�c OceanCirculationExperiment(EPOCS).Large-
scaledeploymentsof the�rst modernSVPdrifterstook placein 1988(World ClimateResearchProgram,1988)with
thegoalof mappingthetropicalPaci�c Ocean'ssurfacecirculation.Thiseffort wasexpandedto globalscaleaspartof
WOCEandtheAtlantic ClimateChangeProgram(ACCP),in which thearrayof SVPdrifterswasextendedto cover
thePaci�c andNorthAtlantic Oceansby 1992andtheSouthernandIndianOceansby 1994(Niiler, 2001).Thearray
spannedthetropicalandSouthAtlantic Oceanby 2004(LumpkinandGarzoli,2005).

Today the array of SVP drifters is known collectively as the Global Drifter Program(GDP), a componentof
NOAA's Global OceanObservingSystem(GOOS)andGlobal ClimateObservingSystem(GCOS)anda scienti�c
project of the Data Buoy CooperationPanel (DBCP) of the World MeteorologicalOrganizationand International
OceanographicCommission. The scienti�c objectivesof the GDP are to provide operational,near-real time sur-
facevelocity, seasurfacetemperature(SST)andsealevel pressureobservationsfor numericalweatherforecasting,
research,andin-situ calibration/veri�cation of satelliteobservations.TheGDPis managedin closecooperationbe-
tweenNOAA/AOML in Miami, Florida, NOAA/SIO's Joint Institute of Marine Observations(JIMO) in La Jolla,
California,andthreeprivateUS drifter manufacturers(Clearwater, Paci�c Gyre andTechnocean).AOML arranges
andconductsdrifter deployments,processesthedata,maintains�les which describeeachdrifter, andhoststheGDP
website(www.aoml.noaa.gov/phod/dac)JIMO supervisesthe industry, acquiresthe drifters from the variousmanu-
facturers,upgradesthetechnology, developsnew sensors,andcreatesenhanceddatasets(PazanandNiiler, 2004)to
theresearchcommunity. Themanufacturersbuild theSVPdriftersaccordingto closely-monitoredspeci�cations.

a. Design

At present,therearetwo basicsizesof SVPdrifters: theoriginal, relatively largeSVPdrifter andthenew “mini” ver-
sion(Fig.1). Theoriginaldesignisextremelyrobustbut is relativelyexpensiveandheavy. A moregracileredesignwas
proposedin DBCPSpeci�cationRev. 1.2in December2002.This“mini” drifter is producedalongsideSVPdriftersof
originaldimensionsby severalmanufacturers.Presentmanufacturersof SVPdriftersincludeClearwaterInstrumenta-
tion (Watertown, MA USA; www.clearwater-inst.com),Marlin-Yug (Sevastopol,Ukraine;marlin.stel.sebastopol.ua),
MetoceanDataSystems(Dartmouth,NovaScotia,Canada;www.metocean.com),Paci�c Gyre(Oceanside,CA USA;
www.paci�cgyre.com),andTechnocean(CapeCoral,FL USA; www.technocean.com).

The surface�oat of an SVP drifter rangesfrom 30.5 cm (the smallestmini) to 40 cm in diameter. Originally,
the surface�oat hull was madeof 0.3–0.4cm-thick �berglass(thicker at the tetherprotrusion;c.f. Sybrandyand
Niiler 1991,Fig. 3). Mostmanufacturershavenow switchedto lessexpensiveABS (Acrylonitrile-Butadiene-Styrene)
plasticfor surface�oat hull construction.Thesurface�oat contains:batteriesin diode-protectedpacks,typically 4–5
packseachwith 7–9alkalineD-cell batteries;a satellitetransmitter(401.650MHz, � 10 kHz) typically activatedby
removing a magnetfrom the �oat hull; a thermistorfor sub-skinseasurfacetemperature,locatedat the baseof the
�oat to avoid directradiativeheating;andpossiblyotherinstrumentsmeasuringbarometricpressure,wind speedand
direction,salinity, or oceancolor. Most surface�oats alsoincludea submergencesensor, consistingof two screws
extrudingfrom thehull. Thissensoris usedto identify thepresenceof thedrogue,which frequentlydragsthesurface
�oat beneaththeseasurface– anabruptdropin thepercentageof submergedtime indicatesthat thedroguehasbeen
lost. Onemanufacturer(Clearwater)hasreplacedthe submergencesensorwith a tetherstrainsensor, which more
directly measuresdroguepresence.Most manufacturersapplycuprousoxidepaint to thebottomhalf of thesurface
�oat to reducebiofouling. A polypropylene-impregnatedwire ropetetherconnectsthesurface�oat to a subsurface
�oat (original design;5.6mmdiametertether)or directly to thedrogue(mini drifter, with a3.2mmdiametertether).

An SVP drifter hasits droguecenteredat 15 m depthto measuremixed layer currents;otheroptions(suchas
100m) have beenmadeavailableto individual researchers.Theoutersurfaceof thedrogueis Corduranylon cloth.
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In the original design,it is composedof 7 sections,each92 cm long and92 cm in diameterfor a total length of
6.44m. Mini droguesarenot yet standardizedamongthemanufacturers:they arecomposedof 4 (Paci�c Gyre)or
5 (Marlin-Yug) sectionsof original dimensions,or 4 (Clearwater)or 5 (Technocean)redesignedsectionsof diameter
61cm,length1.22m/section.Throughoutthedrogue,PVCor polypropylenepiperingswith wire ropespokesprovide
support,maintainingthe drogue's cylindrical shape.The top ring is �lled with polyurethanefoam to provide some
positive buoyancy, reducingaccordion-typeoscillationswhentetherstrainis low (SybrandyandNiiler, 1992). Lead
weights(in somedrifters,sandballastin a polypropylenepipe)sewn into thebaseof thedrogueinsurethat it hangs
nearlyvertically. Thedrogueis a “holey-sock,” i.e. eachdroguesectioncontainstwo 46 cm (mini: 30 cm) diameter
opposingholes,which arerotated90� from onesectionto thenext (seeFig. 1). Theseholesact like thedimplesof
a golf ball by disruptingtheotherwiselaminar�o w which would generateorganizedleevortices.As a consequence,
thedroguedoesnot experienceanabruptchangein dragcoef�cient acrossa critical Reynoldsnumberwhich would
beassociatedwith vortex shedding(Nath,1977).

