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ZUSAMMENFASSUNG

In dieserArbeit wurdenBeobachtungeausdenKornvektionsgebietederLabrador undderGron-
landseeanalysiert. Dabeistanderewei Aspektebesonderém Vordegrund: Zum Einendie zwi-
scherihrliche Variabilitat der Korvektionsétigkeit und derenAbhangigleit von Anderungerder
hydrographischeandmeteorologischeBedingungersavie vonderEisbedeckungZumAnderen
dieraumlichenSkalenundVertikalgeschwindigditenin einzelnerkonvektionszelle{Plumes)m
Vemleich zu existierenderSkalierungerausnumerischerund Tankexperimenten.Die Beobach-
tungenumfasserin derLabradorseelenZeitraumvon 1996bis 1999,in der Gronlandse@envon
1989bis 1995. WahrenddieserZeit wurdedie Entwicklungvon Temperatuund Salzgehalsowvie
Horizontal-undVertikalgeschwindingkesth mit veranlertenGeiatenerfal3t. Zusatzlichwurdendie
Mereihermit friherenDatenvon 1994/95(Labradorseedind 1988/89(Gronlandseeyerglichen.

Die beobachtet&ornvektionsaktiitat in der Labrador und Gronlandseeeigterheblichezwi-
schengihrliche Variabilitat. Im Beobachtungszeitraukonntejedochkein mit dem Nordatlanti-
schenOszillationsinde (NAO) korreliertesDipolverhaltenin Auftretenund Starke der Korvek-
tion festgestellverden. In derzentralen_abradorse@ahmdie maximaleKorvektionstiefezwi-
schen1995und 1999 von 1800 m auf 600 m ah Das neugebildetéVasserwurde zunehmend
warmerund salzrmer In denoberen2000m der Wassergulewurde einegenerelleErwarmung
mit einementsprechendewarmeflulRvon 34 W m—2 festgestellt.Verankerungenm Randstrom
der Labradorseeeigtenwederin den Vertikalgeschwindigéitsmessagen nochin der Tempe-
raturentwicklungAnzeichenvon winterlicherKorvektion. Die Situationin der Gronlandseavar
aufgrundder Wechseblirkung mit Eisbildungkomplexer. Korvektion trat nur unregelmafligund
auchnurbisin mittlere Tiefenauf, wobeiderAntrieb teilweiserein atmosphrisch teilweisedurch
Salzanreicherungufgrundvon Eisbildungbestimmtwar.

Die Messungerer Vertikalgeschwindighiten wurdenauf dasAuftretenvon Plumeshin un-
tersucht.Die Plumesin der Gronlandsedagenim Durchmesserzwischen200 und 600m, in der
Labradorseevurden200bis 1200m beobachtetDie abwartsgerichteteNertikalgeschwindighiten
lagenzwischen3 und 9 cms™!, wobeiin der LabradorsedaufigerhoheWerte registriert wur-
den. WahrendPeriodenvon starler Korvektion war esin der Labradorseanoglich, den ver-
tikalenWarmeflufdirektausdenMessungerzu bestimmenDie beobachtete@eschwindigkiten
skalierensich mit dem OberfaichenauftriebsfluRnd der Tiefe der durchmischterSchicht. Sie
werdennichtvon derErdrotationbeeinfluf3t.






ABSTRACT

Obsenrationsfrom the Labradorand GreenlandSeas,sitesknown for openoceancorvectionto

occur areanalyzedundertwo major aspectsthe interannualariability of corvectionandits re-

lation to variability of the hydrographic,meteorologicalandice conditions,andthe spatialand
velocity scalesof individual corvective plumescomparedo existing scalingargumentsderived

from numericalandlaboratoryexperimentsTheobserationswerecarriedoutin the LabradorSea
betweenl996and1999andin the GreenlandSeabetweeril989and1995. There mooredstations
weredeplo/ed, measuringhe temperatureandsalinity evolution andthe three—dimensiondlow

field over thewinter periods.Further the measurementsrecomparedo earlierobserationsfrom

theLabradorSeain 1994/95andfrom the GreenlandSeain 1988/89.

