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1. Intr oduction

For centuries,our knowledgeof theoceans'surfacecirculationwasinferredfrom thedrift

of �oating objects.DramaticexamplesincludewreckedChinesejunksandJapaneseglass

�shing ballswhichhavewashedashoreon theUSwestcoast(Sverdrupetal., 1942).Such
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observationscouldonly providecrudeideasof gyre-scalecurrents,astherewasno way to

tell theexact beginning (in time or space)of the drifter's journey, or the trajectoryit had

taken. Currentscanbe moreaccuratelyinferredfrom ship drift measurements.A ship's

motion relative to thesurroundingwateris measuredby theship log; its absolutemotion

is estimatedfrom navigational �x es. In the absenceof wind and the “sailing” force of

�o w aroundthe hull andkeel, the differencebetweenabsoluteandrelative motion is the

velocity of the water (the current). However, due to relatively large navigationalerrors

in the mostly pre-GPSdataset of ship drifts, suchcurrentestimatescan have errorsof

O(20 cm/s) (Richardsonand McKee, 1984). In addition, a drifting ship is exposedto

both currentsand wind, making the relative role of the two forcesdif�cult to separate.

Comparisonof shipdrifts with lesswindage-pronemeasurementshaverevealedsigni�cant

differencesin the tropical Paci�c (Reverdin et al., 1994) and Atlantic (Richardsonand

Walsh,1986;Lumpkin andGarzoli,2005). To reducethewind force, investigatorsin the

early1800sbeganusingdrift-bottlesto mapsurfacecurrents.Thesebottlesweretypically

weigheddown so that they werealmostentirely submersed,andtypically carrieda note

indicatingtheir launchlocationandtime(Sverdrupetal., 1942).Bottleshavebeenusedto

mapcurrentsin regionssuchastheNorth Sea(Fulton,1897;Tait, 1930)andnorthwestern

Paci�c Ocean(Uda,1935).

A major steptowardscollectingtrueLagrangiantime seriesof velocity wasmadeby
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attachinga seaanchor, or “drogue”, to a buoyant objectthat would not extendfar above

thesurfacebut couldbe trackedby triangulationfrom a �x edpoint (suchasananchored

ship). Observationsof this naturewerecollectedoff theUS eastcoastasearlyasthemid-

1700s(Franklin,1785;Davis, 1991)andwerecollectedworldwide in the famous1872–

1876Challenger oceanographicsurvey atmostof the354hydrographicstations(Thomson,

1877;Niiler, 2001). With theadventof radio,drifter positionscouldbe transmittedfrom

small, low-dragantennaeandtriangulatedfrom shore(Davis, 1991). Drifters of this type

are still manufacturedtoday, often inspiredby the cruciform-shapeddesignusedin the

CoastalOceanDynamicsExperiment(CODE). In CODE,164drifters wereusedto map

currentsandtheir variability andto calculateLagrangianintegral scalesanddispersionoff

theCaliforniacoast(Davis, 1985).

The early 1970ssaw the introductionof positioningvia satelliteobservationsof an

earthboundtransmitter's Dopplershift. This was�rst doneusingthe NIMBUS satellites

and later the moreaccurateArgos Data Collectionand LocationSystemcarriedaboard

the NationalOceanicandAtmosphericAdministration(NOAA) TIROS-N polar-orbiting

satellites.Several independentgroupspromptlydevelopedanddeployedsatellite-tracked

surfacedrifting buoys. Oneof the earliestsuchdeploymentswas in 1975aspart of the

North Paci�c Experiment(NORPAX). NORPAX drifterswere3 m long, 38 cm-diameter

�berglasscylinders,droguedat 30 m with a 9 m parachute(McNally et al., 1983). An
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arrayof 35 drifters,droguedwith 200m of polypropyleneline andeithera 25 kg weight

or awindowshadesail,wasdeployedin theGulf Streamregion in 1976-1978(Richardson,

1980).Thesedriftersincludedatetherstrainsensorto indicatedroguestatus,but thissensor

frequentlyfailedshortlyafterdeployment.A largearrayof over300Argos-trackeddrifters

wasdeployed aspart of the Global AtmosphereResearchProgram(GARP) First Global

GARP Experiment(FGGE) in 1979–80in the SouthernOcean(Garrett,1980). FGGE

drifterswerecon�guredin variousdesigns,with the“regular” varietyhaving a tall (3.4m)

surface�oat and100m line actingasa drogue,weightedat theendwith 29.5kg of chain.

OtherFGGEdrifters hadlarge vanesfor measuringwind direction. From 1981–84,113

HERMES-typedrifters,droguedwith awindowshadesailat100m depth,weredeployedin

theeasternandnorthernNorthAtlantic (KraussandBöning,1987).In 1983–85,53TIROS

andmini-TIROS drifters weredeployed in the tropical Atlantic aspart of the SEQUAL

(SeasonalResponseof theEquatorialAtlantic) andFOCAL (ProgrammeFrancaiseOcéan-

ClimatenAtlantiqueEquatorial)programs.TheTIROSdesignhadawindowshadedrogue

of area20 m2 centeredat 20 m depth,while themini-TIROShada 2.2 m2 windowshade

centeredat 5 m depth(RichardsonandReverdin,1987).Thedriftersdid not have sensors

to indicatedroguepresence,althoughtwo TIROS drifters recoveredafter217daysat sea

haddroguesin “excellentcondition” (RichardsonandReverdin,1987).
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2. The SVPdrifter

In 1982the World ClimateResearchProgram(WCRP)recognizedthat a global arrayof

drifterswould beinvaluablefor oceanographicandclimateresearch,but uncertaintiesand

largevariationsin thewaterfollowing propertiesof variousdrifter designsposeda major

challenge,alongwith the high costsandexcessive weight of somedrifter types(World

ClimateResearchProgram,1988;Niiler, 2001).TheWCRPdeclaredthata standardized,

low-cost, lightweight, easily-deployed surfacedrifter shouldbe developed,with a semi-

rigid droguewhich would maintainits shapein high-shear�o ws. This developmenttook

placeundertheSurfaceVelocityProgram(SVP)of theTropicalOceanGlobalAtmosphere

(TOGA) experimentandtheWorld OceanCirculationExperiment(WOCE).Initial funding

wasprovidedby theUS Of�ce of Naval Research,with subsequentsupportfrom NOAA

andtheNationalScienceFoundation.Competingdesignsweresubmittedby NOAA's At-

lantic OceanographicandMeteorologicalLaboratory(AOML), MIT' s DraperLaboratory,

andScrippsInstitutionof Oceanography(SIO) (Niiler, 2003).

During the 1980sthesedesignscontinuedto evolve, and in 1985–89they were rig-

orouslyevaluatedon a numberof criteria including their water-following characteristics,

quanti�ed by attachingvector-measuringcurrentmetersto the tops and bottom of the

drogues(Niiler et al., 1987,1995). Several droguedesignswere examinedandvarious

problemsidenti�ed. For example,windowshadedroguescould twist and sail acrossa
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current;parachutedroguescould collapseandsubsequentlyprovide very little drag; the

line-and-chainFGGEdrogueprovidedtoo little areacomparedto thesurface�oat, result-

ing in signi�cant slip with respectto thecurrentsat thedroguedepth(Niiler et al., 1987,

1995;Niiler andPaduan,1995;PazanandNiiler, 2001). Otherfactorswerealsoconsid-

ered;for examplethe rigid three-dimensionaltristardroguewasfound to have somewhat

betterwater-following characteriststhanthe holey-sockdroguedevelopedat AOML, but

the increasedmanufacturingand shippingcostsand more dif�cult deploymentsfor the

tristar outweightedthis bene�t. By 1993a cleardesignfor the SVP drifter hademerged

which combinedtheholey-sockdrogueof theAOML drifterswith reinforcedtetherends

andsurface�oat designsfrom SIO. This design(SybrandyandNiiler, 1992)becamethe

foundationfor futureSVPdrifter development.