While thesizesof thesurface�oat anddroguevary, themanufacturersall aim for aspeci�c nondimensionalgoal:
adragarearatioof � 40. This ratio is thedragarea(dragcoef�cient timescross-sectionalarea)of thedrogue,divided
by thedragareaof all othercomponents.At a dragarearatio of 40, theresultingdownwind slip (seeSection4.a.) is
0.7cm/sin 10m/swinds;for comparison,astandardFGGE-typedrifter hadadragarearatioof 10–12andadownwind
slip of 8 cm/s in 10 m/s winds (Niiler andPaduan,1995;PazanandNiiler, 2001). In practice,the manufacturer-
provided dragarearatiosrangefrom 37.5–45.9.Somemodi�ed drifters includesubstantialadditionalcomponents
which greatlyreducethedragarearatio. An exampleis Marlin-Yug'sSVP-BTCdrifter which hasa thermistorchain
extendingto 60m depth,reducingthedragarearatio to 6.8.

b. Deployment

Original-sizedSVP drifters are packagedtwo per cardboardbox of dimension1.07 m (3'6”) cubed. Eachdrifter
weightsapproximately45 kg (100 lbs) andcanbe deployedby a singleperson,althoughin heavy seasit is recom-
mendedthattwo peopledeploy anoriginalSVPdrifter. Mini driftersarepackaged� vepercardboardboxof thesame
dimensions,or two in aboxof size1.17� 0.89� 0.56m. Themini weighsapproximately20kg (44 lbs)andcaneasily
be deployedby oneperson.The drogueandtetherareboundwith papertapewhich dissolvesin thewater, andthe
tetheris sometimeswrappedarounda water-solublecardboardtubeto protectit from kinking. Thedrifter is deployed
by throwing it from the sternof a vessel,preferablyfrom the lowestdeckandwithin 10 m of the seasurface. The
ship may be underway; successfuldeploymentshave beenconductedfrom cargo shipssteamingat up to 25 knots.
After deployment,it maytake approximatelyanhourfor thedrogueto becomefully soaked,allowing thepapertape
to dissolveandtrappedair bubblesto bereleased,beforethedroguesinks.

Drifters have alsobeenair-deployedout of LockheedC-130Hercules,operatedby theAir ForceReserve “Hur-
ricaneHunters” (53d WeatherReconnaissanceSquadron,403d Wing, KeeslerAir Force Base),and by the Naval
OceanographicOf�ce (NAVOCEANO)whichconductssurveyssupportingnaval operationsprimarily in thenorthern
hemisphere.Deploymentshave alsobeenconductedfrom a C-141Starlifter. Air deploymentrequiresextensive rig-
gingof thedrifter package,includingaddingtheparachute,atacostapproximatelyequalto thedrifter itself (P. Niiler,
pers.comm.).

Duringtheone-yearperiodSeptember2003–August2004,a totalof 658driftersweredeployedin NOAA'scontri-
bution to theGlobalDrifter Program.Of these,440weredeployedoff researchvessels,201off volunteerobservation
ships(typically cargovessels),and17wereair-deployed.

c. Data transmission

Drifter sensordata (including SST and batteryvoltage)are typically sampledat intervals of 90 s. Averagesare
calculatedoveranobservationcycleof sevento tensamplesandtransmitted.Submergenceor straindatatransmission
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variesby manufacturer. For example,Metoceandrifterssamplethesubmergencefour timesevery 90 s, andsumthe
totalnumberof underwatersamplesovera30minuteaveragingperiodto determinethepercentageof timesubmerged.
Thedataareformattedfor transmissionwith checksumentriesprovidedin a32-bitArgos(seebelow) message.Older
driftersoftenusedadutycycleof 1/3 (typically thetransmitterspentonedayon,thentwo daysoff), whichcouldlead
to signi�cant biasingof high latitudeinertial motion(Bogradet al., 1999).Nearlyall drifterssince2001operateona
100%duty cycle. Recently-developeddriftersexploit multiplexing techniquesto increasedatatransmission.During
onesatellitepass,6–7dataframescanbesentevery90s,or twicethismany with a45srepetitionrate.Eachtransmitter
is assignedaPlatformTerminalTransmitter(PTT) codeby Argos,oftenreferredto asthedrifter ID number.

Argos(http://www.argosinc.com/)is anAmerican-Frenchsatellite-basedsystemfor collecting,processinganddis-
tributing data.It is operatedby CollecteLocalisationSatellites(CLS) in Toulouse,France,with a subsidiary(Service
Argos,Inc.) in Largo, MarylandUSA. Since1978,theArgossystemhasbeencarriedon theUS NationalOceano-
graphicandAtmosphericAdministration(NOAA) PolarOrbiting EnvironmentalSatellitesto obtainglobalcoverage.
In addition,a second-generationArgossystemwascarriedaboardtheJapaneseAdvancedEarthObservingSatellite
II (ADEOS-II), launchedin December2002.This joint Argos/ADEOS-IIprogram(“ArgosNext”) wasdeclaredoper-
ationalon 5 May 2003;unfortunately, thesatellitefailedon 25 October2003. Futurelauncheswith next-generation
ArgossystemsareplannedaboardtheEuropeanMETOPsatellites,beginningin thelastquarterof 2005.