Thecorvectionactvity obseredin thecentralLabradorandGreenlandseashavedconsider
ableinterannuabariability throughouthe obsenrationalperiod,but no seesa behaior correlated
with the North Atlantic Oscillationindex. In the LabradorSeathe maximumdepthof corvection
decreasedrom about1800m in 1995to only 600 m in 1999. The watermasspropertiesof the
winter mixed layer shiftedtowardswarmerandlesssalineconditions. A generalwarmingof the
upper2000m wasobsered, correspondindo a heatflux of 34 W m—2. Obsenationswerealso
carriedout in the LabradorSeaboundarycurrentregion to registereventuallyhappeningorvec-
tion, but boththe vertical velocity measurementaswell asthe temperaturalevelopmentshaved
no evidenceof cornvectionactvity at the mooringlocations. In the GreenlandSea,the situation
wasmorecomplex becausef the interactionwith seaice. Corvectionoccurredirregularly to in-
termediatedepths eitherpurely driven by the atmospherer with additionalbuoyang forcing by
ice formation.

Thethree—dimensionaurrentmeasurementsereanalyzedor individual eventsof convective
plumes. The plumesin the GreenlandSeashaved horizontalscalesof 200—- 600 m andin the
LabradorSeadiametersof 200— 1200m were diagnosed.The downward velocitieswereof 3 —
9 cms~! with moreeventsof strongdovnward motionin the LabradorSea. During periodsof
intensecornvectionactivity in theLabradorSea,t waspossibleto directlymeasureéheverticalheat
flux. Theobseredvelocity scalesverefoundto beafunctionof thesuriacebuoyang flux andthe
mixedlayerdepthandnot controlledby the Earth’ rotation.
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1. INTRODUCTION

Two distincttypesof deepwaterformationoccurin theworld ocean.Thefirst is the descendingf
densewateralonga continentaklopewhichis foundaroundthe Arctic andAntarcticshelfregions,
but the DenmarkStraitandIceland—Scotlan®verflows alsobelongto this cateyory. The second
processs open—oceagorvectionoccasionallyreachinglarge depthsat a few known siteswhich
arethe centralGreenlandandLabradorSeasthe westernMediterraneanandthe Weddellgyre.

Theopen—oceanonvectionsitesarecharacterizely acycloniccirculation,tendingto presere
the weak stratificationin the interior by inclining the isopycnalstowardsthe surface (doming).
A schematiaepresentatiomf the large scalecirculationin the Greenlandand LabradorSeasis
givenin Figurel1l.1. Also shawvn is the topographyof a nearsurfaceisopycnal, expressingthe
doming. In the LabradorSeathe cyclonic gyre is formed by the northwestvard flowing West
GreenlandCurrentandthe southeastard flowing LabradorCurrent. The gyrein the Greenland
Seaconsistsof the WestSpitsbegen Currentto the east,the EastGreenlandCurrentto the west,
andthe Jan Mayen Currentto the south. During winter, strongbuoyang/ loss associatedvith
the prevailing meteorologicakonditionscausesvertical overturningof the watercolumnin the
corvectionregions.

Thecorvectionprocesss oftendividedinto threephasesfor which thetermspreconditioning
violentmixing andsinkingandspreadingwerecoined MEDOC Group,1970).The precondition-
ing phaserefersto the autumnandearly winter monthsduring which the shallav summemixed
layeris graduallyerodedthroughcooling andevaporation.Oncethe nearsurficelayer hasbeen
homogenizedadditionalforcing canovercomethe generallysmall remainingstratificationof the
deepeiayers,triggeringthe violent mixing phase.During this period of deepmixing, the water
columnis overturnedthroughcorvective cells (plumes) distributing the densesurfacewaterin the
vertical. Acting in concert,the plumesgeneratea mixed patchof densewater With progressing
time the horizontalgradientbetweerthe densewaterin theinterior andthe lessdensewaterin the
surroundingsncreasescausingbaroclinicinstabilitiesto develop at the edgeof the homogenized
region. This resultsin a spreadingf the densewateranda gradualrestratificatiorof the corvec-
tion region. Theverticalandhorizontalmixing phasesrenotnecessarilgequentiabut mayoccur
concurrently