Themoderndatasetof “SVP” drifters includesall driftersdeployedduringthe1979–

1993developmentperiodthat hada holey-sockdroguecenteredat 15 m depth. AOML

spar-type drifters with holey-sockdrogueswere �rst deployed in February1979aspart

of theTOGA/EquatorialPaci�c OceanCirculationExperiment(EPOCS).Large-scalede-

ploymentsof the �rst modernSVP drifters took placein 1988(World ClimateResearch

Program,1988)with thegoalof mappingthetropicalPaci�c Ocean's surfacecirculation.

Thiseffort wasexpandedto globalscaleaspartof WOCEandtheAtlantic ClimateChange

Program(ACCP),in which thearrayof SVPdrifterswasextendedto cover thePaci�c and
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NorthAtlantic Oceansby 1992andtheSouthernandIndianOceansby 1994(Niiler, 2001).

ThearrayspannedthetropicalandSouthAtlantic Oceanby 2004(Lumpkin andGarzoli,

2005).

Todaythe arrayof SVP drifters is known collectively as the Global Drifter Program

(GDP), a componentof NOAA's Global OceanObservingSystem(GOOS)and Global

ClimateObservingSystem(GCOS)anda scienti�c projectof theDataBuoy Cooperation

Panel(DBCP)of theWorld MeteorologicalOrganizationandInternationalOceanographic

Commission. The scienti�c objectivesof the GDP are to provide operational,near-real

time surfacevelocity, seasurfacetemperature(SST)andsealevel pressureobservations

for numericalweatherforecasting,research,andin-situ calibration/veri�cation of satellite

observations.TheGDPis managedin closecooperationbetweenNOAA/AOML in Miami,

Florida,NOAA/SIO's Joint Instituteof MarineObservations(JIMO) in La Jolla,Califor-

nia,andthreeprivateUSdrifter manufacturers(Clearwater, Paci�c GyreandTechnocean).

AOML arrangesand conductsdrifter deployments,processesthe data, maintains�les

whichdescribeeachdrifter, andhoststheGDPwebsite(www.aoml.noaa.gov/phod/dac/gdp.html).

JIMO supervisesthe industry, acquiresthe drifters from the variousmanufacturers,up-

gradesthe technology, developsnew sensors,andcreatesenhanceddatasets(Pazanand

Niiler, 2004)to theresearchcommunity. Themanufacturersbuild theSVPdriftersaccord-

ing to closely-monitoredspeci�cations.
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a. Design

At present,thereare two basicsizesof SVP drifters: the original, relatively large SVP

drifter andthenew “mini” version(Fig. 1). Theoriginal designis extremelyrobustbut is

relatively expensiveandheavy. A moregracileredesignwasproposedin DBCPSpeci�ca-

tion Rev. 1.2 in December2002.This “mini” drifter is producedalongsideSVPdriftersof

originaldimensionsby severalmanufacturers.

[Figure1 abouthere.]

Presentmanufacturersof SVPdriftersincludeClearwaterInstrumentation(Watertown,MA

USA;www.clearwater-inst.com),Marlin-Yug(Sevastopol,Ukraine;marlin.stel.sebastopol.ua),

MetoceanDataSystems(Dartmouth,Nova Scotia,Canada;www.metocean.com),Paci�c

Gyre(Oceanside,CA USA;www.paci�cgyre.com),andTechnocean(CapeCoral,FL USA;

www.technocean.com).

Thesurface�oat of anSVPdrifter rangesfrom 30.5cm (thesmallestmini) to 40 cm

in diameter. Originally, the surface�oat hull was madeof 0.3–0.4cm-thick �berglass

(thicker at the tetherprotrusion;c.f. SybrandyandNiiler 1991,Fig. 3). Most manufac-

turershave now switchedto lessexpensiveABS (Acrylonitrile-Butadiene-Styrene)plastic

for surface�oat hull construction.Thesurface�oat contains:batteriesin diode-protected

packs,typically 4–5 packseachwith 7–9 alkalineD-cell batteries;a satellitetransmitter
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(401.650MHz, � 10 kHz) typically activatedby removing a magnetfrom the�oat hull; a

thermistorfor sub-skinseasurfacetemperature,locatedat thebaseof the�oat to avoid di-

rectradiativeheating;andpossiblyotherinstrumentsmeasuringbarometricpressure,wind

speedanddirection,salinity, or oceancolor. Most surface�oats also includea submer-

gencesensor, consistingof two screws extruding from the hull. This sensoris usedto

identify the presenceof the drogue,which frequentlydragsthe surface�oat beneaththe

seasurface– anabruptdropin thepercentageof submergedtime indicatesthatthedrogue

hasbeenlost. Onemanufacturer(Clearwater)hasreplacedthesubmergencesensorwith a

tetherstrainsensor, which moredirectly measuresdroguepresence.Most manufacturers

applycuprousoxidepaint to thebottomhalf of thesurface�oat to reducebiofouling. A

polypropylene-impregnatedwire ropetetherconnectsthesurface�oat to asubsurface�oat

(original design;5.6 mm diametertether)or directly to the drogue(mini drifter, with a

3.2mmdiametertether).

An SVPdrifter hasits droguecenteredat 15 m depthto measuremixedlayercurrents;

otheroptions(suchas100m)havebeenmadeavailableto individualresearchers.Theouter

surfaceof the drogueis Corduranylon cloth. In the original design,it is composedof 7

sections,each92cmlongand92cmin diameterfor a total lengthof 6.44m. Mini drogues

arenot yet standardizedamongthemanufacturers:they arecomposedof 4 (Paci�c Gyre)

or 5 (Marlin-Yug) sectionsof original dimensions,or 4 (Clearwater) or 5 (Technocean)
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redesignedsectionsof diameter61 cm, length 1.22 m/section. Throughoutthe drogue,

PVC or polypropylenepiperingswith wire ropespokesprovide support,maintainingthe

drogue's cylindrical shape.Thetop ring is �lled with polyurethanefoamto provide some

positivebuoyancy, reducingaccordion-typeoscillationswhentetherstrainis low (Sybrandy

andNiiler, 1992). Leadweights(in somedrifters, sandballastin a polypropylenepipe)

sewn into the baseof the drogueinsurethat it hangsnearlyvertically. The drogueis a

“holey-sock,” i.e.eachdroguesectioncontainstwo 46cm(mini: 30cm)diameteropposing

holes,which arerotated90� from onesectionto thenext (seeFig. 1). Theseholesact like

thedimplesof a golf ball by disruptingtheotherwiselaminar�o w which would generate

organizedleevortices.As aconsequence,thedroguedoesnotexperienceanabruptchange

in dragcoef�cient acrossacriticalReynoldsnumberwhichwouldbeassociatedwith vortex

shedding(Nath,1977).