Thepositionof adrifter is inferredfrom theDopplershift of its transmission.Theposition-deducingalgorithmcan
besummarizedasfollows(Argos,1996).As thesatelliteapproaches,passesandrecedesfrom thelatitudeof adrifter,
thesatellite's speed(7.4km/s)Dopplershiftsthesignal.Thetiming of theswingfrom blueto red(but notexactly the
latitudeof theshift, dueto drifter motion;seebelow) givesthedrifter's latitude,andtherapidnessof theswinggives
theoff-trackdirection(thecloserthesatellitepassis to thedrifter, themorestep-like theswing).Theabsolutemotion
of the drifter introducesan additionalDopplershift: at 20� N, a �x ed point on the Earth's surfacetravels 437 m/s
westward. Thus,if thedrifter is eastof thesatellitepass,an additionalblueshift is superimposedwhich reachesits
maximumasthe satellitecrossesthe drifter's latitude. This Dopplershift decayswith increaseddistancefrom the
drifter at a ratedependentuponthe minimum satellite/drifterdistance(greaterdistanceequalsslower decay). The
signof this shift is estimatedfrom least-squares�tting andtheprevioushistoryof thedrifter, andgivestheoff-track
direction.

Argosestimatestheaccuracy of position�x esat150–1000m. Thelargesterrorsoccurwhenasatellitepassis close
to,but notdirectlyover, adrifter. In thissituationtheDopplershift from theabsolutedrifter motionis arelatively brief
spike which canbe dif�cult to resolve – possiblycausingthe Argospositionalgorithmto “place” thedrifter on the
wrongsideof thepass.Whenthishappens,therearerelatively largeerrorsin longitude,with muchsmallerlatitudinal
errors.Additionalerrorscanarisedueto satelliteinstrumentalnoiseandinaccuraciesin orbit andtimecoding(Hansen
andPoulain,1996). Froma 70 daytime seriesof position�x esfor a groundeddrifter in Honolulu,Hawaii, we have
calculatedtheroot-mean-squareerrorin a �x to be630m zonally, 270m meridionally. This drifter's transmitterwas
not heldridgidly vertical,possiblyintroducinga biasto someof thesatellite�x es(J. Wingenroth,pers.comm.) that
wouldnotbeexperiencedby adrogueddrifter in thewater. The70-daymedianof theArgos�x eswasnotsigni�cantly
differentfrom aGPS�x.

d. Drifter lifetime

Themanufacturers'estimatefor anoriginal SVP drifter lifetime is � 400days. In orderto examinetheaccuracy of
thisclaim,wehavecalculatedthehalf life for SVPdriftersdeployedin 1998–2003.Thiswascalculatedfor all drifters
whichhadnot runagroundor beenpickedupby boaters.Theremainingdriftersweresortedby theyearin whichthey
hadbeendeployed.For eachyear'sbatchof drifters,wecalculatedhow many daysof observationswereobtained,and
how many daysof droguedobservationswereobtained.Drifters still transmitting(andstill drogued,for thedrogue
half life) wereassigneda largeplaceholdervalue(9999days).Thehistogramof theselifetimeswasusedto identify
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theamountof time afterwhich one-halfof thedrifterswereno longeralive,andafterwhich one-halfwereno longer
providing droguedvelocityobservations.Thehalf livesareshown in Fig. 2. Transmitterlifetimesgenerallyincreased
during1998–2002,from 291daysin 1998to 400daysin 2002,with apeakof 485daysin 2001.Thesecalculationsdo
not includedrifterswhich failedto transmitupondeployment:12%of drifters in 1998,5% in 2001and3% in 2003.
More thanhalf thedriftersdeployedin 2003werestill aliveanddroguedat thetimeof thiswriting (November2004),
makingtheir half life impossibleto determine;giventhetemporaldistribution of deploymentsthrough2003andthe
histogramof lifetimessofar, it is likely to exceed450days.

Thus,while someindividual batchesof drifters have hada high failure ratedueto causesrangingfrom defects
duringmanufacturingto deploymentin extremelyharshconditions(e.g.,air-deployedin thepathof a hurricane),the
generaltendency acrossrecentyearsis encouraging.In addition to the developmentof the mini drifter described
earlier, incrementalimprovementsin droguereinforcement,tether/drogueattachment,andtransmitterdesignaresuc-
cessfullyincreasingthevalueof theSVP drifter. At thesametime, the costof a drifter hassteadilydropped,from
USD 5475in 1993(adjustedto 2003US dollars;Niiler, 2003)to USD 1750today.

3. Drifter data: Quality control, interpolation and coverage

BeforeDecember2004,position�x esacquiredby two of thesatelliteswereprocessedby Argos.For a typical drifter
neartheequator, 6–9 �x esperdaywereacquired.At higherlatitudesthepolar-orbiting satellitepasseswerecloser,
yielding 8–10 �x es per day at 20� latitude. The theoreticalmaximumwas 28 �x es per day at the poles(Argos,
1996). In late 2004 the Joint Tariff Agreement(seewww.ogp.noaa.gov/argos/overview.htm) negotiatedthe useof
the full satelliteconstellation(up to four at present). Sincemid-December2004, this “multi-satellite service”has
beenyielding 16–20�x es per day for equatorialdrifters. AOML's Drifting Buoy Data AssemblyCenter(DAC;
www.aoml.noaa.gov/phod/dac/dac.html) assemblestheseraw data,appliesquality control procedures,and interpo-
latesthemto regular1/4-dayintervals.Theraw observationsandprocesseddataarearchivedat AOML's DAC andat
Canada'sMarineEnvironmentalDataService(MEDS;www.meds-sdmm.dfo-mpo.gc.ca).

a. Quality control

TheDAC �rst visually examinesdrifter datafor evidencethat thedataweretransmittedwhile on thedeckof a ship,
thedrifter wasaground,or thedrifter hasbeenpickedup by a boater. Thesedriftersareusuallyapparentfrom their
trajectories,andcanbesupportedby submergencevaluesandthediurnalvariationsin temperature.Theseobservations
areremovedfrom thedataset.