Associatedwith the three phasesof deepconvectionis a hierarchyof scaleson which the
dominantprocesseduringtheindividual phase®ccur Thelargestscaleis thatof the corvectively
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FiG. 1.1: Schematicepresentatioof thelargescalecirculationin the Greenlandsea(upperpanel)andthe
LabradorSea(lower panel),depictingthe cyclonic circulation of the corvectionregimes(from
Marshall and Schott,1999). Doming is indicatedby the depthof isopycnalsey = 27.9 and
o9 = 27.5, respectiely. GSMis the locationof repeatednooredstationsin the GreenlandSea
andB is the positionof theformer OceanWeatherStationBravo.



generategbatchof nearlyhomogeneouwater This scaleof 50— 100km andlargeris setduring

the preconditioning(Swallow and Caston,1973). The lateral scaleof the individual convective

plumes,obsered during the violent mixing phasejs lessthanonekilometerandshortburstsof

downward motion of 10 cms~! and more occur (Schottand Leaman,1991; Schottet al., 1993;

Lilly etal.,1999).Thethird scaleis thatof the eddiesor instabilitiesassociateavith the break—up
of themixedpatch.Theirscaleof 5—10km is relatedto theinternalRossbyradiusof deformation
(Gascard1978;GascarcandClarke, 1983).

The obseration of small-scaleonvective plumesmotivateda numberof laboratoryand nu-
mericalexperimentgegardingtheir physicalpropertiege. g. JonesandMarshall,1993; Maxwor-
thy and Narimousa,1994; Coateset al., 1995). One of the conclusionsrom thesestudieswas
thatthe velocity andlengthscalesof plumescouldbe describedhroughexternalparametersuch
asthe buoyang flux at the surface,the mixed layer depth,andthe rotationrate. Assumingthat
the growth of plumesis constrainedy the Earth’ rotation,two flow regimesweredervedwhich
are characterizedhroughdifferentscalinglaws. A measurdor the importanceof rotationis the
turbulentRossbynumber For Rossbynumberdargerthana critical valuetheturbulenceis three—
dimensionalbut with decreasindgRossbynumbertheflow field becomesotationallycontrolledand
quasi—2Dvortex structuresareformed(Coatesandlvey, 1997). However, it is not clearwhich of
thetwo regimesis appropriatdor oceanicconditions.

The volume of newly formeddeepwaterdependsrucially on the physicalpropertiesof the
convective plumes. The intensedovnward flow of the plumesis compensatethy weak upward
motion inbetween but a net dovnward volume transportin the interior of the mixed patchmay
occur Onthelarge scale,a netdowvnward motionwould generate horizontalcirculationaround
themixedpatch,cyclonic nearthe surfaceandantig/clonic at depth,accordingto vorticity conser
vation.

Sendand Marshall (1995) investigatedthe integral effect of corvective plumesin a non—
hydrostaticmodel and concludedthat the meandowvnward velocity hasto be much lessthan
0.01cms™!, which would be insignificantfor deepwaterformationratesand not even measur
able with presentday instrumentation.Klinger et al. (1996) comparedplume—resolvingnodel
runswith theresultsof botha slow andaninstantaneousonvective adjustmenschemeTheslow
adjustmenschemds equivalentto emplg/ing a large vertical diffusion, while instantaneouad-
justmentcorrespondso aninfinite diffusivity. They found thata mixing modelof corvectionis
adequateo represengrosspropertieof theplumesseenin the high—resolutiormodel.

In consequencehe role of plumesin the convection processs to efficiently mix the water
columninsteadof funnelingwaterdownward. The actualsinking of the newly formeddeepwa-
ter to its neutrally buoyant level hasto occuron a longertimescaleandis probablyassociated
with geostrophieddydynamics(Marshalland Schott,1999). The implicationfor the volume of
newly formeddeepwateris thatthe additionalvolumetransferredo a nev densityclasshasto be
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consideredinsteadof the time andareaintegral of the vertical velocity duringthe violent mixing
phase.