While the sizesof the surface�oat anddroguevary, the manufacturersall aim for a

speci�c nondimensionalgoal: a dragarearatio of � 40. This ratio is the dragarea(drag

coef�cient timescross-sectionalarea)of thedrogue,dividedby thedragareaof all other

components.At a dragarearatio of 40, the resultingdownwind slip (seeSection4.a.) is

0.7 cm/sin 10 m/s winds; for comparison,a standardFGGE-typedrifter hada dragarea

ratio of 10–12anda downwind slip of 8 cm/sin 10 m/swinds(Niiler andPaduan,1995;

Pazanand Niiler, 2001). In practice,the manufacturer-provided drag arearatios range
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from 37.5–45.9.Somemodi�ed drifters includesubstantialadditionalcomponentswhich

greatlyreducethedragarearatio. An exampleis Marlin-Yug'sSVP-BTCdrifter whichhas

a thermistorchainextendingto 60 m 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 deployed

by a singleperson,althoughin heavy seasit is recommendedthat two peopledeploy an

original SVP drifter. Mini drifters arepackaged� ve per cardboardbox of the samedi-

mensions,or two in a box of size1.17� 0.89� 0.56 m. The mini weighsapproximately

20 kg (44 lbs) andcaneasilybedeployedby oneperson.Thedrogueandtetherarebound

with papertapewhichdissolvesin thewater, andthetetheris sometimeswrappedarounda

water-solublecardboardtubeto protectit from kinking. Thedrifter is deployedby throw-

ing it from thesternof avessel,preferablyfrom thelowestdeckandwithin 10m of thesea

surface. The ship may be underway; successfuldeploymentshave beenconductedfrom

cargo shipssteamingat up to 25 knots. After deployment,it may take approximatelyan

hourfor thedrogueto becomefully soaked,allowing thepapertapeto dissolveandtrapped

air bubblesto bereleased,beforethedroguesinks.

Drifters have also beenair-deployed out of LockheedC-130 Hercules,operatedby
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theAir ForceReserve “HurricaneHunters”(53dWeatherReconnaissanceSquadron,403d

Wing, KeeslerAir ForceBase),andby theNaval OceanographicOf�ce (NAVOCEANO)

which conductssurveyssupportingnaval operationsprimarily in thenorthernhemisphere.

Deploymentshave alsobeenconductedfrom a C-141Starlifter. Air deploymentrequires

extensive rigging of thedrifter package,includingaddingtheparachute,at a costapproxi-

matelyequalto thedrifter itself (P. Niiler, pers.comm.).

During theone-yearperiodSeptember2003–August2004,a total of 658drifterswere

deployed in NOAA's contribution to theGlobalDrifter Program.Of these,440werede-

ployedoff researchvessels,201off volunteerobservationships(typically cargo vessels),

and17wereair-deployed.

c. Data transmission

Drifter sensordata(includingSSTandbatteryvoltage)aretypically sampledat intervalsof

90 s. Averagesarecalculatedover anobservationcycle of sevento tensamplesandtrans-

mitted. Submergenceor strain datatransmissionvariesby manufacturer. For example,

Metoceandrifterssamplethesubmergencefour timesevery90s,andsumthetotalnumber

of underwatersamplesover a 30 minuteaveragingperiodto determinethepercentageof

time submerged.Thedataareformattedfor transmissionwith checksumentriesprovided

in a 32-bit Argos(seebelow) message.Olderdriftersoftenuseda duty cycle of 1/3 (typ-
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ically thetransmitterspentonedayon, thentwo daysoff), which could leadto signi�cant

biasingof high latitudeinertialmotion(Bogradetal., 1999).Nearlyall drifterssince2001

operateona100%dutycycle. Recently-developeddriftersexploit multiplexing techniques

to increasedatatransmission.During onesatellitepass,6–7dataframescanbesentevery

90s,or twice thismany with a45 s repetitionrate.Eachtransmitteris assignedaPlatform

TerminalTransmitter(PTT) codeby Argos,oftenreferredto asthedrifter ID number.

Argos(www.argosinc.com)is an American-Frenchsatellite-basedsystemfor collect-

ing, processingand distributing data. It is operatedby CollecteLocalisationSatellites

(CLS) in Toulouse,France,with a subsidiary(ServiceArgos, Inc.) in Largo, Maryland

USA. Since1978,theArgossystemhasbeencarriedon the US NationalOceanographic

andAtmosphericAdministration(NOAA) PolarOrbiting EnvironmentalSatellitesto ob-

tainglobalcoverage.In addition,asecond-generationArgossystemwascarriedaboardthe

JapaneseAdvancedEarthObservingSatelliteII (ADEOS-II), launchedin December2002.

This joint Argos/ADEOS-IIprogram(“ArgosNext”) wasdeclaredoperationalon 5 May

2003; unfortunately, the satellitefailed on 25 October2003. Futurelauncheswith next-

generationArgossystemsareplannedaboardtheEuropeanMETOPsatellites,beginning

in thelastquarterof 2005.

The positionof a drifter is inferred from the Doppler shift of its transmission.The

position-deducingalgorithmcanbesummarizedasfollows (Argos,1996).As thesatellite
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approaches,passesandrecedesfrom thelatitudeof adrifter, thesatellite'sspeed(7.4km/s)

Dopplershifts the signal. The timing of the swing from blue to red (but not exactly the

latitudeof the shift, dueto drifter motion; seebelow) givesthe drifter's latitude,andthe

rapidnessof the swing givesthe off-track direction(the closerthe satellitepassis to the

drifter, the more step-like the swing). The absolutemotion of the drifter introducesan

additionalDoppler shift: at 20� N, a �x ed point on the Earth's surfacetravels 437 m/s

westward. Thus, if the drifter is eastof the satellitepass,an additionalblue shift is su-

perimposedwhich reachesits maximumasthesatellitecrossesthedrifter's latitude. This

Dopplershift decayswith increaseddistancefrom thedrifter at a ratedependentuponthe

minimumsatellite/drifterdistance(greaterdistanceequalsslower decay).Thesignof this

shift is estimatedfrom least-squares�tting andtheprevioushistoryof thedrifter, andgives

theoff-trackdirection.

Argosestimatestheaccuracy of position�x esat150–1000m. Thelargesterrorsoccur

whenasatellitepassis closeto, but notdirectlyover, adrifter. In thissituationtheDoppler

shift from the absolutedrifter motion is a relatively brief spike which canbe dif�cult to

resolve– possiblycausingtheArgospositionalgorithmto “place” thedrifter on thewrong

sideof thepass.Whenthishappens,therearerelatively largeerrorsin longitude,with much

smallerlatitudinalerrors.Additionalerrorscanarisedueto satelliteinstrumentalnoiseand

inaccuraciesin orbit and time coding(HansenandPoulain,1996). From a 70 day time
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seriesof position �x es for a groundeddrifter in Honolulu, Hawaii, we have calculated

theroot-mean-squareerror in a �x to be630m zonally, 270m meridionally. This drifter's

transmitterwasnotheldridgidly vertical,possiblyintroducingabiastosomeof thesatellite

�x es(J. Wingenroth,pers.comm.) thatwould not beexperiencedby a drogueddrifter in

thewater. The70-daymedianof theArgos�x eswasnotsigni�cantly differentfrom aGPS

�x.

d. Drifter lifetime

The manufacturers'estimatefor an original SVP drifter lifetime is � 400 days. In order

to examinethe accuracy of this claim, we have calculatedthe half life for SVP drifters

deployedin 1998–2003.This wascalculatedfor all drifterswhich hadnot run agroundor

beenpickedup by boaters.The remainingdriftersweresortedby theyearin which they

hadbeendeployed. For eachyear's batchof drifters, we calculatedhow many daysof

observationswereobtained,andhow many daysof droguedobservationswereobtained.

Drifters still transmitting(andstill drogued,for thedroguehalf life) wereassigneda large

placeholdervalue(9999days). The histogramof theselifetimeswasusedto identify the

amountof time afterwhich one-halfof thedrifters wereno longeralive, andafterwhich

one-halfwereno longerproviding droguedvelocityobservations.Thehalf livesareshown

in Fig. 2. Transmitterlifetimes generallyincreasedduring 1998–2002,from 291 daysin
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1998to 400daysin 2002,with apeakof 485daysin 2001.

[Figure2 abouthere.]