Next, theDAC identi�es drifterswhichhavelost theirdrogues.This is doneusingthesubmergenceor tetherstrain
observations.Thedroguelost datesarecompiledin a “directory �le” which includeseachdrifter's deploymenttime
and location,endingtime and location,andthe type of death(e.g.,picked up, ran aground,stoppedtransmitting).
Thesedatesarestoredusinga modi�ed Juliandayconventionin which day1 is January1, 1979. For a drifter that
never lost its drogue,the directory �le holdsthe placeholdervalue0 for drogueoff time while it is still alive (still
transmittinggooddata),or thedateof its �nal reliabletransmissionif it hasdied.

To eliminatethe moreegregiouserrorsin raw Argos�x es, the DAC appliesa two-stepquality control scheme
(HansenandPoulain,1996).In thismethodology, thevelocity is calculatedvia �nite differencingof theraw �x esboth
forwardandbackwardin time. A �x is �agged as“bad” if it producesavelocitygreaterthanfour standarddeviations
from themeanvelocity in bothforwardandbackwardpasses.Two-way differencingis usedbecausea forward-only
calculationmayfail to identify abad�x if it comesimmediatelyaftera gapin dataacquisition.
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b. Interpolation

The raw �x esare interpolatedto uniform 6-h intervals usingan optimal interpolationprocedureknown askriging
(HansenandHerman,1989;HansenandPoulain,1996).Latitudeandlongitude(andSST)areinterpolatedindepen-
dently. Kriging assumesthattheobservationsconsistof a“true” signalcontaminatedby noise,thelatterassumedto be
white andunbiased(zeromean).Interpolatedvaluesareconstructedby a linearcombinationof the� ve observations
precedingand � ve following the interpolationpoint (if available),usinga setof weightsconstructedsuchthat the
root-mean-squaredifferencebetweenthetruevalueandtheconcurrentinterpolatedvalueis minimized.

In the kriging procedure,the (true) positionis describedby a structurefunction. For this, HansenandPoulain
(1996)useda fractionalBrownianmodelthatcandescribemotion rangingfrom uncorrelatedBrowniandiffusionto
perfectlycorrelatedlinearadvection.They estimatedtheparametersfor themodelusingtropicalPaci�c Oceandrifter
observationsfor theperiod1988-1993.Theresultingparametersyieldeda modelwhichwasablendof advectionand
diffusion,with advectionmoresigni�cant for zonaldisplacements.This resultis consistentwith studieswhich have
foundstronganisotropy in thezonalvs.meridionalscalesof dispersionin thetropics,with muchlongerzonalintegral
lengthscales(e.g.,Lumpkin andFlament,2001). This modelis probablynot themostappropriatechoiceat higher
latitudesaway from strongzonalcurrents.

Along with theinterpolatedpositions,AOML providesformalerrorbarsonthepositions.Thesecanbeinvaluable
in identifyinglargegaps– aslongastwo weeks– acrosswhichthedatahavebeeninterpolated,asthesewill havelarge
errorbars.Researchersworking with thedrifter datashouldapproachthesedatawith caution;they maybeusefulfor
calculatingmeanadvectivepathways,but shouldnot beincludedin calculationsof eddykinetic energy or dispersion
(seeFig. 3).

Following interpolation,thezonalandmeridionalcomponentsof velocityarecalculatedvia centered�nite differ-
encingover1/2 daydisplacements.Many investigatorsinterestedin subinertialmotion(e.g.,RalphandNiiler, 1999;
Fratantoni,2001;Lumpkin andGarzoli,2005)applya lowpass�lter to thesevelocitiesbeforeproceedingwith their
analyses.

c. Datacoverage

SVP drifter observationsnow cover mostareasof the world's oceansat suf�cient densityto mapmeancurrentsat
1� resolution(Fig. 4).

Therecentgrowth of thedrifter arrayis shown in Fig. 5. Thenumberof driftersin theglobalarrayhasincreased
tremendouslydue to the efforts of many individual investigatorsand internationalpartnershipscontributing to the
GlobalOceanObservingSystem(GOOS).TheGOOSgoalof maintaininga 5� by 5� network of drifterswill require
1250drifters,andis anticipatedto beachievedin September2005.As of November2004,theglobalarrayhasreached
1100drifters.From1998to 2003,drifter coveragehasincreasedin all basinsshown in Fig.5 excepttheNorthPaci�c.
Recentair deploymentsbyNAVOCEANOsouthof theAleutianIslands,alongwith futuredeploymentsfrom volunteer
observationshipsrunningthegreatcircle routebetweenJapanandCalifornia,areaddressingthis gap.

4. Velocity observations

Fig. 4 showstime-meansurfacecurrents(middle)andeddykineticenergy (bottom)for theworld'soceans,calculated
on a 1� by 1� grid via Gauss-Markov decomposition(Lumpkin, 2003). Annual and semiannualamplitudesand
phases(not shown) werecalculatedat thesameresolution.All of themajorwesternboundarycurrents(Gulf Stream,
Philippines/Kuroshio,Brazil, North Brazil, EastAustralian,Mozambique/AgulhasandSomali)areclearly seenas
maximain bothmeancurrentspeedandeddyenergy. Thetime-meanzonalstructureof tropicalcurrentssuchasthe

7



northernSouthEquatorialCurrentandNorth EquatorialCountercurrentareprominentfeaturesof Fig. 4, asarethe
monsoon-drivensemiannualcurrentsof theequatorialIndianOcean.

