Measuringsurfacecurrentswith SurfaceVelocity Programdrifters:
theinstrumentjts data,andsomerecentresults

RICK LUMPKIN AND MAYRA PAZOS
National Oceangraphic and AtmospheridAdministation,
Atlantic Oceangraphicand Meteoblogical Laboratory, Miami, FL USA

Chaptertwo of “LagrangianAnalysisandPredictionof CoastakndOceanDynamics; ed. A.
Mariano,T. RossbyandD. Kirwan,CambridgeJniv. Press

1. Intr oduction

For centuriespurknowledgeof theoceanssurfacecirculationwasinferredfrom thedrift of oating objects.Dramatic
examplesincludewrecked ChinesgunksandJapanesglass shing ballswhich have washedashoreon the US west
coast(Sverdrupetal., 1942). Suchobsenationscouldonly provide crudeideasof gyre-scaleurrentsastherewasno
way to tell theexactbeginning(in time or space)f thedrifter's journey, or thetrajectoryit hadtaken. Currentscanbe
moreaccuratelyinferredfrom shipdrift measurement#\ ship's motionrelative to the surroundingwvateris measured
by theshiplog; its absolutamotionis estimatedrom navigational x es.In theabsencef wind andthe“sailing” force
of ow aroundthehull andkeel,the differencebetweerabsoluteandrelative motionis the velocity of the water (the
current).However, dueto relatively largenavigationalerrorsin themostly pre-GP Slatasetof shipdrifts, suchcurrent
estimatescan have errorsof O(20 cm/s) (Richardsorand McKee, 1984). In addition, a drifting ship is exposedto
bothcurrentsandwind, makingtherelative role of thetwo forcesdif cult to separateComparisorof shipdrifts with
lesswindage-proneneasurementsave revealedsigni cant differencesn thetropical Paci ¢ (Reverdinetal., 1994)
andAtlantic (RichardsorandWalsh,1986; Lumpkin and Garzoli, 2005). To reducethe wind force, investigatorsn
the early 1800sbeganusingdrift-bottlesto mapsurfacecurrents.Thesebottlesweretypically weigheddown sothat
they werealmostentirely submersedandtypically carrieda noteindicatingtheir launchlocationandtime (Sverdrup
etal., 1942). Bottleshave beenusedto mapcurrentsin regionssuchasthe North Sea(Fulton, 1897; Tait, 1930)and
northwesterrPaci ¢ Ocean(Uda,1935).

A major steptowardscollectingtrue Lagrangiarntime seriesof velocity was madeby attachinga seaanchor or
“drogue”, to a buoyantobjectthatwould not extendfar above the surfacebut could be tracked by triangulationfrom
a x ed point (suchasan anchoredship). Obsenationsof this naturewere collectedoff the US eastcoastasearly
asthe mid-1700s(Franklin, 1785; Davis, 1991)andwere collectedworldwide in the famous1872—-1876Challenger
oceanographisurwey at mostof the 354 hydrographicstations(Thomson,1877; Niiler, 2001). With the advent of
radio,drifter positionscould betransmittedrom small,low-dragantenna@ndtriangulatedrom shore(Davis, 1991).
Drifters of this type are still manufcturedtoday ofteninspiredby the cruciform-shapedlesignusedin the Coastal
OceanDynamicsExperiment(CODE).In CODE, 164 drifterswereusedto mapcurrentsandtheir variability andto
calculateLagrangiarnintegral scalesanddispersioroff the Californiacoast(Davis, 1985).



The early 1970ssaw the introduction of positioningvia satellite obsenations of an earthboundrransmitters
Dopplershift. Thiswas rst doneusingthe NIMB US satellitesand later the more accurateArgos Data Collection
andLocationSystemcarriedaboarahe NationalOceanicandAtmosphericAdministration(NOAA) TIROS-Npolar
orbiting satellites. Several independengroupspromptly developedand deployed satellite-trackd surfacedrifting
buoys. Oneof the earliestsuchdeploymentswasin 1975aspartof the North Paci ¢ Experiment{NORFAX). NOR-
PAX drifterswere3 m long, 38 cm-diameterber glasscylinders,droguedat 30 m with a 9 m parachutgMcNally
etal., 1983). An arrayof 35 drifters, droguedwith 200 m of polypropyleneline andeithera 25 kg weightor a win-
dowshadesail, wasdeployedin the Gulf Streamregion in 1976-1978Richardson;1980). Thesedriftersincludeda
tetherstrainsensotto indicatedroguestatus put this sensoifrequentlyfailed shortly afterdeployment. A largearray
of over 300 Argos-tracled drifters wasdeployed aspart of the Global AtmosphereResearciProgram(GARP) First
Global GARP Experimen{FGGE)in 1979-80n the SoutherrOcean(Garrett,1980). FGGEdrifterswerecon gured
in variousdesignswith the “regular” variety having a tall (3.4 m) surface oat and100 m line actingasa drogue,
weightedat the endwith 29.5kg of chain. OtherFGGEdriftershadlarge vanesfor measuringvind direction. From
1981-84,113 HERMES-typedrifters, droguedwith a windowshadesail at 100 m depth,weredeployedin the east-
ernandnorthernNorth Atlantic (KraussandBoning,1987). In 1983-85,53 TIROS and mini-TIROS drifters were
deployedin thetropical Atlantic aspartof the SEQUAL (SeasonaResponsef the EquatorialAtlantic) andFOCAL
(ProgrammeFrancaiseDcean-Climaten Atlantique Equatorial)programs. The TIROS designhad a windowshade
drogueof area20 m? centeredat 20 m depth,while themini-TIROShada 2.2 m? windowshadecenteredat5 m depth
(RichardsorandReverdin,1987). Thedriftersdid not have sensorgo indicatedroguepresencealthoughtwo TIROS
driftersrecoveredafter217 daysat seahaddroguedn “excellentcondition” (RichardsorandReverdin,1987).

2. The SVPdrifter

In 1982the World Climate ResearchProgram(WCRP) recognizedhat a global array of drifters would be invalu-
ablefor oceanographiandclimateresearchbut uncertaintiesandlarge variationsin the waterfollowing properties
of variousdrifter designsposeda major challenge alongwith the high costsand excessie weight of somedrifter
types(World Climate ResearchProgram,1988; Niiler, 2001). The WCRP declaredthat a standardizedlow-cost,
lightweight, easily-deplged surfacedrifter shouldbe developed,with a semi-rigiddroguewhich would maintainits
shapein high-shearo ws. This developmenttook placeunderthe SurfaceVelocity Program(SVP) of the Tropical
OceanGlobal Atmospherg TOGA) experimentandthe World OceanCirculationExperiment{WOCE). Initial fund-
ing wasprovidedby theUS Of ce of Naval Researchwith subsequergupportfrom NOAA andthe NationalScience
Foundation.Competingdesignsweresubmittedby NOAA's Atlantic OceanographiandMeteorologicalLaboratory
(AOML), MIT" s DraperLaboratory andScrippsinstitution of Oceanograph{SIO) (Niiler, 2003).