Thesecalculationsdo not includedrifterswhich failedto transmitupondeployment:12%

of drifters in 1998,5% in 2001and3% in 2003. More thanhalf the driftersdeployed in

2003werestill aliveanddroguedat thetimeof thesecalculations(November2004),mak-

ing their half life impossibleto determine;giventhetemporaldistribution of deployments

through2003andthehistogramof lifetimessofar, it is likely to exceed450days.

Thus, while someindividual batchesof drifters have had a high failure rate due to

causesrangingfrom defectsduringmanufacturingto deploymentin extremelyharshcon-

ditions (e.g.,air-deployed in the pathof a hurricane),the generaltendency acrossrecent

yearsis encouraging.In additionto thedevelopmentof themini drifter describedearlier,

incrementalimprovementsin droguereinforcement,tether/drogueattachment,andtrans-

mitter designaresuccessfullyincreasingthe valueof the SVP drifter. At the sametime,

the costof a drifter hassteadilydropped,from USD 5475in 1993(adjustedto 2003US

dollars;Niiler, 2003)to USD1750today.
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3. Drifter data: Quality control, interpolation and cover-

age

BeforeDecember2004,position�x esacquiredby two of thesatelliteswereprocessedby

Argos.For atypicaldrifter neartheequator, 6–9�x esperdaywereacquired.At higherlat-

itudesthepolar-orbitingsatellitepasseswerecloser, yielding8–10�x esperdayat20� lat-

itude. The theoreticalmaximumwas28 �x esper day at the poles(Argos,1996). In late

2004the Joint Tariff Agreement(seewww.ogp.noaa.gov/argos/overview.htm)negotiated

theuseof thefull satelliteconstellation(up to four atpresent).Sincemid-December2004,

this “multi-satelliteservice”hasbeenyielding 16–20�x esperday for equatorialdrifters.

AOML'sDrifter DataAssemblyCenter(DAC;www.aoml.noaa.gov/phod/dac/dacdata.html)

assemblestheseraw data,appliesquality controlprocedures,andinterpolatesthemto reg-

ular 1/4-dayintervals. The raw observationsandprocesseddataarearchivedat AOML's

DAC andatCanada'sMarineEnvironmentalDataService(MEDS;www.meds-sdmm.dfo-

mpo.gc.ca).

a. Quality control

The DAC �rst visually examinesdrifter datafor evidencethat the dataweretransmitted

while on thedeckof a ship, thedrifter wasaground,or thedrifter hasbeenpickedup by
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a boater. Thesedriftersareusuallyapparentfrom their trajectories,andcanbesupported

by submergencevaluesandthediurnalvariationsin temperature.Theseobservationsare

removedfrom thedataset.

Next, the DAC identi�es drifters which have lost their drogues. This is doneusing

the submergenceor tetherstrain observations. The droguelost datesare compiledin a

“directory �le” which includeseachdrifter's deploymenttime andlocation,endingtime

andlocation,andthe type of death(e.g.,picked up, ran aground,stoppedtransmitting).

Thesedatesarestoredusingamodi�ed Juliandayconventionin whichday1 is January1,

1979.For a drifter thatnever lost its drogue,thedirectory�le holdstheplaceholdervalue

0 for drogueoff time while it is still alive (still transmittinggooddata),or thedateof its

�nal reliabletransmissionif it hasdied.

To eliminatethemoreegregiouserrorsin raw Argos�x es,theDAC appliesa two-step

quality control scheme(HansenandPoulain,1996). In this methodology, the velocity is

calculatedvia �nite differencingof theraw �x esbothforwardandbackwardin time. A �x

is �agged as“bad” if it producesa velocity greaterthanfour standarddeviationsfrom the

meanvelocityin bothforwardandbackwardpasses.Two-waydifferencingis usedbecause

aforward-onlycalculationmayfail to identify abad�x if it comesimmediatelyafteragap

in dataacquisition.
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b. Interpolation

Theraw �x esareinterpolatedto uniform 6-h intervalsusinganoptimal interpolationpro-

cedureknown askriging (HansenandHerman,1989;HansenandPoulain,1996).Latitude

andlongitude(andSST)areinterpolatedindependently. Kriging assumesthattheobserva-

tionsconsistof a “true” signalcontaminatedby noise,the latterassumedto bewhite and

unbiased(zeromean). Interpolatedvaluesareconstructedby a linearcombinationof the

� veobservationsprecedingand� vefollowing theinterpolationpoint (if available),usinga

setof weightsconstructedsuchthattheroot-mean-squaredifferencebetweenthetruevalue

andtheconcurrentinterpolatedvalueis minimized.

In the kriging procedure,the (true) positionis describedby a structurefunction. For

this, HansenandPoulain(1996)useda fractionalBrownianmodelthatcandescribemo-

tion rangingfrom uncorrelatedBrowniandiffusionto perfectlycorrelatedlinearadvection.

They estimatedthe parametersfor the modelusing tropical Paci�c Oceandrifter obser-

vationsfor the period1988-1993.The resultingparametersyieldeda modelwhich was

a blend of advection and diffusion, with advection more signi�cant for zonal displace-

ments. This result is consistentwith studieswhich have found stronganisotropy in the

zonalvs. meridionalscalesof dispersionin the tropics,with muchlongerzonal integral

lengthscales(e.g., Lumpkin andFlament,2001). This model is probablynot the most

appropriatechoiceathigherlatitudesaway from strongzonalcurrents.
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Along with the interpolatedpositions,AOML providesformal errorbarson the posi-

tions. Thesecanbe invaluablein identifying large gaps– aslong astwo weeks– across

which the datahave beeninterpolated,as thesewill have large error bars. Researchers

working with thedrifter datashouldapproachthesedatawith caution;they maybeuseful

for calculatingmeanadvectivepathways,but shouldnotbeincludedin calculationsof eddy

kineticenergy or dispersion(seeFig. 3).

[Figure3 abouthere.]

Following interpolation,thezonalandmeridionalcomponentsof velocityarecalculated

via centered�nite differencingover 1/2 daydisplacements.Many investigatorsinterested

in subinertialmotion(e.g.,RalphandNiiler, 1999;Fratantoni,2001;LumpkinandGarzoli,

2005)applya lowpass�lter to thesevelocitiesbeforeproceedingwith theiranalyses.

c. Datacoverage

SVPdrifter observationsnow cover mostareasof theworld's oceansat suf�cient density

to mapmeancurrentsat1� resolution(Fig. 4).

[Figure4 abouthere.]

The recentgrowth of the drifter array is shown in Fig. 5. The numberof drifters in

theglobalarrayhasincreasedtremendouslydueto theefforts of many individual investi-
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gatorsandinternationalpartnershipscontributing to theGlobalOceanObservingSystem

(GOOS).TheGOOSgoalof maintaininga 5� by 5� network of drifters requiresanarray

of at least1250drifters. The drifter array reachedthis sizeon 18 September2005(see

www.ogp.noaa.gov/events/20050918globaldrifter/).

[Figure5 abouthere.]

From1998to 2003,drifter coveragehasincreasedin all basinsshown in Fig. 5 exceptthe

North Paci�c. Recentair deploymentsby NAVOCEANO southof the Aleutian Islands,

alongwith future deploymentsfrom volunteerobservation shipsrunningthe greatcircle

routebetweenJapanandCalifornia,areaddressingthisgap.

4. Velocity observations

Fig. 4 showstime-meansurfacecurrents(middle)andeddykineticenergy (bottom)for the

world's oceans,calculatedon a 1� by 1� grid via Gauss-Markov decomposition(Lump-

kin, 2003). Annual andsemiannualamplitudesandphases(not shown) werecalculated

at thesameresolution.All of themajorwesternboundarycurrents(Gulf Stream,Philip-

pines/Kuroshio,Brazil, North Brazil, EastAustralian,Mozambique/AgulhasandSomali)

areclearlyseenasmaximain bothmeancurrentspeedandeddyenergy. The time-mean

zonalstructureof tropicalcurrentssuchasthenorthernSouthEquatorialCurrentandNorth
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EquatorialCountercurrentare prominentfeaturesof Fig. 4, as are the monsoon-driven

semiannualcurrentsof theequatorialIndianOcean.