SVP drifters provide imperfectpseudo-Lagrangianobservationsat the droguedepth– “pseudo”becausewater
parcelscanupwell or downwell while thedrifter staysat thesurface,andimperfectbecauseof slip (seebelow). The
resultingobservationsof mixedlayervelocityarethusa combinationof slip, plusthedirectlywind-driven�o w in the
uppermixedlayer, plusthe15 m-deepsignatureof theunderlyingeddyandgyre-scalecurrents.Time-meanplotsof
thesecomponents,derivedfrom NationalCentersfor EnvironmentalPrediction(NCEP)ReanalysisVer. 2 windsand
theparameterizationsdescribedbelow, areshown in Fig. 6.

a. Slip,with andwithouta drogue

Slip is the horizontalmotion of a drifter that differs from the lateralmotion of currentsaveragedover the drdogue
depth.Slip is causedby directwind forcing on thesurface�oat, dragon the�oat andtetherinducedby wind-driven
shear, andsurfacegravity wave recti�cation (Niiler et al., 1987;Geyer,1989). In orderto reducewave recti�cation,
thesurface�oat is spherical(Niiler etal.,1987,1995).TheoriginalSVPdesignincludeda20cmdiametersubsurface
�oat betweenthe surface�oat anddrogue,intendedto decoupletheir motion and to provide additionalbuoyancy
offsettingtheweighteddrogue.Thesubsurface�oat hasbeenomittedin the recentmini drifter redesign.The most
importantdesigncharacteristicsthatminimizeslip arelow tensionbetweenthesurfacebuoy anddrogue,whichavoids
aliasingwave motion,anda largedragarearatio (Niiler et al., 1987). As long asthedrogueremainsattachedto the
drifter, thedownwindslip is estimatedat 0.7cm/sper10m/sof wind speed(Niiler andPaduan,1995).

PazanandNiiler (2001)examineda datasetof 2334SVP drifters, including1845which hadlost their drogues
while continuingto transmitlocation. They examinedresidual(undroguedminusdrogued)drifter motion usinga
multiple regressionmodelwith local surfacewave height (from the FleetNumericalMeteorologyandOceanogra-
phy Center, FNMOC) andwinds(FNMOC,NCEP, andtheEuropeanCenterfor MediumrangeWeatherForecasting,
ECMWF). Theresidualmotion did not have a signi�cant relationshipwith waves,eitherbecausewave drift is neg-
ligible or becausethe relationshipis obscuredby errorsin or resolutionof the wave dataset. Residualmotion was
alignedon averagedirectly downwind, andwaslinearly dependentuponwind velocity with a globalmeanvalueof
7.9� 0.7cm/sper10 m/sof wind. This resultandthoseof Niiler andPaduan(1995)indicatethatanundroguedSVP
drifter experiencesaslip of 8.6� 0.7cm/sper10m/swind.

b. Ekmandrift

Niiler andPaduan(1995)analyzedthe Lagrangianvelocity time seriesof 8 droguedSVP drifters in the northeast
Paci�c duringOctober1989–April1990.They foundthatvelocityandlocalwind (using6-hourlyECMWFoperational
winds)washighly coherentat subinertialperiodsof 5–20days.At shorterperiodsinertial oscillationsdominatedthe
Lagrangianvelocity spectra,while at longerperiodsmesoscalevariations(uncorrelatedwith local wind) dominated
thespectra.The5–20daybandpassedvelocitywas60–100� to theright of thewind, consistentwith Ekmandynamics.
For thebandpassedvelocitiesandwinds,Niiler andPaduanderivedthelinearregressionmodelU = b� o, where� o is
thewind stressat theoceansurface,U = u+ iv , (u, v) arethezonalandmeridionalcomponentsof velocity, i =

p
� 1

andthecomplex coef�cient b hasamplitudejbj=0.28m (s Pa)� 1 andangle77� to the right of thewind. This model
accountedfor 35%of thevariancein thebandpasseddrifter velocities.

In astudyof 1503SVPdriftersin thetropicalPaci�c 20� S–20� N, 1988-1996,RalphandNiiler (1999)removedthe
time-meangeostrophicmotionusingthehydrographicclimatologiesof Levitus (1982)andKesslerandTaft (1987).
They averagedthe residualvelocitiesin 2� by 5� bins andexaminedvariousmodelsregressingthis velocity onto
concurrent,interpolated6-hourly winds from operationalECMWF. Niiler (2001) repeatedthis calculationwith a
largerdataset(30� S–30� N, 1988-1999)usingNCEPreanalysiswinds. Thesestudiesfoundthat49%of thevariance
acrossthe bins could be accountedfor by the model U = Au � =f 1=2, whereU is the magnitudeof the residual
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(Ekman)velocity, u� =
p

j� o j=� is thefriction velocity dueto the time-meansurfacewind stress� o, � is density, f
is theCoriolis parameter, andthebest-�t coef�cient A=(0.081� 0.013)s� 1=2. Theorientationof theEkmanvelocity
dependedupontheratio of thedroguedepthd = 15 m to theEkmanlayerdepthscaleD = u � =A, which variedfrom
bin to bin. WhenRalphandNiiler (1999)plottedtheoff-wind angleasa functionof d=D they found a clockwise-
rotating(in thenorthernhemisphere)spiralconsistentwith thetheoryof Ekman(1905).

MorerecentlyRioandHernandez(2003)subtractedtime-meangeostrophiccurrentsandaltimetry-derivedgeostrophic
currentanomaliesfrom concurrentdrifter velocitiesover theglobefor theperiod1993–1999,to examinethewind-
drivenageostrophicmotion.They foundthatthetime-varyinggeostrophiccomponentwassigni�cant atperiodsgreater
than10daysin thelatitudeband15–30� (northandsouth),andat periodsgreaterthanfour daysat 30–90� . At higher
frequenciesdrifter velocitiesarepredominantlyageostrophic,with clearpeaksin the anticyclonic spectraat inertial
andtidal frequencies.Theageostrophicmotion is signi�cantly coherentwith thewind in thebandbetween20 days
andtheinertial/tidalperiods.By separatelyexaminingsummerandwintermonths,Rio andHernandez(2003)showed
thattheEkmandepth(parameterizedasin RalphandNiiler, 1999)varieswith theseasonalchangeof wind speedover
muchof theworld'ssubtropicalandsubpolarbasins.

5. Other observations

Thefocusof this chapteris on thevelocity observationsmadeby SVPdrifters. However, this platformis capableof
collectingmany othertypesof observations,someof whichcanbecombinedwith velocity to estimateheatadvection,
ground-truthsatellite-basedproducts,andmany otheruses.Thus,a brief overview of theseobservationsis warranted.