During the 1980sthesedesignscontinuedto evolve, andin 1985-89they wererigorouslyevaluatedon a number
of criteriaincluding their waterfollowing characteristicsguanti ed by attachingvectormeasuringcurrentmetersto
the topsand bottom of the drogues(Niiler et al., 1987,1995). Several droguedesignswere examinedand various
problemsidenti ed. For example,windowshadedroguescould twist and sail acrossa current; parachutedrogues
could collapseand subsequentlyrovide very little drag; the line-and-chainFGGE drogueprovided too little area
comparedo thesurface oat, resultingin signi cant slip with respecto thecurrentsatthe droguedepth(Niiler etal.,
1987,1995; Niiler andPaduan,1995; PazanandNiiler, 2001). Otherfactorswerealsoconsideredfor examplethe
rigid three-dimensionatistardroguewasfoundto have someavhatbetterwaterfollowing characteristthanthe holey-
sockdroguedevelopedat AOML, but theincreasednanugcturingandshippingcostsandmoredif cult deployments
for thetristar outweightedhis bene t. By 1993a cleardesignfor the SVP drifter hademegedwhich combinedthe
holey-sockdrogueof the AOML drifterswith reinforcedtetherendsandsurface oat designgrom SIO. This design
(SybrandyandNiiler, 1992)becamehefoundationfor future SVP drifter development.



The moderndatasetof “SVP” driftersincludesall drifters deployed during the 1979-1993evelopmentperiod
that had a holey-sockdroguecenteredat 15 m depth. AOML spartype drifters with holey-sockdrogueswere rst
deployedin Februaryl979aspart of the TOGA/EquatorialPaci ¢ OceanCirculation Experiment(EPOCS).Large-
scaledeploymentsof the rst modernSVP drifterstook placein 1988(World Climate ResearchProgram1988)with
thegoalof mappingthetropicalPaci ¢ Oceanssurfacecirculation. This effort wasexpandedo globalscaleaspartof
WOCE andthe Atlantic ClimateChangeProgram(ACCP),in which the arrayof SVP drifterswasextendedto cover
thePaci ¢ andNorth Atlantic Oceansy 1992andthe Southerrandindian Oceansy 1994 (Niiler, 2001). Thearray
spannedhetropicaland SouthAtlantic Oceanby 2004 (Lumpkin andGarzoli,2005).

Today the array of SVP drifters is known collectively as the Global Drifter Program(GDP), a componentof
NOAA's Global OceanObservingSystem(GOOS)and Global Climate ObservingSystem(GCOS)and a scienti ¢
project of the Data Buoy CooperationPanel (DBCP) of the World MeteorologicalOrganizationand International
Oceanographi€ommission. The scienti ¢ objectives of the GDP are to provide operational,nearreal time sur
facevelocity, seasurfacetemperaturd SST) and sealevel pressureobsenationsfor numericalweatherforecasting,
researchandin-situ calibration/eri cation of satelliteobsenations. The GDP is managedn closecooperatiorbe-
tweenNOAA/AOML in Miami, Florida, NOAA/SIO's Joint Institute of Marine Obsenations(JIMO) in La Jolla,
Callifornia, andthreeprivate US drifter manubcturers(Clearater Paci ¢ Gyre and Technocean) AOML arranges
andconductdrifter deployments,processethe data,maintainsles which describesachdrifter, andhoststhe GDP
website(www.aoml.noaa.ge/phod/dac)JIMO superviseghe industry acquiresthe drifters from the variousmanu-
facturersupgradeghetechnologydevelopsnew sensorsandcreatesenhancediatasets(PazanandNiiler, 2004)to
theresearcttommunity The manugcturersdouild the SVP driftersaccordingo closely-monitoresgpeci cations.

a. Design

At presenttherearetwo basicsizesof SVP drifters: theoriginal, relatively large SVP drifter andthe new “mini” ver
sion(Fig. 1). Theoriginaldesignis extremelyrobustbut is relatively expensveandheary. A moregracileredesigrwas
proposedn DBCP Speci cationRev. 1.2in Decembef002.This“mini” drifter is producedalongsideSVPdriftersof
original dimensiongdy severalmanufcturers Presentmanufcturerof SVPdriftersincludeClearwaterinstrumenta-
tion (Watertavn, MA USA; www.clearnaterinst.com),Marlin-Yug (Sevastopol Ukraine; marlin.stel.sebastopol.ua),
MetocearDataSystemgDartmouth Nova Scotia,Canadaywww.metocean.compaci ¢ Gyre(OceansideCA USA;
www.paci cgyre.com),and TechnocearfCapeCoral, 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). Mostmanufcturerave now switchedto lessexpensve ABS (Acrylonitrile-Butadiene-Styrene)
plasticfor surface oat hull constructionThesurface oat contains:batteriesn diode-protectegacks typically 4-5
packseachwith 7-9alkalineD-cell batteriesa satellitetransmitter(401.650MHz, 10 kHz) typically activatedby
removing a magnetfrom the oat hull; a thermistorfor sub-skinseasurfacetemperaturelocatedat the baseof the
oat to avoid directradiative heating;andpossiblyotherinstrumentsneasuringbarometrigpressurewind speedand
direction, salinity, or oceancolor. Most surface oats alsoincludea submegencesensoy consistingof two screvs
extrudingfrom thehull. This sensoiis usedto identify the presencef thedrogue which frequentlydragsthe surface
oat beneaththe seasurface— anabruptdropin the percentag®f submegedtime indicatesthatthe droguehasbeen
lost. Onemanufcturer(Clearwater) hasreplacedthe submegencesensomwith a tetherstrain sensor which more
directly measureslroguepresence Most manufcturersapply cuprousoxide paintto the bottomhalf of the surface
oat to reducebiofouling. A polypropylene-imprgnatedwire ropetetherconnectshe surface oat to a subsuréce
oat (original design;5.6 mm diametertether)or directly to the drogue(mini drifter, with a 3.2 mm diametetrtether).

An SVP drifter hasits droguecenteredat 15 m depthto measuremixed layer currents;other options(suchas
100 m) have beenmadeavailableto individual researchersThe outersurfaceof the drogueis Corduranylon cloth.