SVP drifters provide imperfectpseudo-Lagrangianobservationsat the droguedepth

– “pseudo”becausewaterparcelscanupwell or downwell while the drifter staysat the

surface,andimperfectbecauseof slip (seebelow). The resultingobservationsof mixed

layervelocityarethusacombinationof slip, plusthedirectlywind-driven�o w in theupper

mixedlayer, plusthe15 m-deepsignatureof theunderlyingeddyandgyre-scalecurrents.

Time-meanplots of thesecomponents,derived from NationalCentersfor Environmental

Prediction(NCEP)ReanalysisVer. 2 windsandtheparameterizationsdescribedbelow, are

shown in Fig. 6.

[Figure6 abouthere.]

a. Slip,with andwithouta drogue

Slip is the horizontalmotion of a drifter that differs from the lateralmotion of currents

averagedoverthedrdoguedepth.Slip is causedby directwind forcingonthesurface�oat,

dragon the�oat andtetherinducedby wind-drivenshear, andsurfacegravity waverecti�-

cation(Niiler et al., 1987;Geyer,1989). In orderto reducewave recti�cation, thesurface

�oat is spherical(Niiler et al., 1987,1995). The original SVP designincludeda 20 cm
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diametersubsurface�oat betweenthesurface�oat anddrogue,intendedto decoupletheir

motionandto provideadditionalbuoyancy offsettingtheweighteddrogue.Thesubsurface

�oat hasbeenomittedin therecentmini drifter redesign.Themostimportantdesignchar-

acteristicsthatminimizeslip arelow tensionbetweenthesurfacebuoy anddrogue,which

avoids aliasingwave motion,anda large dragarearatio (Niiler et al., 1987). As long as

thedrogueremainsattachedto thedrifter, thedownwind slip is estimatedat 0.7 cm/sper

10 m/sof wind speed(Niiler andPaduan,1995).

Pazanand Niiler (2001) examineda dataset of 2334 SVP drifters, including 1845

whichhadlosttheirdrogueswhile continuingto transmitlocation.They examinedresidual

(undroguedminusdrogued)drifter motion usinga multiple regressionmodelwith local

surfacewave height (from the Fleet NumericalMeteorologyand OceanographyCenter,

FNMOC)andwinds(FNMOC,NCEP, andtheEuropeanCenterfor MediumrangeWeather

Forecasting,ECMWF). The residualmotion did not have a signi�cant relationshipwith

waves,eitherbecausewave drift is negligible or becausethe relationshipis obscuredby

errorsin or resolutionof thewavedataset.Residualmotionwasalignedonaveragedirectly

downwind, andwas linearly dependentuponwind velocity with a global meanvalueof

7.9� 0.7cm/sper10m/sof wind. Thisresultandthoseof Niiler andPaduan(1995)indicate

thatanundroguedSVPdrifter experiencesa slip of 8.6� 0.7cm/sper10 m/swind.
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b. Ekmandrift

Niiler andPaduan(1995)analyzedtheLagrangianvelocity time seriesof 8 droguedSVP

drifters in thenortheastPaci�c duringOctober1989–April 1990. They found that veloc-

ity and local wind (using 6-hourly ECMWF operationalwinds) was highly coherentat

subinertialperiodsof 5–20days.At shorterperiodsinertial oscillationsdominatedtheLa-

grangianvelocity spectra,while at longerperiodsmesoscalevariations(uncorrelatedwith

local wind) dominatedthespectra.The5–20daybandpassedvelocity was60–100� to the

right of the wind, consistentwith Ekmandynamics. For the bandpassedvelocitiesand

winds, Niiler andPaduanderived the linear regressionmodelU = b� o, where� o is the

wind stressat the oceansurface,U = u + iv , (u, v) arethe zonalandmeridionalcom-

ponentsof velocity, i =
p

� 1 andthecomplex coef�cient b hasamplitudejbj=0.28m (s

Pa)� 1 andangle77� to theright of thewind. Thismodelaccountedfor 35%of thevariance

in thebandpasseddrifter velocities.

In a studyof 1503SVP drifters in the tropical Paci�c 20� S–20� N, 1988-1996,Ralph

andNiiler (1999)removedthetime-meangeostrophicmotionusingthehydrographiccli-

matologiesof Levitus (1982) and Kesslerand Taft (1987). They averagedthe residual

velocitiesin 2� by 5� binsandexaminedvariousmodelsregressingthis velocity ontocon-

current,interpolated6-hourlywindsfrom operationalECMWF. Niiler (2001)repeatedthis

calculationwith a largerdataset(30� S–30� N, 1988-1999)usingNCEPreanalysiswinds.
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Thesestudiesfound that 49% of the varianceacrossthe bins could be accountedfor by

the modelU = Au � =f 1=2, whereU is the magnitudeof the residual(Ekman)velocity,

u� =
q

j� oj=� is thefriction velocitydueto thetime-meansurfacewind stress� o, � is den-

sity, f is theCoriolis parameter, andthebest-�t coef�cient A=(0.081� 0.013)s� 1=2. The

orientationof theEkmanvelocitydependedupontheratioof thedroguedepthd = 15m to

theEkmanlayerdepthscaleD = u� =A, whichvariedfrom bin to bin. WhenRalphandNi-

iler (1999)plottedtheoff-wind angleasafunctionof d=D they foundaclockwise-rotating

(in thenorthernhemisphere)spiralconsistentwith thetheoryof Ekman(1905).

More recentlyRio andHernandez(2003)subtractedtime-meangeostrophiccurrents

andaltimetry-derivedgeostrophiccurrentanomaliesfrom concurrentdrifter velocitiesover

theglobefor theperiod1993–1999,to examinethewind-drivenageostrophicmotion.They

foundthatthetime-varyinggeostrophiccomponentwassigni�cant at periodsgreaterthan

10daysin thelatitudeband15–30� (northandsouth),andatperiodsgreaterthanfour days

at 30–90� . At higher frequenciesdrifter velocitiesarepredominantlyageostrophic,with

clearpeaksin theanticyclonic spectraat inertial andtidal frequencies.The ageostrophic

motion is signi�cantly coherentwith the wind in thebandbetween20 daysandthe iner-

tial/tidal periods.By separatelyexaminingsummerandwintermonths,Rio andHernandez

(2003)showedthat theEkmandepth(parameterizedasin RalphandNiiler, 1999)varies

with theseasonalchangeof wind speedovermuchof theworld'ssubtropicalandsubpolar
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basins.

5. Other observations

Thefocusof this chapteris on thevelocity observationsmadeby SVPdrifters. However,

thisplatformis capableof collectingmany othertypesof observations,someof which can

be combinedwith velocity to estimateheatadvection,ground-truthsatellite-basedprod-

ucts,andmany otheruses.Thus,abrief overview of theseobservationsis warranted.

Seasurfacetemperature (SST): All standardSVP drifters measuretemperature20–

30 cm beneaththeseasurface.Thesedataaredisseminatedon theGlobalTelecommuni-

cationSystem(GTS)by Argoswithin two hoursof receptionfor usein numericalweather

forecastingandoperationalSSTanalysis,andfor calibratingSSTproducts(c.f. Reynolds

etal., 2002).

Barometric pressure: Many drifters, known as SVP-Bs,have beenout�tted with a

barometerto measureair pressure.Large-scaleexperimentaldeploymentsbeganin 1994;

operationalbarometricobservationshavebeencollectedsince1997.Thesedataarepartic-

ularly valuablein numericalweatherpredictionat high latitudes,wherefew in-situ obser-

vationsareavailableif a stormdevelopsoutsidethemajorshippinglanes.Thebarometer

port extends� 20 cm above thetop of thesurface�oat to minimizespuriouslyhigh spikes
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in thepressurerecordassociatedwith submergence.