Seasurfacetemperature(SST): All standardSVPdriftersmeasuretemperature20–30cm beneaththeseasurface.
Thesedataaredisseminatedon theGlobalTelecommunicationSystem(GTS)by Argoswithin two hoursof reception
for usein numericalweatherforecastingandoperationalSSTanalysis,andfor calibratingSSTproducts(c.f. Reynolds
et al., 2002).

Barometricpressure: Many drifters,known asSVP-Bs,have beenout�tted with a barometerto measureair pres-
sure.Large-scaleexperimentaldeploymentsbeganin 1994;operationalbarometricobservationshave beencollected
since1997. Thesedataareparticularlyvaluablein numericalweatherpredictionat high latitudes,wherefew in-situ
observationsareavailableif a stormdevelopsoutsidethemajorshippinglanes.Thebarometerport extends� 20 cm
above the top of thesurface�oat to minimizespuriouslyhigh spikesin thepressurerecordassociatedwith submer-
gence.

Wind: somedriftersincludea hydrophonefor noiselevel, whichcanbeconvertedto wind speedandprecipitation
estimates,anda 25 cm-by-20cm wind vanemountedto thebarometerport of thesurface�oat (with accompanying
two-axistilt sensorin the �oat, andswivel connectionfor thetether)to measurewind direction. SVPdriftersof this
typeareknown asMinimets(Millif f et al., 2003).TheWOTAN hydrophoneis typically mountedeitheron thetether,
at a depthof 11 m, or betweenthe tetheranddroguetop. Recentair deploymentsof thesedrifters in the pathof
Category4 HurricaneFabianhavedemonstratedtheability to measurethewind directionto within � 10� (Niiler etal.,
2004b),mappingthe circulationof the hurricanemore clearly than in QuickSCAT data,althoughthe hydrophone
becamesaturatedatsuchextremewind speeds.

Oceancolor: Somedriftershave includedanupwellingradiancesensormountedon thesurface�oat just beneath
theseasurface,alongwith a downwelling irradiancesensor. Their observationshave beenusedto studychlorophyll
variationsin remoteregionssuchastheSouthernOcean(Letelieretal., 1996).

Salinity: The �rst salinity-measuringdrifters were developedat ScrippsInstitution of Oceanography(SIO) by
attachinga SeaBirdSeaCat(thermistorandconductivity) to the top of the drogue(11 m depth). In 1992-3,72 of
thesedriftersweredeployedin thetropicalPaci�c andprovidedobservationswhich comparedfavorably to theTAO
mooringdata(Kennanet al., 1998).Four of thesedrifterswererecoveredafter310daysat sea,with post-calibration
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revealinga maximumoffsetof 0.02psu.
More recently, driftershave beendevelopedwhich canmeasuresurfacesalinity. At SIO,SeaBirdMicrocatshave

beenmountedto thebaseof thesurface�oat. Paralleldevelopmentis beingconductedatWoodsHoleOceanographic
Institution. Thirty of theSIO driftersweredeployedin theEastChinaSeain theperiod2000-2004,to helpevaluate
the effectsof the decreasingYangzte�o w on the ecologyof SouthKorea. Two wererecoveredseveralweeksafter
deployment,andshowednodetectableoffsetwhenpost-calibrated(P. Niiler, pers.comm.).

Biofouling presentsthemajorchallengeto obtainingextendedobservationsof surfacesalinity. Ongoingexperi-
mentsarevaryingtheantifoulingpaintandthepumpingsystemsfor theSeaBirdMicrocats. CurrentGlobalDrifter
Programplansincludethe deploymentof SVP-Microcatpairs in the Bay of Biscaywestof France,eachpair con-
sistingof onedrifter with pumpingandonewithout,with sequentialrecoveriesto evaluatethesuccessandnecessity
of pumping. In the future, theseobservationswill provide calibrationandvalidationfor satellite-derivedseasurface
salinityproducts.

Subsurfacetemperature: Severaldrifter manufacturersaredevelopingdrifterswith thermistorchainsto measure
temperaturepro�les of the ocean's upperO(100m). Theseobservationswould be invaluablefor measuringmixed
layerheatcontentvariability, whichcanbepoorly correlatedwith SSTchanges(Kelly, 2004).

6. Recentdrifter -basedstudies: an overview

A large numberof studieshave useddrifter observationsto map currentsand their variability in variousregions.
Recentexamples(2000–present)have focusedon theNorth Atlantic (Flatauet al., 2003),LabradorSea(Cuny et al.,
2002), CaribbeanSea(Centurioniand Niiler, 2003; Richardson,2004), subtropicaleasternAtlantic (Zhou et al.,
2000), tropical Atlantic (Grodsky andCarton,2002;Lumpkin andGarzoli, 2005),easternSouthAtlantic (Largier
andBoyd, 2001), tropical Paci�c (Grodsky andCarton,2001b;Johnson,2001;YaremchukandQu, 2004),central
subtropicalPaci�c (Lumpkin andFlament,2001;Flamentet al., 2001),westernPaci�c (Niiler et al., 2003),North
Paci�c (Rabinovich andThomson,2001), tropical Indian (Grodsky andCarton,2001a)andSouthern(Zhou et al.,
2002)oceans.Several recentstudieshave alsofocusedon marginal seasincluding theJapan/East(Leeet al., 2000),
SouthChina(Centurioniet al., 2004)andBlack (Poulainetal., 2004;Zhurbaset al., 2004)seas.