In the original design,it is composedf 7 sections,each92 cm long and 92 cm in diameterfor a total length of
6.44m. Mini droguesarenot yet standardize@mongthe manufcturers:they arecomposedf 4 (Paci ¢ Gyre) or
5 (Marlin-Yug) sectionsof original dimensionspr 4 (Clearwater)or 5 (Technoceanjedesignedectionsof diameter
61cm,lengthl.22m/section.Throughouthedrogue PVC or polypropylenepiperingswith wire ropespolesprovide
support,maintainingthe drogues cylindrical shape.Thetopring is lled with polyurethandoamto provide some
positive buoyangy, reducingaccordion-typeoscillationswhentetherstrainis low (SybrandyandNiiler, 1992). Lead
weights(in somedrifters, sandballastin a polypropylenepipe) savn into the baseof the drogueinsurethatit hangs
nearlyvertically. The drogueis a “holey-sock; i.e. eachdroguesectioncontainstwo 46 cm (mini: 30 cm) diameter
opposingholes,which arerotated90 from onesectionto the next (seeFig. 1). Theseholesactlike the dimplesof
agolf ball by disruptingthe otherwiselaminar o w which would generaterganizedee vortices. As a consequence,
the droguedoesnot experiencean abruptchangein dragcoefcient acrossa critical Reynoldsnumberwhich would
beassociateavith vortex sheddingNath,1977).

While the sizesof thesurface oat anddroguevary, the manufcturersall aim for a speci ¢ nondimensionajoal:
adragarearatioof 40. Thisratiois thedragarea(dragcoefcient timescross-sectionarea)of the drogue divided
by thedragareaof all othercomponentsAt a dragarearatio of 40, theresultingdownwind slip (seeSectiond.a.)is
0.7cm/sin 10m/swinds;for comparisonastandard~GGE-typedrifter hadadragarearatio of 10—12andadownwind
slip of 8 cm/sin 10 m/swinds (Niiler and Paduan,1995; Pazanand Niiler, 2001). In practice,the manuficturer
provided drag arearatiosrangefrom 37.5-45.9. Somemaodi ed drifters include substantiabdditionalcomponents
which greatlyreducethe dragarearatio. An exampleis Marlin-Yug's SVP-BTCdrifter which hasa thermistorchain
extendingto 60 m depth,reducingthe dragarearatioto 6.8.

b. Deployment

Original-sizedSVP drifters are packagedwo per cardboardbox of dimension1.07 m (3'6”) cubed. Eachdrifter
weightsapproximatelyd5 kg (100 Ibs) and canbe deployed by a single person,althoughin heary seast is recom-
mendedhattwo peopledeploy anoriginal SVP drifter. Mini driftersarepackaged ve percardboardox of thesame
dimensionsor two in aboxof sizel1.17 0.89 0.56m. Themini weighsapproximately20kg (44 Ibs) andcaneasily
be deployed by one person. The drogueandtetherare boundwith papertapewhich dissohesin the water andthe
tetheris sometimesvrappedarounda watersolublecardboardubeto 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 undervay; successfutleploymentshave beenconductedrom caigo shipssteamingat up to 25 knots.
After deployment,it maytake approximatelyan hourfor the drogueto becoméfully soaled,allowing the papertape
to dissole andtrappedair bubblesto bereleasedbeforethe droguesinks.

Drifters have alsobeenair-deployed out of LockheedC-130Hercules,operatediy the Air ForceResenre “Hur-
ricane Hunters” (53d WeatherReconnaissanc8quadron403d Wing, KeeslerAir Force Base),and by the Naval
Oceanographi©f ce (NAVOCEANO)which conductssureys supportingnaval operationgprimarily in the northern
hemisphereDeploymentshave alsobeenconductedrom a C-141 Starlifter. Air deploymentrequiresextensie rig-
ging of thedrifter packageincludingaddingthe parachuteat a costapproximatelyequalto the drifter itself (P. Niiler,
pers.comm.).

Duringtheone-yeaperiodSeptembeR003—Augus2004,atotal of 658driftersweredeployedin NOAA's contri-
bution to the Global Drifter Program.Of these 440weredeployedoff researclvessels201 off volunteerobsenation
ships(typically cago vessels)and17 wereair-deployed.

c. Datatransmission

Drifter sensordata (including SST and battery voltage) are typically sampledat intervals of 90 s. Averagesare
calculatecbveranobsenationcycle of sevento tensamplesandtransmitted Submegenceor straindatatransmission



variesby manufcturer For example,Metoceandrifters samplethe submegencefour timesevery 90 s, andsumthe

totalnumberof undervatersampleovera 30 minuteaveragingperiodto determinghepercentagef time submeged.
Thedataareformattedfor transmissiomwith checksunentriesprovidedin a 32-bit Argos(seebelon) messageOlder
driftersoftenuseda duty cycle of 1/3 (typically thetransmitterspentoneday on, thentwo daysoff), which couldlead
to signi cant biasingof high latitudeinertial motion (Bogradetal., 1999). Nearlyall drifters since2001operateon a

100%duty cycle. Recently-deelopeddrifters exploit multiplexing techniquego increasedatatransmissionDuring

onesatellitepassp—7dataframescanbesentevery 90s, or twice thismary with a45 srepetitionrate. Eachtransmitter
is assigned PlatformTerminal TransmittePTT) codeby Argos,oftenreferredto asthedrifter ID number

Argos(http://www.argosinc.com/)s anAmerican-Frencisatellite-basedystenfor collecting,processin@gnddis-
tributing data.lt is operatedy CollecteLocalisationSatellites(CLS) in Toulouse Francewith a subsidiary(Service
Argos,Inc.) in Largo, MarylandUSA. Since1978,the Argossystemhasbeencarriedon the US NationalOceano-
graphicandAtmosphericAdministration(NOAA) PolarOrbiting EnvironmentalSatellitesto obtainglobal coverage.
In addition,a second-generatiocArgossystemwascarriedaboardthe Japanes@&dvancedEarthObservingSatellite
Il (ADEOS-II), launchedn Decembef002.This joint Argos/ADEQOS-lIprogram(“ArgosNext”) wasdeclarecper
ationalon 5 May 2003; unfortunately the satellitefailed on 25 October2003. Futurelauncheswith next-generation
Argossystemsareplannedaboardhe EuropearMETOP satellites peginningin thelastquarterof 2005.

Thepositionof adrifter is inferredfrom the Dopplershift of its transmissionTheposition-deducinglgorithmcan
besummarizedsfollows (Argos,1996).As the satelliteapproachegassesndrecededrom thelatitudeof a drifter,
the satellites speed7.4km/s) Dopplershiftsthe signal. Thetiming of the swingfrom blueto red (but not exactly the
latitudeof the shift, dueto drifter motion; seebelow) givesthe drifter's latitude,andthe rapidnes®f the swinggives
theoff-track direction(the closerthe satellitepasss to the drifter, the morestep-like the swing). The absolutemotion
of the drifter introducesan additional Doppler shift: at 20 N, a x ed point on the Earth's surfacetravels 437 m/s
westward. Thus,if thedrifter is eastof the satellitepass,an additionalblue shift is superimposedavhich reachests
maximumasthe satellitecrosseghe drifter's latitude. This Dopplershift decayswith increasedistancefrom the
drifter at a rate dependenuponthe minimum satellite/drifterdistance(greaterdistanceequalsslower decay). The
sign of this shift is estimatedrom least-squaredting andthe previous history of the drifter, andgivesthe off-track
direction.