Open-oceadeepcorvectionis not a regular processvhereevery winter a distinctamountof
new deepwateris formed, but is subjectto considerablenterannualariability. Suchvariability
hasbeenfoundatall known corvectionsitesrangingfrom vigorouscorvectionactiity completely
overturningthe watercolumnto its total absenceEvidencewasfoundthatthe variability of con-
vectionintensityin the Greenlandand LabradorSeasis linked to the North Atlantic Oscillation
(NAO), adominantmodeof atmospheriwvariability over the Atlantic sectorof the northernhemi-
spherg(Dicksonetal., 1996).

Ongoingcorvectionto theocearbottomhasnotbeenobseredin the Greenlandeaat present,
but is suspectedo occuroccasionallybecausef the watermasspropertieof the GreenlandSea
DeepWater(GSDW). Thelow temperatureandsalinitiesof GSDW comparedo theneighbouring
deepbasing/Aagaardetal., 1985)aswell asthe high concentrationsf anthropogenitracers(Pe-
tersonandRooth,1976;BullisterandWeiss,1983;Smethie Jr. etal., 1986)suggesanoccasional
deepmixing of GreenlandSeasuriacewaters. Cornvectionbelov 2000m apparentlyoccurredin
the centralGreenlandSeaduring the 1960sand early 1970sastemperaturaneasurementshav
coolingof GSDW duringthis periodandwarmingduringthe 1950sand1980s(Clarke etal., 1990;
Meincke et al., 1992). Tracerobserationsalso suggest reducedGSDW formationduring the
1980s(Schlosseetal., 1991).

Interannuabariability of deepcorvectionhasalsobeenobseredin the centralLabradorSea.
Between1964 and 1968 corvection to intermediatedepths(400 — 1200 m) occurredat ocean
weatherstation(OWS) Brava while between1969and 1971 corvectionactiity ceasedandthe
depthof thewinter mixedlayerdid not exceed200m (Lazier,1980). The shutdavn of convection
during 1969-71is oftenattributedto the freshwateradwectedthroughthe so called Great Salinity
Anomalythat passedhe LabradorSeaduringthis time (Dicksonet al., 1988),but coincidedwith
mild winterswhich is probablythe primary reason.This is supportedy the factthat the fresh-
wateranomalywasstill presen{andstrongestjn the LabradorSeain late 1971,but exceptionally
strongforcing resultedn convectionto 1500m anddown—mixing of thefreshwater(Lazier,1980;
Dicksonetal., 1996).

During the late 1970sClarke and Gascard1983)obsenred corvectionto depthsgreaterthan
2000m in 1976andto a depthof 1200to 1400m in 1978. Generally yearsof intensecoolingare
accompaniedby thickeningof the LabradorSeaWater(LSW) layer, which wasfoundin the early
1970sandafter1983ontotheearly1990s(Curry etal., 1998). The deepwaterformedin theearly
1990swasthe coldestfrom all records andby 1992analmosthomogeneousSW layerextending
belov 2300m wasfound (Lazier,1995;Dicksonetal., 1996).

Thecorvective historyof the GreenlandindLabradorSeadedto theconclusiorthatthewinter
corvectionactvity atthetwo siteswasin phasebut of differentsignandin synchroiy with theNAO



(Dicksonetal., 1996). Thecoolingof GSDW indicatingdeepcorvectionactiity duringthe 1960s
andthe ratherweakconvectionactvity in the LabradorSeacorrespondedb a periodof negative
NAO, while theintenseconvectionin the LabradorSeaduringthe early 1990swasduringa phase
of positve NAO with no deepcorvectionbelaov 1500m in the Greenlandsea.

Corvectionsitesare obviously sourceregionsfor the watermassedound in the deepocean
whichform thelower branchof thethermohalinesirculation(THC), yetthe sensitvity of the THC
to theintensityof deepcorvectionis contraversially discussedn numericalstudiesof large—scale
circulationvariability. A numberof coarseresolution,coupledocean—atmosphereodelssuggest
arelationbetweerthe strengthof the THC andthevariability of the surfaceconditionsin thedeep
waterformationregions.