Becausedriftersfollow thetwo-dimensionalsurface�o w, they areidealfor studyingthedispersionof surfacepar-
ticlessuchas�sh larvaeandotherplanktonandbuoyantpollutantssuchasoil spills. Their observationsof dispersion
canalsobeusedto quantifytheeffectof mesoscalevariability uponmeantransports(c.f. Davis, 1991).Early studies
of oceanicdispersionfrom drifter observations(Richardson,1983;Davis, 1985;KraussandBöning,1987)addressed
the relevanceof Taylor's (1921)classicaldispersiontheory. Taylor demonstratedthat themeansquaredistancethat
a particlewill diffusecanbe characterizedin a homogeneous,stationary�eld of eddiesby time and lengthscales
known astheLagrangianintegral scales.Thesearein principle differentfrom their Euleriancounterparts,although
somemixing length-basedstudieshave mappededdydiffusivities usingobservationsof Eulerianlengthscales(e.g.,
Stammer, 1998). Lumpkin et al. (2002)comparedthe LagrangianandEulerianlengthscalesfrom surfacedrifters
andaltimetry, andfound that they wereproportionalonly in themostenergeticpartsof theocean(suchastheGulf
Stream)whereLagrangianparticlesareadvectedaroundeddiesat time scalesmuchshorterthanthe Euleriantime
scale.In the tropicalPaci�c, Baueret al. (2002)separatedmeanandeddydrifter velocitiesusingoptimizedbicubic
splinesandfoundthateddydiffusivity in this regionis stronglyanisotropic:zonaldiffusionis upto seventimeslarger
thanmeridionaldiffusion,dueto parceltrappingin coherentfeaturessuchasequatorialandtropicalinstabilitywaves
(Baueret al., 2002). More recently, ZhurbasandOh (2004)mappedthe global surfacediffusivity usinga method-
ology designedto avoid contaminatingeddystatisticsby time-mean�o w shear. Their mapsof apparentdiffusivity
revealedenhancedvaluesin zonalbandsat � 30� in bothsouthernandnorthernhemispheres.They attributedthis to
meandering,eddy-richeastwardcurrentsin theNorth Atlantic (AzoresCurrent)andNorth Paci�c (NorthSubtropical
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Countercurrent),andto thewestwarddrift of Agulhasretro�ection eddiesin theSouthAtlantic. In theSouthPaci�c,
they arguedthatthedistribution indicatedthepresenceof aSouthSubtropicalCountercurrent.

Eddystatisticsfrom SVPdrifter observationscanbecomparedto thoseof simulateddriftersin generalcirculation
models,in orderto assesshow well theeddy-resolvingmodelssimulatenear-surfaceturbulenceandassociatedLa-
grangianscales.This typeof analysishasshown thatthe1/12� -resolutionMiami Isopycnic CoordinateOceanModel
(MICOM) underestimatesEKE in the Gulf Streamextensionandoceaninterior, perhapsdueto the climatological
forcing employedor the lack of vertical shearin the bulk mixed layer (Garraffo et al., 2001). Similarly, the 1/10� -
resolutionParallelOceanProgram(POP)modeldoesnot reproducetheobservedLagrangianscales,dueto themodel
beingtoohydrodynamicallystablein thesurfacelayer(McCleanetal., 2002).

Drifter observationsof currentandSSTarealsoextremelyvaluablewhenevaluatingtheroleof oceanicprocesses
in SSTvariations. Thesedatahave beenusedto show that tropical instability waves,zonaladvection,storageand
entrainmentall play a major role in the heatbudgetof the Paci�c (HansenandPaul, 1987;SwensonandHansen,
1999)andAtlantic (Foltz et al., 2003)equatorialcold tongues.

A numberof methodologicaladvanceshave beenpublishedrecently, addingvalue to the SVP drifter dataset.
For example,asnotedearlier, many observationshave beencollectedby non-SVPdrifters, including thedensedata
setcollectedby FGGEdrifters in the SouthernOcean. Recently, PazanandNiiler (2004)announceda datasetof
oceancurrentsderivedby combiningthesedataafterapplyinga drifter-dependentslip correctionmodel(Pazanand
Niiler, 2001).Thetypesof driftersin thisdatasetincludeSVP(bothwith andwithoutdrogue),FGGE(includinglater
FGGE-typedriftersdeployedby theInternationalIcePatrol),andNavy-AN/WSQ-6.

Many oceanicregionshavebeensampledveryheavily in sometimesof theyearandlightly at othertimes,dueto
infrequentbatchdeploymentsfrom researchvesselsor shipsof opportunity. In regionswith strongseasonal�uctua-
tions,suchasthetropicalAtlantic, this will producebiasedestimatesof themean�o w whenthedataareaveragedin
bins.Lumpkin(2003)addressedthisproblemby dividing theLagrangiantimeseriesinto spatialbinsand,within each
bin, decomposingthetime seriesinto time-mean,annualandsemiannualharmonics,anda residual.This decomposi-
tion wasperformedusingaGauss-Markov techniquefamiliar in theoceanographicliteraturefor its usein box inverse
models(e.g..GanachaudandWunsch,2000). This approachcanresolve theamplitudesandphasesof seasonal�uc-
tuationsthroughoutmostof thetropicalAtlantic basinwith thepresentdensityof SVPdrifter observations(Lumpkin
andGarraffo, 2005).

An extremely exciting recentdevelopmentis the synthesisof SVP drifter observationsand satellitealtimetry.
Altimetry is excellentat capturingthevariationsof sealevel heightassociatedwith geostrophicvelocity anomalies,
but cannotyet mapabsolutesealevel with suf�cient accuracy to resolve time-meancurrents.Furthermore,sealevel
anomalyfails to accountfor signi�cant ageostrophiccomponentsof velocityvariation,suchascentrifugaleffectsthat
mayaccountfor differencesin drifter-derivedandaltimeter-derivededdykinetic energy (EKE) on eithersideof the
Gulf Streamfront (Fratantoni,2001).In addition,griddedaltimetricproductssmooththeobservationsandthustendto
systematicallyunderestimateEKE. Niiler et al. (2003)describea methodologyto synthesizeEkman-removeddrifter
speedswith griddedaltimetricvelocityanomaliesin regionswherethey aresigni�cantly correlated.Thismethodology
usesconcurrentdrifter andaltimetryvelocitiesin orderto calibratethealtimetry, makingits amplitudeconsistentwith
the in-situ observations,andusesthecontinuoustime seriesfrom altimetry to correctfor biaseddrifter samplingof
mesoscaleto interannualvariations.By applyingthisapproachto theglobaldatasetof drifter observations,Niiler etal.
(2004a)haveproducedamapof theabsolutesealevel of theglobaloceanfor theperiod1992–2002.In asimilarstudy,
Rio andHernandez(2004)synthesizeda geoidmodel,operationalwinds,andobservationsfrom drifters, altimetry,
andhydrographyto produceanalternativeglobalmeandynamictopography(Rio andHernandez,2004).Futurework
will improveupontheseeffortsby usingresultsfrom theGravity RecoveryandClimateExperiment(GRACE)andthe
rapidlygrowing datasetsof Argo�oat pro�les anddrifter trajectoriesin remoteregionssuchastheSouthernOcean.
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7. The futur e