Argosestimatesheaccurag of position x esat 150—-1000m. Thelargesterrorsoccurwhenasatellitepasss close
to, but notdirectly over, adrifter. In this situationthe Dopplershift from theabsolutedrifter motionis arelatively brief
spike which canbe dif cult to resohe — possiblycausingthe Argospositionalgorithmto “place” the drifter on the
wrongsideof the pass.Whenthis happenstherearerelatively largeerrorsin longitude,with muchsmallerlatitudinal
errors.Additional errorscanarisedueto satelliteinstrumentahoiseandinaccuracies orbit andtime coding(Hansen
andPoulain,1996). Froma 70 day time seriesof position x esfor a groundeddrifter in Honolulu, Hawaii, we have
calculatedheroot-mean-squarerrorin a x to be 630m zonally, 270 m meridionally This drifter's transmitterwas
not heldridgidly vertical, possiblyintroducinga biasto someof the satellite x es(J. Wingenroth,pers.comm.) that
would notbeexperiencedy adrogueddrifter in thewater The70-daymedianof the Argos x eswasnotsigni cantly
differentfrom a GPS x.

d. Drifter lifetime

The manufcturers'estimatefor an original SVP drifter lifetime is  400days. In orderto examinethe accurag of
this claim,we have calculatedhehalf life for SVPdriftersdeployedin 1998—2003This wascalculatedor all drifters
whichhadnotrunagroundor beenpickedup by boaters Theremainingdriftersweresortedby theyearin which they
hadbeendeployed. For eachyear's batchof drifters,we calculatechow mary daysof obsenationswereobtained and
how mary daysof droguedobsenationswere obtained. Drifters still transmitting(andstill drogued for the drogue
half life) wereassigned large placeholderalue (9999days). The histogramof theselifetimes wasusedto identify



the amountof time afterwhich one-halfof the drifterswereno longeralive, andafterwhich one-halfwereno longer

providing droguedvelocity obsenations.The half livesareshavn in Fig. 2. Transmittelifetimesgenerallyincreased
during1998-2002from 291 daysin 1998to 400daysin 2002,with a peakof 485daysin 2001.Thesecalculationgdo

notincludedrifters which failed to transmitupondeployment: 12% of driftersin 1998,5% in 2001and3% in 2003.

More thanhalf thedriftersdeployedin 2003werestill alive anddroguedatthetime of this writing (November2004),

makingtheir half life impossibleto determinegiventhe temporaldistribution of deploymentsthrough2003andthe

histogramof lifetimessofar, it is likely to exceed450days.

Thus,while someindividual batchesof drifters have hada high failure rate dueto causegangingfrom defects
duringmanufcturingto deploymentin extremelyharshconditions(e.g.,air-deployedin the pathof a hurricane) the
generaltendenyg acrossrecentyearsis encouraging.In additionto the developmentof the mini drifter described
earlier incrementaimprovementsn droguereinforcementtether/droguattachmentandtransmitterdesignaresuc-
cessfullyincreasingthe value of the SVP drifter. At the sametime, the costof a drifter hassteadilydropped,from
USD 5475in 1993 (adjustedo 2003US dollars;Niiler, 2003)to USD 1750today

3. Dirifter data: Quality control, interpolation and coverage

BeforeDecembe2004,position x esacquiredby two of the satelliteswereprocessedtby Argos. For atypical drifter
nearthe equatoy 6—9 x esperdaywereacquired.At higherlatitudesthe polarorbiting satellitepassesvere closer
yielding 8-10 x esperday 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.ge’argos/overview.htm) negotiatedthe use of
the full satellite constellation(up to four at present). Since mid-Decembei2004, this “multi-satellite service” has
beenyielding 16—20 x es per day for equatorialdrifters. AOML's Drifting Buoy Data AssemblyCenter(DAC;
www.aoml.noaa.ge'phod/dac/dachtml) assemblesheseraw data,appliesquality control proceduresandinterpo-
latesthemto regular1/4-dayintervals. Theraw obsenationsandprocessedataarearchvedat AOML's DAC andat
Canadas Marine EnvironmentalDataService(MEDS; www.meds-sdmm.dfo-mpgc. ).

a. Quality contmol

The DAC rst visually examinesdrifter datafor evidencethatthe dataweretransmittedwvhile on the deckof a ship,
the drifter wasaground,or the drifter hasbeenpicked up by a boater Thesedrifters are usuallyapparenfrom their
trajectoriesandcanbesupportedy submegencevaluesandthediurnalvariationsin temperatureTheseobsenations
areremovedfrom thedataset.

Next, theDAC identi es drifterswhich have losttheir drogues Thisis doneusingthe submegenceor tetherstrain
obsenations. The droguelost datesarecompiledin a “directory le” whichincludeseachdrifter's deploymenttime
andlocation, endingtime andlocation, andthe type of death(e.qg., picked up, ran aground,stoppedtransmitting).
Thesedatesare storedusinga modi ed Julianday cornventionin which day 1 is Januaryl, 1979. For a drifter that
never lost its drogue,the directory le holdsthe placeholdewalue O for drogueoff time while it is still alive (still
transmittinggooddata),or the dateof its nal reliabletransmissiorif it hasdied.

To eliminatethe more egregiouserrorsin raw Argos x es,the DAC appliesa two-stepquality control scheme
(HanserandPoulain,1996).1n this methodologythevelocityis calculatedvia nite differencingof theraw x esboth
forwardandbackwardin time. A x is agged as“bad” if it producesa velocity greatethanfour standardieviations
from the meanvelocity in both forward andbackward passesTwo-way differencingis usedbecause forward-only
calculationmayfail to identify abad x if it comesmmediatelyaftera gapin dataacquisition.



b. Interpolation

Theraw x esareinterpolatedto uniform 6-h intervals using an optimal interpolationprocedureknown askriging

(HanserandHerman,1989;HanserandPoulain,1996). Latitudeandlongitude(and SST)areinterpolatedndepen-
dently. Kriging assumeshattheobsenationsconsistof a“true” signalcontaminatedby noise thelatterassumedo be
white andunbiasedzeromean).Interpolatedvaluesareconstructedy a linearcombinationof the ve obsenations
precedingand ve following the interpolationpoint (if available),using a setof weightsconstructedsuchthat the
root-mean-squardifferencebetweerthetruevalueandthe concurreninterpolatedvalueis minimized.