Wind: somedrifters includea hydrophonefor noiselevel, which canbe convertedto

wind speedandprecipitationestimates,anda 25 cm-by-20cm wind vanemountedto the

barometerportof thesurface�oat (with accompanying two-axistilt sensorin the�oat, and

swivel connectionfor the tether)to measurewind direction. SVPdriftersof this typeare

known asMinimets (Millif f et al., 2003). TheWOTAN hydrophoneis typically mounted

eitheron the tether, at a depthof 11 m, or betweenthe tetheranddroguetop. Recentair

deploymentsof thesedriftersin thepathof Category4 HurricaneFabianhavedemonstrated

theability to measurethewind directionto within � 10� (Niiler etal.,2004b),mappingthe

circulationof thehurricanemoreclearlythanin QuickSCAT data,althoughthehydrophone

becamesaturatedat suchextremewind speeds.

Oceancolor: Somedrifters have includedan upwelling radiancesensormountedon

thesurface�oat just beneaththeseasurface,alongwith a downwelling irradiancesensor.

Their observationshave beenusedto studychlorophyllvariationsin remoteregionssuch

astheSouthernOcean(Letelieretal., 1996).

Salinity: The �rst salinity-measuringdrifters weredevelopedat ScrippsInstitutionof

Oceanography(SIO)by attachingaSeaBirdSeaCat(thermistorandconductivity) to thetop

of thedrogue(11 m depth). In 1992-3,72 of thesedriftersweredeployed in the tropical

Paci�c and provided observationswhich comparedfavorably to the TAO mooring data
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(Kennanet al., 1998). Four of thesedrifters wererecoveredafter 310 daysat sea,with

post-calibrationrevealingamaximumoffsetof 0.02psu.

More recently, drifters have beendevelopedwhich canmeasuresurfacesalinity. At

SIO, SeaBirdMicrocatshave beenmountedto the baseof the surface�oat. Parallel de-

velopmentis beingconductedatWoodsHoleOceanographicInstitution.Thirty of theSIO

driftersweredeployedin theEastChinaSeain theperiod2000-2004,to helpevaluatethe

effectsof thedecreasingYangzte�o w ontheecologyof SouthKorea.Two wererecovered

severalweeksafterdeployment,andshowedno detectableoffsetwhenpost-calibrated(P.

Niiler, pers.comm.).

Biofouling presentsthemajorchallengeto obtainingextendedobservationsof surface

salinity. Ongoingexperimentsarevaryingtheantifoulingpaintandthepumpingsystems

for theSeaBirdMicrocats.CurrentGlobalDrifter Programplansincludethedeployment

of SVP-Microcatpairs in the Bay of Biscaywestof France,eachpair consistingof one

drifter with pumpingandonewithout, with sequentialrecoveriesto evaluatethe success

andnecessityof pumping. In the future, theseobservationswill provide calibrationand

validationfor satellite-derivedseasurfacesalinity products.

Subsurfacetemperature: Several drifter manufacturersare developing drifters with

thermistorchainsto measuretemperaturepro�les of the ocean's upperO(100m). These

observationswouldbeinvaluablefor measuringmixedlayerheatcontentvariability, which
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canbe poorly correlatedwith SSTchanges(Kelly, 2004). An arrayof drifters including

eightwith thermistorchainswereair-deployedaheadof HurricaneRitain September2005,

successfullyproviding upperoceanheatmeasurmentsin the Gulf of Mexico prior to the

storm's landfall neartheTexas/Louisianaborder.

6. Recentdrifter -basedstudies: an overview

A large numberof studieshave useddrifter observationsto mapcurrentsandtheir vari-

ability in variousregions. Recentexamples(2000–present)have focusedon the North

Atlantic (Flatauet al., 2003),LabradorSea(Cuny et al., 2002),CaribbeanSea(Centuri-

oni andNiiler, 2003;Richardson,2004),subtropicaleasternAtlantic (Zhouet al., 2000),

tropicalAtlantic (Grodsky andCarton,2002;Lumpkin andGarzoli,2005),easternSouth

Atlantic (Largier andBoyd, 2001),tropicalPaci�c (Grodsky andCarton,2001b;Johnson,

2001;YaremchukandQu,2004),centralsubtropicalPaci�c (LumpkinandFlament,2001;

Flamentet al., 2001),westernPaci�c (Niiler et al., 2003),North Paci�c (Rabinovich and

Thomson,2001),tropical Indian(Grodsky andCarton,2001a)andSouthern(Zhouet al.,

2002) oceans. Several recentstudieshave also focusedon marginal seasincluding the

Japan/East(Lee et al., 2000),SouthChina (Centurioniet al., 2004)andBlack (Poulain

etal., 2004;Zhurbasetal., 2004)seas.
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Becausedrifters follow the two-dimensionalsurface�o w, they are ideal for studying

thedispersionof surfaceparticlessuchas�sh larvaeandotherplanktonandbuoyantpol-

lutantssuchasoil spills. Their observationsof dispersioncanalsobe usedto quantify

theeffect of mesoscalevariability uponmeantransports(c.f. Davis, 1991). Early studies

of oceanicdispersionfrom drifter observations(Richardson,1983;Davis, 1985;Krauss

andBöning,1987)addressedtherelevanceof Taylor's (1921)classicaldispersiontheory.

Taylor demonstratedthatthemeansquaredistancethata particlewill diffusecanbechar-

acterizedin a homogeneous,stationary�eld of eddiesby time andlengthscalesknown as

theLagrangianintegral scales.Thesearein principledifferentfrom their Euleriancoun-

terparts,althoughsomemixing length-basedstudieshave mappededdydiffusivitiesusing

observationsof Eulerianlengthscales(e.g.,Stammer, 1998). Lumpkin et al. (2002)com-

paredthe LagrangianandEulerianlengthscalesfrom surfacedrifters andaltimetry, and

foundthatthey wereproportionalonly in themostenergeticpartsof theocean(suchasthe

Gulf Stream)whereLagrangianparticlesareadvectedaroundeddiesat time scalesmuch

shorterthantheEuleriantime scale. In the tropicalPaci�c, Baueret al. (2002)separated

meanandeddydrifter velocitiesusingoptimizedbicubicsplinesandfoundthateddydif-

fusivity in this region is stronglyanisotropic:zonaldiffusion is up to seven timeslarger

thanmeridionaldiffusion, dueto parceltrappingin coherentfeaturessuchasequatorial

andtropical instability waves(Baueret al., 2002). More recently, ZhurbasandOh (2004)
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mappedtheglobalsurfacediffusivity usinga methodologydesignedto avoid contaminat-

ing eddystatisticsby time-mean�o w shear. Their mapsof apparentdiffusivity revealed

enhancedvaluesin zonalbandsat � 30� in bothsouthernandnorthernhemispheres.They

attributedthis to meandering,eddy-richeastward currentsin the North Atlantic (Azores

Current)andNorth Paci�c (North SubtropicalCountercurrent),andto thewestwarddrift

of Agulhasretro�ection eddiesin theSouthAtlantic. In theSouthPaci�c, they arguedthat

thedistribution indicatedthepresenceof aSouthSubtropicalCountercurrent.