Delworth etal. (1993)foundirregularoscillationsof the THC in the North Atlantic with atime
scaleof about50years drivenby densityanomaliesn the sinkingregion of theirmodel. Timmer
mannetal. (1998)discussea coupledair—seamodein the northernhemispheravith a period of
about35 years. A strongTHC in the North Atlantic resultedin positive seasurfacetemperature
(SST)anomaliescausinga strengthenetlAO. Theresultingseasuriacesalinity anomaliesn the
oceanicsinking regionswealen deepcorvectionandsubsequentlyhe THC, leadingto a reduced
polevard heattransporiandtheformationof negatve SSTanomalies.

In contrast,sensitvity studieswith a high—resolutionpocean—onlymodel shaved very little
effectonthemeridionaloverturningrate ,evenwith acompleteshutdevn of deepcorvective mixing
in the LabradorSea,but a strongerdependencen changesn the overflov conditions(Boning
etal., 1996;DoscherandRedler,1997). In their studyof anidealizedthree—dimensionahodel,
Marotzle andScott(1999)evenquestionedvhetherdeepwaterformationby corvective mixing is
anecessaringredientof aTHC.

An extensve simulationwith a coupledatmosphere—oceareimodel(HadCM3)hasbeencar
ried outby Woodetal. (1999). Theimprovementsncludeanincreaseacearhorizontalresolution
(1.2% x 1.28) andinclusionof acorvectionschemen regionsof denseoverflons. They obtained
realisticrepresentationsf overturningrates deepwaterformationandoverflows, withouttheneed
of unphysicalflux adjustmentgatrtificial correctionsof the air—seafluxesto keepthe modelfrom
drifting). In asimulationwith increasedyreenhouse—ga®ncentrationghemodelrespondedy a
collapseof convectionandthe circulationin the LabradorSea,while the strengthof the overflow
appearednsensitve to CO, changesDueto the absencef deepwaterformationin the Labrador
Seathemaximumoverturningat 24° N droppedby about20%in theirmodel.

A largenumberof studieshave beenundertaknto improve theunderstandingf thecorvective
processn theopenocearmandits representatiom models.Theseincludeseveralfield experiments
aswell aslaboratoryandnumericalmodelingefforts (seeMarshallandSchott,1999,for areview).
During the pastyearsintenseobsenationsof oceancorvectionwerecarriedout in the Greenland
andLabradorSeasfar exceedingpreviousefforts (GSPGroup,1990; TheLab SeaGroup,1998).
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Basedon multi-yearobserationsof the mixed layer developmentandthe three—dimensional
flow field in the LabradorSeabetweer1994and1999andin the Greenlandseabetweerl988and
1995,two majortasksareaddressecth this study: First, the interannuabariability of convection
actvity in the respecire regionsis describedand linked to the prevailing boundaryconditions.
Secondthe physicsof the corvectionprocesstself areanalyzed Theoreticakcalinglaws derived
from numericalandlaboratoryexperimentsaretestedagainsthe obserations.

A descriptionof the measuremensetupis given in Chapter2. Chapter3 summarizeghe
generalmeteorologicahndice conditionsin the centralGreenlandandLabradorSeas.Chapterd
focuseson the seasonadndinterannualariability of convectionactiity. Therelative importance
of surfaceforcing, stratification,and seaice is discussedvith regardto the obsered depthsand
watermasspropertieof thewinter mixedlayet

Finally, Chapter5 givesa closerexaminationof theviolentmixing phasecharacterizethy en-
hancedverticalvelocity activity. The obsered spatialandvelocity structureof cornvective plumes
is discussedswell asthe vertical heatflux associateavith them. The obserationsarecompared
to theoreticabkcalinglaws, relatingthe velocity andlengthscalesof plumesto externalparameters.
Conclusionsredravn ondiffusivities adequatéo representornvective plumesasaverticalmixing
process.