In the kriging procedurethe (true) positionis describedby a structurefunction. For this, Hansenand Poulain
(1996) useda fractional Brownian modelthat candescribemotion rangingfrom uncorrelatedBrownian diffusionto
perfectlycorrelatedinearadvection. They estimatedhe parameter$or the modelusingtropical Paci ¢ Oceardrifter
obsenationsfor the period1988-1993 Theresultingparametergieldeda modelwhich wasa blendof advectionand
diffusion, with adwectionmoresigni cant for zonaldisplacementsThis resultis consistenwith studieswhich have
foundstronganisotroyy in thezonalvs. meridionalscalef dispersiorin thetropics,with muchlongerzonalintegral
lengthscales(e.g., Lumpkin and Flament,2001). This modelis probablynot the mostappropriatechoiceat higher
latitudesaway from strongzonalcurrents.

Along with theinterpolatechositions AOML providesformal errorbarsonthepositions.Thesecanbeinvaluable
in identifyinglargegaps- aslong astwo weeks- acrossvhichthedatahave beeninterpolatedasthesewill havelarge
errorbars.Researchersorking with the drifter datashouldapproactthesedatawith caution;they may be usefulfor
calculatingmeanadwective pathways,but shouldnot beincludedin calculationsof eddykinetic enegy or dispersion
(seeFig. 3).

Following interpolation the zonalandmeridionalcomponentsf velocity arecalculatedvia centerednite differ-
encingover 1/2 daydisplacementsMany investigatorsnterestedn subinertialmotion (e.g.,RalphandNiiler, 1999;
Fratantoni,2001; Lumpkin andGarzoli, 2005)apply a lowpass ter to thesevelocitiesbeforeproceedingwith their
analyses.

c. Datacoverage

SVP drifter obsenationsnow cover mostareasof the world's oceansat sufcient densityto map meancurrentsat
1 resolution(Fig. 4).

Therecentgrowth of the drifter arrayis shavn in Fig. 5. Thenumberof driftersin the globalarrayhasincreased
tremendouslhydue to the efforts of mary individual investigatorsand internationalpartnershipsontributing to the
GlobalOceanObservingSystem(GOOS).The GOOSgoalof maintaininga5 by 5 network of drifterswill require
1250drifters,andis anticipatedo beachiezedin Septembe2005.As of November2004,theglobalarrayhasreached
1100drifters. From1998to 2003, drifter coveragehasincreasedn all basinsshavn in Fig. 5 excepttheNorth Paci c.
Recentir deploymentsby NAVOCEANOsouthof theAleutianislands alongwith futuredeploymentsfrom volunteer
obsenationshipsrunningthe greatcircle routebetweenlaparandCalifornia,areaddressinghis gap.

4. Velocity obsewations

Fig. 4 shavstime-mearsurfacecurrentgmiddle) andeddykinetic enegy (bottom)for theworld's oceansgalculated
onal by1 grid via Gauss-Markv decompositionLumpkin, 2003). Annual and semiannuabmplitudesand
phasegnot shovn) werecalculatedat the sameresolution.All of the majorwesternboundarycurrents(Gulf Stream,
Philippines/Kuroshio,Brazil, North Brazil, EastAustralian,Mozambique/Agulhasnd Somali) are clearly seenas
maximain bothmeancurrentspeedcandeddyenegy. Thetime-mearzonalstructureof tropical currentssuchasthe



northernSouthEquatorialCurrentand North EquatorialCountercurrenaire prominentfeaturesof Fig. 4, asarethe
monsoon-diensemiannuaturrentsof theequatorialndianOcean.

SVP drifters provide imperfectpseudo-Lagrangianbsenationsat the droguedepth— “pseudo” becausevater
parcelscanupwell or downwell while the drifter staysat the surface,andimperfectbecausef slip (seebelow). The
resultingobsenationsof mixedlayervelocity arethusa combinationof slip, plusthedirectly wind-driven o w in the
uppermixed layer, plusthe 15 m-deepsignatureof the underlyingeddyandgyre-scalecurrents.Time-mearplots of
thesecomponentsgerived from NationalCentersfor EnvironmentalPrediction(NCEP)Reanalysid/er. 2 windsand
the parameterizationgescribeelow, areshovn 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 causeddy directwind forcing on the surface oat, dragonthe oat andtetherinducedby wind-driven
shearandsurfacegravity wave recti cation (Niiler etal., 1987;Geyer, 1989). In orderto reducewave recti cation,
thesurface oat is sphericalNiiler etal., 1987,1995). Theoriginal SVPdesignincludeda 20 cmdiametersubsuréce
oat betweenthe surface oat anddrogue,intendedto decoupletheir motion andto provide additionalbuoyangy
offsettingthe weighteddrogue. The subsurce oat hasbeenomittedin the recentmini drifter redesign.The most
importantdesigncharacteristicthatminimizeslip arelow tensionbetweerthe surfacebuoy anddrogue which avoids
aliasingwave motion, anda large dragarearatio (Niiler etal., 1987). As long asthe drogueremainsattachedo the
drifter, thedownwind slip is estimatedat 0.7 cm/sper 10 m/s of wind speedNiiler andPaduan1995).
PazanandNiiler (2001)examineda datasetof 2334 SVP drifters, including 1845which hadlost their drogues

while continuingto transmitlocation. They examinedresidual(undroguedminus drogued)drifter motion using a
multiple regressionmodelwith local surfacewave height (from the Fleet NumericalMeteorologyand Oceanogra-
phy Center FNMOC) andwinds (FNMOC, NCER andthe EuropearCenterfor MediumrangeWeatherForecasting,
ECMWF). Theresidualmotion did not have a signi cant relationshipwith waves, eitherbecausevave drift is neg-
ligible or becausehe relationshipis obscuredoy errorsin or resolutionof the wave dataset. Residualmotion was
alignedon averagedirectly downwind, andwaslinearly dependentiponwind velocity with a global meanvalue of
7.9 0.7cm/sper10m/sof wind. Thisresultandthoseof Niiler andPaduan(1995)indicatethatanundroguedsVP
drifter experiences slip of 8.6 0.7cm/sper10m/swind.

b. Ekmandrift

Niiler and Paduan(1995) analyzedthe Lagrangianvelocity time seriesof 8 droguedSVP driftersin the northeast
Paci ¢ duringOctoberl989—-April1990.They foundthatvelocityandlocalwind (using6-hourlyECMWF operational
winds)washighly coherenfat subinertialperiodsof 5—20days. At shorterperiodsinertial oscillationsdominatedhe

Lagrangiarvelocity spectrawhile at longerperiodsmesoscaleariations(uncorrelatedvith local wind) dominated
thespectraThe5—-20daybandpassedelocitywas60-100 to theright of thewind, consistenwith Ekmandynamics.
For thebandpassedelocitiesandwinds, Niiler andPaduanderivedthelinearregressiormodelU = b ,, where, , is

thewind stressattheocearsurface,U = u+ iv, (u, v) arethezonalandmeridionalcomponent®sf velocity,i = =~ 1

andthe complex coefcient b hasamplitudejj=0.28m (s Pa) * andangle77 to theright of thewind. This model

accountedor 35%of thevariancein thebandpassedrifter velocities.