Eddy statisticsfrom SVP drifter observationscanbe comparedto thoseof simulated

driftersin generalcirculationmodels,in orderto assesshow well theeddy-resolvingmod-

elssimulatenear-surfaceturbulenceandassociatedLagrangianscales.Thistypeof analysis

hasshown thatthe1/12� -resolutionMiami Isopycnic CoordinateOceanModel (MICOM)

underestimatesEKE in theGulf Streamextensionandoceaninterior, perhapsdueto thecli-

matologicalforcingemployedor thelackof verticalshearin thebulk mixedlayer(Garraffo

etal.,2001).Similarly, the1/10� -resolutionParallelOceanProgram(POP)modeldoesnot

reproducethe observedLagrangianscales,dueto themodelbeingtoo hydrodynamically

stablein thesurfacelayer(McCleanetal., 2002).

Drifter observationsof currentandSSTarealsoextremelyvaluablewhenevaluating

the role of oceanicprocessesin SSTvariations. Thesedatahave beenusedto show that

tropical instability waves,zonaladvection,storageandentrainmentall play a major role
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in theheatbudgetof thePaci�c (HansenandPaul,1987;SwensonandHansen,1999)and

Atlantic (Foltz etal., 2003)equatorialcold tongues.

A numberof methodologicaladvanceshave beenpublishedrecently, addingvalueto

theSVPdrifter dataset. For example,asnotedearlier, many observationshave beencol-

lectedby non-SVPdrifters,includingthedensedatasetcollectedby FGGEdrifters in the

SouthernOcean.Recently, PazanandNiiler (2004)announcedadatasetof oceancurrents

derivedby combiningthesedataafter applyinga drifter-dependentslip correctionmodel

(PazanandNiiler, 2001).Thetypesof driftersin this datasetincludeSVP(bothwith and

without drogue),FGGE(includinglaterFGGE-typedriftersdeployedby theInternational

Ice Patrol),andNavy-AN/WSQ-6.

Many oceanicregionshave beensampledvery heavily in sometimesof the yearand

lightly at othertimes,dueto infrequentbatchdeploymentsfrom researchvesselsor ships

of opportunity. In regionswith strongseasonal�uctuations,suchasthe tropicalAtlantic,

this will producebiasedestimatesof the mean�o w whenthe dataareaveragedin bins.

Lumpkin (2003)addressedthis problemby dividing the Lagrangiantime seriesinto spa-

tial bins and,within eachbin, decomposingthe time seriesinto time-mean,annualand

semiannualharmonics,anda residual.This decompositionwasperformedusinga Gauss-

Markov techniquefamiliar in theoceanographicliteraturefor its usein box inversemodels

(e.g..GanachaudandWunsch,2000).Thisapproachcanresolvetheamplitudesandphases
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of seasonal�uctuationsthroughoutmostof thetropicalAtlantic basinwith thepresentden-

sity of SVPdrifter observations(LumpkinandGarraffo, 2005).

An extremelyexciting recentdevelopmentis thesynthesisof SVPdrifter observations

andsatellitealtimetry. Altimetry is excellentat capturingthevariationsof sealevel height

associatedwith geostrophicvelocityanomalies,but cannotyetmapabsolutesealevel with

suf�cient accuracy to resolve time-meancurrents.Furthermore,sealevel anomalyfails to

accountfor signi�cant ageostrophiccomponentsof velocity variation,suchascentrifugal

effects that may accountfor differencesin drifter-derived andaltimeter-derived eddyki-

neticenergy (EKE) on eithersideof theGulf Streamfront (Fratantoni,2001).In addition,

griddedaltimetricproductssmooththeobservationsandthustendto systematicallyunder-

estimateEKE. Niiler et al. (2003)describea methodologyto synthesizeEkman-removed

drifter speedswith griddedaltimetric velocity anomaliesin regions wherethey are sig-

ni�cantly correlated. This methodologyusesconcurrentdrifter and altimetry velocities

in orderto calibratethe altimetry, makingits amplitudeconsistentwith the in-situ obser-

vations,and usesthe continuoustime seriesfrom altimetry to correctfor biaseddrifter

samplingof mesoscaleto interannualvariations.By applyingthis approachto theglobal

datasetof drifter observations,Niiler et al. (2004a)have produceda mapof theabsolute

sealevel of theglobaloceanfor theperiod1992–2002.In asimilarstudy, Rio andHernan-

dez(2004)synthesizeda geoidmodel,operationalwinds,andobservationsfrom drifters,
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altimetry, andhydrographytoproduceanalternativeglobalmeandynamictopography(Rio

andHernandez,2004).Futurework will improveupontheseefforts by usingresultsfrom

theGravity RecoveryandClimateExperiment(GRACE)andtherapidlygrowing datasets

of Argo �oat pro�les anddrifter trajectoriesin remoteregionssuchastheSouthernOcean.

7. The futur e

Thedesignof theSVPdrifter hasclearlynot ceasedto evolve – exempli�ed by therecent

introductionof the mini drifter – while its qualitative characteristicsandwater-following

propertieshaveremainedrelatively steadysincetheearliestdeployments.Incrementalim-

provementsin designandmanufacturingwill continueto increasedrifter lifetime, andal-

ternative methodsfor detectingdroguepresence(suchastetherstrain)arebeingconsid-

ered. New methodologiesfor drifter dataanalysiswill continueto be developed,aided

by increasinginformationfrom the ever-growing drifter arrayandfrom othersourcesof

complimentaryobservations.Densedeploymentsin eddy-rich,frontal regionswill helpus

improve our understandingof eddy�ux esandtheir role in modifying air-seaheat�ux es

andwatermassformation.

The quality of drifter datawill alsoimprove with updatedinterpolationschemes.As

notedby HansenandPoulain(1996),the structurefunctionsusedin the kriging interpo-
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lation arederived from tropical Paci�c observationsandassumeuncorrelatedzonaland

meridionalspeeds.At high latitudes,thesevelocitycomponentsareoftencorrelateddueto

loopingmotionin mesoscaleeddiesandinertial oscillations.Futureinterpolationschemes

might exploit Lagrangianstochasticmodelswith spin (e.g.,Venezianiet al., 2005)which

canincludethis behavior. HansenandPoulain(1996)considereda structurefunction for

velocity which wasconsistentwith diffusion,but foundthatthetotal (asopposedto eddy,

or turbulent)velocitywasnot robustly interpolated.At thepresentdensityof drifter obser-

vations,seasonalclimatologiesof near-surfacecurrentscanbemappedatsuf�cient density

to amelioratethisproblem.Revisedinterpolationapproacheswill providebettererroresti-

matesof theinterpolatedpositionsandvelocity, andmayallow improvedestimatesof the

LagrangianaccelerationDu=Dt.

In September2005thesurfacedrifting buoy arrayof NOAA'sGlobalOceanObserving

SystemandGlobal ClimateObservingSystemconsistedof 1250SVP drifters at a nom-

inal global resolutionof 5� � 5� . The major challengefacingAOML's Drifter Operations

Center, whichcoordinatesdrifter deployments,is to arrangedeploymentsin regionsof sur-

facedivergenceandareasinfrequentlyvisitedby researchor volunteerobservationvessels.

This logisticalchallengeis beingaddressedby air deployments,increasedinternationalco-

operation,andthe developmentof tools to predictglobal drifter arraycoveragebasedon

its presentdistributionandhistoricaladvection/dispersion.As thearraygrows, it provides
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invaluableobservationsof oceandynamics,meteorologicalconditionsandclimatevaria-

tions, andoffers a platform to testexperimentalsensorsmeasuringsurfaceconductivity,

rain rates,biochemicalconcentrations,andair-sea�ux esthroughouttheworld'soceans.