The designof the SVP drifter hasclearly not ceasedto evolve – exempli�ed by the recentintroductionof the mini
drifter – while its qualitative characteristicsandwater-following propertieshave remainedrelatively steadysincethe
earliestdeployments.Incrementalimprovementsin designandmanufacturingwill continueto increasedrifter lifetime,
andalternativemethodsfor detectingdroguepresence(suchastetherstrain)arebeingconsidered.New methodologies
for drifter dataanalysiswill continueto bedeveloped,aidedby increasinginformationfrom theever-growing drifter
arrayandfrom othersourcesof complimentaryobservations. Densedeploymentsin eddy-rich,frontal regionswill
help us improve our understandingof eddy �ux esand their role in modifying air-seaheat�ux es and water mass
formation.

Thequalityof drifter datawill alsoimprovewith updatedinterpolationschemes.As notedby HansenandPoulain
(1996), the structurefunctionsusedin the kriging interpolationarederived from tropical Paci�c observationsand
assumeuncorrelatedzonalandmeridionalspeeds.At high latitudes,thesevelocity componentsareoftencorrelated
dueto loopingmotion in mesoscaleeddiesandinertial oscillations.Futureinterpolationschemesmight exploit La-
grangianstochasticmodelswith spin (e.g.,Reynolds,2002)which can includethis behavior. HansenandPoulain
(1996)considereda structurefunction for velocity which wasconsistentwith diffusion,but found that the total (as
opposedto eddy, or turbulent)velocity wasnot robustly interpolated.At thepresentdensityof drifter observations,
seasonalclimatologiesof near-surfacecurrentscanbemappedatsuf�cient densityto amelioratethisproblem.Revised
interpolationapproacheswill provide bettererrorestimatesof theinterpolatedpositionsandvelocity, andmayallow
improvedestimatesof theLagrangianaccelerationDu=Dt.

By September2005thesurfacedrifting buoy arrayof NOAA's GlobalOceanObservingSystemandGlobalCli-
mateObservingSystemis projectedto consistof 1250SVP drifters at a nominalglobal resolutionof 5� � 5� . The
major challengefacingAOML's Global Drifter Center(GDC), which coordinatesdrifter deployments,is to arrange
deploymentsin regionsof surfacedivergenceandareasinfrequentlyvisitedby researchor volunteerobservationves-
sels. This logistical challengeis beingaddressedby air deployments,increasedinternationalcooperation,and the
developmentof tools to predictglobal drifter arraycoveragebasedon its presentdistribution andhistoricaladvec-
tion/dispersion.As thearraygrows,it providesinvaluableobservationsof oceandynamics,meteorologicalconditions
andclimatevariations,andoffersa platformto testexperimentalsensorsmeasuringsurfaceconductivity, rain rates,
biochemicalconcentrations,andair-sea�ux esthroughouttheworld'soceans.
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Figure1: Schematicview of two SVPdrifter types.All componentsareshown to scale;muchof thetetherlengthhas
beenexcluded.Thedroguesarecenteredat adepthof 15m.
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Figure 2: Half lives (days)of drifters deployed in 1998–2003. Black bar: half life of transmitter(e.g., velocity
observations).Light grey bar: half life of droguedpositionobservations.Numbersabove thebarsindicatehow many
drifterswentinto eachcalculation,e.g.how many driftersweredeployedthatyearwhichdid not runagroundor were
pickedup. The2003half livescouldnotbedeterminedbecausemorethanhalf arestill aliveanddrogued.
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Figure3: Interpolatedlocationsof two drifters in theSouthAtlantic (blackpoints),with shadederrorbarsfrom the
kriging. For oneof thedrifters,8–10satellite�x esperdayyieldsnarrow errorestimates(smallerthantheblackpoints
for somequarter-dayvalues).Transmissionsfrom theotherdrifter werenot pickedup by thesatellitesfor 12 days;
interpolationthroughthis gapyieldsa smoothtrajectoryandlargelocationerrorestimates.

20



Figure4: Fieldscalculatedfrom themostrecentdecade(to 31October2004)of quality-controlledSVPdrifter obser-
vations.Top: densityof observations(drifter dayspersquaredegree).Middle: meancurrentspeed(cm/s). Bottom:
meaneddykineticenergy (cm2/s2).
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Figure5: Top: regions(colored)usedto subdivide datain bottompanel. Bottom: numberof observations(drifter-
years)peryearin thedifferentregions.
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Figure6: Top: Time-meanspeedof all SVP drifters in thesubtropicalNorth Atlantic, October1989to April 2004,
with Ekmandrift andslip removed. A separatescale(bold arrows) is usedfor speedsexceeding10 cm/s. Middle:
time-meanEkmandrift (RalphandNiiler, 1999;Niiler, 2001),showing thewind-drivenconvergencethat forcesthe
subtropicalgyre(alsoseeFig. 15 of Rio andHernandez,2003). Bottom: time-meanslip of undroguedSVPdrifters,
usingtheparameterizationsof Niiler andPaduan(1995)andPazanandNiiler (2001). Drogueddriftersexperiencea
slip which is smallerby anorderof magnitude.Thetotal time-meandrift of undrogueddriftersis givenby thesumof
thesethreepanels.
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