In astudyof 1503SVPdriftersin thetropicalPaci ¢ 20 S—20 N, 1988-1996RalphandNiiler (1999)removedthe
time-meangeostrophianotion usingthe hydrographicclimatologiesof Levitus (1982)andKesslerand Taft (1987).
They averagedthe residualvelocitiesin 2 by 5 bins and examinedvariousmodelsregressingthis velocity onto
concurrent,interpolated6-hourly winds from operationaECMWEFE. Niiler (2001) repeatedhis calculationwith a
largerdataset(30 S—30 N, 1988-1999usingNCEPreanalysisvinds. Thesestudiesfoundthat49% of the variance
acrossthe bins could be accountedor by the modelU = Au =f=2, whereU is the magnitudeof the residual



(Ekman)velocity, u = P J oj= is thefriction velocity dueto thetime-meanrsurfacewind stress ,, is density f
is the Coriolis parameterandthe best- t coefcient A=(0.081 0.013)s 2. Theorientationof the Ekmanvelocity
dependedipontheratio of thedroguedepthd = 15 m to the EkmanlayerdepthscaleD = u =A, which variedfrom
bin to bin. WhenRalphandNiiler (1999)plottedthe off-wind angleasa function of d=D they found a clockwise-
rotating(in the northernhemisphere¥piral consistentvith thetheoryof Ekman(1905).

MorerecentlyRio andHernande£2003)subtractedime-meargeostrophicurrentsandaltimetry-dervedgeostrophic
currentanomaliesfrom concurrentdrifter velocitiesover the globefor the period1993-1999t0 examinethe wind-
drivenageostrophimotion. They foundthatthetime-varyinggeostrophicomponentvassigni cant atperiodsgreater
than10daysin thelatitudeband15—-30 (northandsouth),andat periodsgreatetthanfour daysat 30—90 . At higher
frequenciedrifter velocitiesare predominantlyageostrophicyith clearpeaksin the antigyclonic spectraat inertial
andtidal frequencies.The ageostrophienotionis signi cantly coherentwith the wind in the bandbetween20 days
andtheinertial/tidalperiods.By separatelygxaminingsummerandwinter months Rio andHernande£2003)shaved
thatthe Ekmandepth(parameterizedsin RalphandNiiler, 1999)varieswith theseasonathangeof wind speecbver
muchof theworld's subtropicalandsubpolabasins.

5. Other obsewations

The focusof this chapteris on the velocity obsenationsmadeby SVP drifters. However, this platformis capableof
collectingmary othertypesof obsenations,someof which canbe combinedwith velocity to estimateheatadwection,
ground-truthsatellite-baseg@groducts andmary otheruses.Thus,a brief overview of theseobsenationsis warranted.

Seasurfacetempeature (SST) All standardSVP driftersmeasurdemperatur0-30cm beneattthe seasurface.
Thesedataaredisseminatedn the Global Telecommunicatiosystem(GTS) by Argoswithin two hoursof reception
for usein numericaleatherforecastingandoperationaSSTanalysisandfor calibratingSSTproductgc.f. Reynolds
etal., 2002).

Barometricpressue: Many drifters,known asSVP-Bs,have beenout tted with a barometeto measurair pres-
sure. Large-scalexperimentaldeploymentsbeganin 1994;operationabarometricobsenationshave beencollected
since1997. Thesedataareparticularlyvaluablein numericalweatherpredictionat high latitudes,wherefew in-situ
obsenationsareavailableif a stormdevelopsoutsidethe major shippinglanes. The barometeport extends 20cm
above the top of the surface oat to minimize spuriouslyhigh spikesin the pressur@ecordassociatedvith submer
gence.

Wind: somedriftersincludea hydrophondor noiselevel, which canbe corvertedto wind speedandprecipitation
estimatesanda 25 cm-by-20cm wind vanemountedto the barometeiport of the surface oat (with accompaying
two-axistilt sensoiin the oat, andswivel connectiorfor the tether)to measuravind direction. SVP drifters of this
typeareknown asMinimets (Millif f etal., 2003). The WOTAN hydrophonas typically mountedeitheron thetether
at a depthof 11 m, or betweenthe tetherand droguetop. Recentair deploymentsof thesedriftersin the path of
Catayory 4 HurricaneFabianhave demonstratetheability to measurehewind directiontowithin - 10 (Niiler etal.,
2004b), mappingthe circulation of the hurricanemore clearly thanin QuickSCA data,althoughthe hydrophone
becamesaturatedit suchextremewind speeds.

Oceancolor: Somedriftershave includedanupwelling radiancesensomountedon the surface oat justbeneath
the seasurface,alongwith a downwelling irradiancesensor Their obsenationshave beenusedto studychlorophyll
variationsin remoteregionssuchasthe SoutherrOcean(Letelieretal., 1996).

Salinity. The rst salinity-measuringrifters were developedat Scrippslinstitution of OceanographySIO) by
attachinga SeaBirdSeaCafthermistorand conductvity) to the top of the drogue(11 m depth). In 1992-3,72 of
thesedriftersweredeployedin thetropical Paci ¢ andprovided obsenationswhich comparedavorablyto the TAO
mooringdata(Kennaretal., 1998). Four of thesedrifterswererecoveredafter 310 daysat sea,with post-calibration



revealinga maximumoffsetof 0.02psu.

More recently drifters have beendevelopedwhich canmeasuresurfacesalinity. At SIO, SeaBirdMicrocatshave
beenmountedo the baseof thesurface oat. Paralleldevelopmenis beingconductedat WoodsHole Oceanographic
Institution. Thirty of the SIO driftersweredeployedin the EastChinaSeain the period2000-200410 help evaluate
the effectsof the decreasingrangzte o w on the ecologyof SouthKorea. Two wererecoveredseveral weeksafter
deployment,andshavedno detectableffsetwhenpost-calibratedP. Niiler, pers.comm.).

Biofouling presentghe major challengeto obtainingextendedobsenationsof surfacesalinity. Ongoingexperi-
mentsare varying the antifouling paintandthe pumpingsystemdor the SeaBirdMicrocats. CurrentGlobal Drifter
Programplansincludethe deploymentof SVP-Microcatpairsin the Bay of Biscaywestof France,eachpair con-
sistingof onedrifter with pumpingandonewithout, with sequentiatecoveriesto evaluatethe succesandnecessity
of pumping. In the future, theseobsenationswill provide calibrationandvalidationfor satellite-deried seasurface
salinity products.