Acknowledgements.Theauthorswouldliketo thanktheworldwidegroupof GlobalDrifter

Programoperationalpartners,whosecontributionshaveestablisheda truly globalarrayof

surfacedrifters. We would like to acknowledgeCraig Engler, JessicaRedmanandErik

Valdesfor their frequentassistance.Discussionswith Jeff WingenrothandSergey Mo-

tyzhev were extremely valuable. We thank PeterNiiler for many enlighteningconver-

sations,and for his commentson an early draft of this chapterwhich helpedimprove it

tremendously. Additionalcommentsby ClaudiaSchmid,Sang-KiLeeandtwo anonymous

reviewerswerealsovaluable.NCEPReanalysis2 dataareprovidedby theNOAA-CIRES

ClimateDiagnosticsCenter, Boulder, Coloradofrom their Websiteat www.cdc.noaa.gov.

This work wasfundedby NOAA's Of�ce of Global Programsandthe Atlantic Oceano-

graphicandMeteorologicalLaboratory.

References

Argos:1996,Argosusermanual1.0.Technicalreport,CLS,Toulouse,France.

36



Bauer, S., M. Swenson,andA. Griffa: 2002,Eddy-mean�o w decompositionandeddy

diffusivity estimatesin the tropical Paci�c Ocean.2. Results.J. Geophys.Res., 107,

3154–3171.

Bograd,S.J.,A. B. Rabinovich, R. E. Thomson,andA. J.Eert: 1999,On samplingstrate-

giesandinterpolationschemesfor satellite-trackeddrifters.J. Atmos.OceanicTechnol.,

16, 893–904.

Centurioni,L. R. andP. P. Niiler: 2003,On the surfacecurrentsof the CaribbeanSea.

Geophys.Res.Letters, 30, 1279,doi:10.1029/2002GL016231.

Centurioni,L. R., P. P. Niiler, andD. K. Lee: 2004,Observationsof in�o w of Philippine

Seawater into the SouthChinaSeathroughthe Luzon Strait. J. Phys.Oceanogr., 34,

113–121.

Cuny, J., P. B. Rhines,P. P. Niiler, andS. Bacon: 2002,LabradorSeaboundarycurrents

andthefateof theIrmingerSeaWater. J. Phys.Oceanogr., 32, 627–647.

Davis, R.: 1985,Drifter observationsof coastalsurfacecurrentsduringCODE:Thestatis-

tical anddynamicalviews.J. Geophys.Res., 90, 4756–4772.

— 1991,Observingthegeneralcirculationwith �oats. DeepSeaRes., 38, S531–S571.

37



Ekman,V. W.: 1905,On thein�uence of theEarth's rotationon oceancurrents.Ark. Mat.

Astron.Fys., 2, 1–52.

Flament,P. J., R. Lumpkin, J. Tournadre,R. Kloosterziel,and L. Armi: 2001, Vortex

pairing in anunstableanticyclonic shear�o w: discretesubharmonicsof onependulum

day. J. Fluid Mech., 440, 401–410.

Flatau,M. K., L. Talley, andP. P. Niiler: 2003,The North Atlantic Oscillation,surface

currentvelocities,andSSTchangesin thesubpolarNorthAtlantic.J. Climate, 16, 2355–

2369.

Foltz, G. R., S. A. Grodsky, J. A. Carton, and M. J. McPhaden: 2003, Seasonal

mixed layer heatbudgetof the tropical Atlantic Ocean.J. Geophys.Res., 108, 3146,

doi:10.1029/2002JC001584.

Franklin,B.: 1785,Sundrymarineobservations.Trans.Am.Philos.Soc.,Ser. 1, 2, 294–

329.

Fratantoni,D. M.: 2001,NorthAtlantic surfacecirculationduringthe1990'sobservedwith

satellite-trackeddrifters.J. Geophys.Res., 106, 22067–22093.

Fulton,T. W.: 1897,The surfacecurrentsof the North Sea.ScottishGeographicalMag.,

13, 636–645.

38



Ganachaud,A. S. andC. Wunsch:2000,Improvedestimatesof globaloceancirculation,

heattransportandmixing from hydrographicdata.Nature, 408, 453–457.

Garraffo, Z., A. J.Mariano,A. Griffa,C. Veneziani,andE. Chassignet:2001,Lagrangian

datain ahighresolutionnumericalsimulationof theNorthAtlantic. I: Comparisonwith

in-situdrifter data.J. Mar. Sys., 29, 157–176.

Garrett,J.F.: 1980,Theavailability of theFGGEdrifting buoy systemdataset.DeepSea

Res., 27, 1083–1086.

Geyer, W. R.: 1989,Field calibrationof mixed-layerdrifters.J. Atmos.OceanicTechnol.,

6, 333–342.

Grodsky, S.A. andJ.A. Carton:2001a,Anomaloussurfacecurrentsin thetropicalIndian

Ocean.Geophys.Res.Letters, 28, 4207–4210.

— 2001b, Intensesurface currentsin the Tropical Paci�c during 1996-1998.J. Geo-

phys.Res., 106, 16,673–16,684.

— 2002,Surfacedrifter pathwaysoriginatingin theequatorialAtlantic cold tongue.Geo-

phys.Res.Letters, 29, 10,1029–10,1041.

Hansen,D. andA. Herman: 1989,Temporalsamplingrequirementsfor surfacedrifting

buoys in thetropicalPaci�c. J. Atmos.OceanicTechnol., 6, 599–607.

39



Hansen,D. andP.-M. Poulain:1996,Quality controlandinterpolationsof WOCE-TOGA

drifter data.J. Atmos.OceanicTechnol., 13, 900–909.

Hansen,D. V. andC. A. Paul: 1987,Vertical motion in theeasternequatorialPaci�c in-

ferredfrom drifting buoys.Oceanol.Acta, 6, 27–32.

Johnson,G. C.: 2001,ThePaci�c Oceansubtropicalcell surfacelimb. Geophys.Res.Let-

ters, 28, 1771–1774.

Kelly, K. A.: 2004,Therelationshipbetweenoceanicheattransportandsurface�ux esin

thewesternNorthPaci�c. J. Climate, 17, 573–588.

Kennan,S., P. P. Niiler, andA. Sybrandy:1998,Advancesin drifting buoy technology.

InternationalWOCENewsletter, 30, 7–10.

Kessler, W. S.andB. A. Taft: 1987,Dynamicheightsandzonalgeostrophictransportsin

thecentraltropicalPaci�c during1979-1984.J. Phys.Oceanogr., 17, 97–122.
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Figure1: Schematicview of two SVP drifter types. All componentsareshown to scale;
muchof thetetherlengthhasbeenexcluded.Thedroguesarecenteredatadepthof 15m.
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Figure 2: Half lives (days)of drifters deployed in 1998–2003. Black bar: half life of
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Figure3: Interpolatedlocationsof two drifters in the SouthAtlantic (black points),with
shadederror barsfrom the kriging. For oneof the drifters, 8–10satellite�x esper day
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Figure4: Fieldscalculatedfrom themostrecentdecade(to 31 October2004)of quality-
controlledSVPdrifter observations.Top: densityof observations(drifter dayspersquare
degree).Middle: meancurrentspeed(cm/s).Bottom:meaneddykineticenergy (cm2/s2).
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Figure5: Top: regions(colored)usedto subdividedatain bottompanel.Bottom: number
of observations(drifter-years)peryearin thedifferentregions.
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Figure 6: Top: Time-meanspeedof all SVP drifters in the subtropicalNorth Atlantic,
October1989to April 2004,with Ekmandrift andslip removed. A separatescale(bold
arrows) is usedfor speedsexceeding10 cm/s.Middle: time-meanEkmandrift (Ralphand
Niiler, 1999;Niiler, 2001),showingthewind-drivenconvergencethatforcesthesubtropical
gyre(alsoseeFig. 15of Rio andHernandez,2003).Bottom: time-meanslip of undrogued
SVPdrifters,usingtheparameterizationsof Niiler andPaduan(1995)andPazanandNiiler
(2001).Drogueddriftersexperienceaslip which is smallerby anorderof magnitude.The
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