Subsurfaceempeature: Several drifter manuficturersare developingdrifters with thermistorchainsto measure
temperaturero les of the oceans upperO(100m). Theseobsenationswould be invaluablefor measuringmixed
layerheatcontentvariability, which canbe poorly correlatedvith SSTchangegKelly, 2004).

6. Recentdrifter -basedstudies: an overview

A large numberof studieshave useddrifter obsenationsto map currentsand their variability in variousregions.
Recentexamples(2000—presenthave focusedon the North Atlantic (Flatauet al., 2003),LabradorSea(Cury etal.,
2002), CaribbeanSea(Centurioniand Niiler, 2003; Richardson2004), subtropicaleasternAtlantic (Zhou et al.,
2000), tropical Atlantic (Grodsky and Carton,2002; Lumpkin and Garzoli, 2005), easternSouth Atlantic (Largier
and Boyd, 2001), tropical Paci ¢ (Grodsk/ and Carton,2001b;Johnson2001; Yaremchukand Qu, 2004), central
subtropicalPaci ¢ (Lumpkin and Flament,2001; Flamentet al., 2001), westernPaci ¢ (Niiler et al., 2003), North
Paci ¢ (Rabinavich and Thomson,2001), tropical Indian (Grodsky and Carton,2001a)and Southern(Zhou et al.,
2002)oceans.Several recentstudieshave alsofocusedon mamginal seasncludingthe Japan/Easflee et al., 2000),
SouthChina(Centurionietal., 2004)andBlack (Poulainetal., 2004;Zhurbaset al., 2004)seas.
Becausadriftersfollow thetwo-dimensionasurface o w, they areidealfor studyingthedispersiorof surfacepar
ticlessuchas sh larvaeandotherplanktonandbuoyantpollutantssuchasoil spills. Their obsenationsof dispersion
canalsobeusedto quantify the effect of mesoscaleariability uponmeantransportgc.f. Davis, 1991). Early studies
of oceaniddispersiorfrom drifter obsenations(Richardson1983;Davis, 1985;KraussandBoning,1987)addressed
therelevanceof Taylor's (1921)classicaldispersiontheory Taylor demonstratedhatthe meansquaredistancethat
a particlewill diffuse canbe characterizedn a homogeneousstationary eld of eddiesby time andlength scales
known asthe Lagrangiarnintegral scales.Thesearein principle differentfrom their Euleriancounterpartsalthough
somemixing length-basedtudieshave mappededdydiffusivities usingobsenationsof Eulerianlengthscaleqe.g.,
Stammey 1998). Lumpkin et al. (2002) comparedhe Lagrangianand Eulerianlength scalesfrom surfacedrifters
andaltimetry, andfound thatthey wereproportionalonly in the mostenegetic partsof the ocean(suchasthe Gulf
Stream)wherelLagrangianparticlesare adwectedaroundeddiesat time scalesmuch shorterthanthe Euleriantime
scale.In thetropical Paci ¢, Baueret al. (2002)separategneanandeddydrifter velocitiesusingoptimizedbicubic
splinesandfoundthateddydiffusivity in this regionis stronglyanisotropic:zonaldiffusionis up to seventimeslarger
thanmeridionaldiffusion,dueto parceltrappingin coherenfeaturessuchasequatorialindtropicalinstability waves
(Baueret al., 2002). More recently Zhurbasand Oh (2004) mappecthe global surfacediffusivity usinga method-
ology designedo avoid contaminatingeddy statisticsby time-meano w shear Their mapsof apparentdiffusivity
revealedenhanced/aluesin zonalbandsat 30 in bothsoutherrandnorthernhemispheresThey attributedthis to
meanderingeddy-richeastvard currentsn the North Atlantic (AzoresCurrent)andNorth Paci ¢ (North Subtropical

10



Countercurrent)andto thewestward drift of Agulhasretro ection eddiesin the SouthAtlantic. In the SouthPaci c,
they arguedthatthe distribution indicatedthe presencef a SouthSubtropicalCountercurrent.

Eddy statisticsfrom SVP drifter obsenationscanbe comparedo thoseof simulateddriftersin generakirculation
models,in orderto assession well the eddy-resolvingnodelssimulatenearsurfaceturbulenceandassociated a-
grangianscales.Thistypeof analysishasshovn thatthe 1/12 -resolutionMiami Isopychic CoordinateOceanModel
(MICOM) underestimate&KE in the Gulf Streamextensionand oceaninterior, perhapsdue to the climatological
forcing employed or the lack of vertical shearin the bulk mixed layer (Garrafo et al., 2001). Similarly, the 1/10 -
resolutionParallelOceanProgram(POP)modeldoesnot reproduceghe obseredLagrangiarscalesdueto themodel
beingtoo hydrodynamicallystablein the surfacelayer(McCleanetal., 2002).

Drifter obsenationsof currentandSSTarealsoextremelyvaluablewhenevaluatingtherole of oceanigprocesses
in SSTvariations. Thesedatahave beenusedto showv thattropical instability waves, zonaladwection, storageand
entrainmentll play a major role in the heatbudgetof the Paci ¢ (Hansenand Paul, 1987; Swensonand Hansen,
1999)andAtlantic (Foltz etal., 2003)equatoriakold tongues.

A numberof methodologicabdwanceshave beenpublishedrecently addingvalue to the SVP drifter dataset.
For example,asnotedearlier mary obsenationshave beencollectedby non-SVPdrifters, including the densedata
setcollectedby FGGE drifters in the SouthernOcean. Recently Pazanand Niiler (2004) announced dataset of
oceancurrentsderived by combiningthesedataafter applyinga drifter-dependenslip correctionmodel (Pazanand
Niiler, 2001). Thetypesof driftersin this datasetincludeSVP (bothwith andwithout drogue) FGGE(includinglater
FGGE-typedriftersdeployedby the Internationalce Patrol), andNavy-AN/WSQ-6.

Many oceaniaegionshave beensampledvery heavily in sometimesof theyearandlightly at othertimes,dueto
infrequentbatchdeploymentsfrom researchvesselr shipsof opportunity In regionswith strongseasonaluctua-
tions, suchasthetropical Atlantic, thiswill producebiasedestimate®f the mean o w whenthe dataareaveragedn
bins. Lumpkin (2003)addressethis problemby dividing the Lagrangiartime seriesinto spatialbinsand,within each
bin, decomposinghetime seriesinto time-meanannualandsemiannuaharmonicsandaresidual. This decomposi-
tion wasperformedusinga Gauss-Markv techniquefamiliarin theoceanographititeraturefor its usein boxinverse
models(e.g..Ganachau@ndWunsch,2000). This approacicanresole the amplitudesandphase®f seasonaluc-
tuationsthroughoutmostof thetropical Atlantic basinwith the presentdensityof SVP drifter obsenations(Lumpkin
andGarrafo, 2005).

An extremely exciting recentdevelopmentis the synthesisof SVP drifter obsenationsand satellite altimetry.
Altimetry is excellentat capturingthe variationsof sealevel heightassociatedavith geostrophioselocity anomalies,
but cannotyet mapabsolutesealevel with sufcient accurag to resole time-meancurrents.Furthermoresealevel
anomalyfailsto accounffor signi cant ageostrophicomponentsf velocity variation,suchascentrifugaleffectsthat
may accountfor differencedn drifter-derived andaltimeterderived eddykinetic enegy (EKE) on eithersideof the
Gulf Streamfront (Fratantoni2001).In addition,griddedaltimetricproductssmooththe obsenationsandthustendto
systematicallyunderestimat&KE. Niiler etal. (2003)describea methodologyto synthesizé&Ekman-remaeddrifter
speedsvith griddedaltimetricvelocity anomaliesn regionswherethey aresigni cantly correlated.This methodology
usesconcurrendrifter andaltimetryvelocitiesin orderto calibratethe altimetry, makingits amplitudeconsistentith
thein-situ obsenations,and usesthe continuoustime seriesfrom altimetry to correctfor biaseddrifter samplingof
mesoscaléo interannuabariations.By applyingthisapproacho theglobaldatasetof drifter obsenations Niiler etal.
(2004a)have producedh mapof theabsolutesealevel of theglobalocearfor theperiod1992—-2002In asimilar study
Rio andHernandez2004) synthesizedh geoid model, operationalwinds, and obsenationsfrom drifters, altimetry,
andhydrographyto produceanalternative globalmeandynamictopographyRio andHernandez2004). Futurework
will improve upontheseefforts by usingresultsfrom the Gravity Recavery andClimateExperimen{GRACE) andthe
rapidly growing datasetsof Argo oat pro les anddrifter trajectoriesn remoteregionssuchasthe SoutherrOcean.
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7. The future

The designof the SVP drifter hasclearly not ceasedo evolve — exempli ed by the recentintroductionof the mini
drifter — while its qualitatve characteristicandwaterfollowing propertieshave remainedelatively steadysincethe
earliesdeployments.Incrementalmprovementsn designandmanufcturingwill continueto increasearifter lifetime,
andalternatve methoddgor detectingdroguepresencésuchastetherstrain)arebeingconsideredNew methodologies
for drifter dataanalysiswill continueto be developed aidedby increasingnformationfrom the ever-growing drifter
arrayandfrom othersourcesof complimentaryobsenations. Densedeploymentsin eddy-rich,frontal regionswill
help us improve our understandingf eddy ux esand their role in modifying air-seaheat ux es and water mass
formation.

Thequality of drifter datawill alsoimprove with updatednterpolationschemesAs notedby HanserandPoulain
(1996), the structurefunctionsusedin the kriging interpolationare derived from tropical Paci ¢ obsenationsand
assumauncorrelatedzonaland meridionalspeeds At high latitudes,thesevelocity componentsareoften correlated
dueto looping motionin mesoscaleddiesandinertial oscillations. Futureinterpolationschemesnight exploit La-
grangianstochastianodelswith spin (e.g.,Reynolds, 2002) which caninclude this behaior. Hansenand Poulain
(1996) consideredh structurefunction for velocity which was consistenwith diffusion, but found that the total (as
opposedo eddy or turbulent) velocity wasnot robustly interpolated.At the presentdensityof drifter obsenations,
seasonatlimatologiesof nearsurfacecurrentscanbemappedat sufcient densityto amelioratehis problem.Revised
interpolationapproachesvill provide bettererrorestimatef theinterpolatedpositionsandvelocity, andmay allow
improvedestimate®f the LagrangiaracceleratiorD u=Dt.

By SeptembeR005the surfacedrifting buoy arrayof NOAA's Global OceanObservingSystemand Global Cli-
mateObservingSystemis projectedto consistof 1250 SVP drifters at a nominalglobal resolutionof 5 5 . The
major challengefacing AOML's Global Drifter Center(GDC), which coordinatedirifter deployments,is to arrange
deploymentsin regionsof surfacedivergenceandareasnfrequentlyvisited by researctor volunteerobsenationves-
sels. This logistical challengeis beingaddressedby air deployments,increasednternationalcooperationandthe
developmentof tools to predictglobal drifter array coveragebasedon its presentdistribution and historicaladvec-
tion/dispersionAs thearraygrows, it providesinvaluableobsenationsof oceandynamicsmeteorologicatonditions
andclimatevariations,andoffers a platformto testexperimentalsensorsneasuringsurfaceconductvity, rain rates,
biochemicalconcentrationsandair-sea ux esthroughoutheworld's oceans.
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Figurel: Schematioziew of two SVP drifter types.All componentsireshavn to scale;muchof thetetherlengthhas
beenexcluded.Thedroguesarecenterecht a depthof 15m.
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Half Life of Drifters Deployed from 1998-2003
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Figure 2: Half lives (days)of drifters deployed in 1998-2003. Black bar: half life of transmitter(e.g., velocity
obsenations).Light grey bar: half life of droguedpositionobsenations.Numbersabove the barsindicatehow mary
drifterswentinto eachcalculation,e.g.how mary driftersweredeployedthatyearwhich did not run agroundor were
pickedup. The 2003half livescould not be determineecausenorethanhalf arestill alive anddrogued.
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Figure3: Interpolatedocationsof two driftersin the SouthAtlantic (black points),with shadecerror barsfrom the
kriging. For oneof thedrifters,8—10satellite x esperdayyieldsnarrowv errorestimategsmallerthantheblackpoints
for somequarterday values). Transmissiongrom the otherdrifter were not picked up by the satellitesfor 12 days;

interpolationthroughthis gapyieldsa smoothtrajectoryandlargelocationerrorestimates.
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Figure4: Fieldscalculatedrom the mostrecentdecadgto 31 October2004)of quality-controlledSVP drifter obser
vations. Top: densityof obsenations(drifter daysper squaredegree). Middle: meancurrentspeedcm/s). Bottom:
meaneddykinetic enegy (cn?/s%).
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Time-mean speed, Ekman drift and slip removed
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Figure6: Top: Time-mearspeedof all SVP driftersin the subtropicalNorth Atlantic, October1989to April 2004,
with Ekmandrift andslip removed. A separatescale(bold arrows) is usedfor speedsxceedingl0 cm/s. Middle:
time-meanEkmandrift (RalphandNiiler, 1999; Niiler, 2001),shaving the wind-driven corvergencethat forcesthe
subtropicalgyre (alsoseeFig. 15 of Rio andHernandez2003). Bottom: time-mearslip of undroguedSVP drifters,
usingthe parameterizationsf Niiler andPaduan(1995)andPazanandNiiler (2001). Drogueddrifters experiencea
slip whichis smallerby anorderof magnitude Thetotal time-meardrift of undroguediriftersis givenby the sumof
thesethreepanels.
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