2. OBSER/ATIONS

Deepcorvectionin the openoceantakes placeduring late winter in remoteand hostileregions.
While shipboardobserationsduring periodsof active corvectionwere only sparselycarriedout
in the past,mooredstationswith instrumentsapableto measurghe three—dimensiondlow field
provide anidealmeango aquiredetailedinformationaboutthe physicalprocessesf suchevents.
An overview of the mooringwork in the Labradorand GreenlandSeasis givenin the following
sections. For an in—depthcompilationof emplg/ed instrumentsaswell astheir accurag and
calibrationthereadeiis referredto AppendixA.

2.1 LabradorSeal994— 1999

The formationof LSW throughdeepcornvectionin the LabradorSeais oneof the key objectives
of theresearctprogramentitiedDynamicsof ThermohalineCirculation Variability (SFB460)ini-

tiatedat the Institut fur Meereskund&iel (IfM Kiel) in 1996. The majorfield actiities startedn

the summerof 1996 concurrentlywith the Labrador SeaDeepCorvectionExperiment{The Lab
SeaGroup,1998).Besideghe mooringwork, thecomponent®f the obserationalprogramswvere
meteorologicahndair-sedlux measurementiydrographicuneys, surfacedrifters,anddifferent
typesof floats(PALA CE floats,profiling RAFOSfloats,and3D Lagrangiarfloats).

The mooringwork focusedon threeobjectives: point measurementsf convection, obsera-
tionsin the boundarycurrentregion, and monitoring of integral quantitiesusing acoustictomo-
graphy CTD suneys werecarriedout eachsummerduringthe mooringdeplaymentandrecovery
cruises. The positionsof the mooredstationsareshawvn in Figure2.1. Additionally, two winter
cruiseswerecarriedoutwith R/V Knorr, onein February/Marci997andonein January/February
1998. The Labrador SeaDeepCorvectionExperimentastedfor a periodof two years,endingin
thesummerof 1998, while the corvectionobsenrationsin theframeavork of SFB460werecontin-
ued. In generalthe mooringswerereplacedavery summetin July/Augustandby thetime of this
writing threeperiods,up to summerl999,werecompleted.

Theobserationof deepcorvectionin theLabradorSeaat mooredstationsalreadystartedn the
summerof 1994with a singleUS/Canadian/Germauniversity of Washington/Bedfordnstitute
of Oceanography/IfMKiel) mooring. Thepositionof this mooringwaschosercloseto the WOCE
AR7W repeathydrographysection(B1226in Figure2.1). It is often called Bravo mooring,due
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FiG. 2.1: Positionsof IfM Kiel mooringsin the LabradorSeaduring the threeobsenationalperiodsbe-
tweensummerl996andsummerl999. Also shown is the positionof the former oceanweather
station (OWS) Bravo. The mooring B1226 (University of Washington/Bedfordnstitude of
Oceanographyis occupiedsincesummerl1994 and senesasa continuationof the Bravo time
series.

to the proximity of its positionto the operationareaof the former oceanweatherstation(OWS)
Brava

OWS Bravowaslocatedat 56°30’N, 51°00'W, nearthe centerof the LabradorSea. Surface
meteorologicameasurementwere carriedout therefrom 1946to 1974, and deephydrographic
profilesfrom 1964to 1974 (Lazier,1980). Mooring B1226is intendedto serne asa continuation
of the Bravotime series. After the successfulbbseration of deepcorvectionduring the winter
of 1995 (Lilly et al., 1999), the following deployment period 1995/96suffered a major loss of
instrumentsOnly threedeepcurrentmetersof this mooringwererecovered.

Themainsite of corvectionobserationswasat mooringK1 (Figure2.1),deplo/edin August
1996andreplacedy themooringsk11 andK21 for the following winter seasonsTheseconvec-
tion mooringscarriedacoustidDopplercurrentprofilers(ADCPs)recordingall threevelocity com-
ponentssinglepoint currentmetersto measuréiorizontalcurrents andtemperature/condueity
recorder{SeaCA's andMicroCATSs) to follow the developmenibf thestratification(Figure2.2).

In additionto the corvection moorings,a new obserational techniquewasintroducedwith
the mooredprofiler, designedo climb up anddown the mooringwire while aquiring CTD data
(Dohertyet al., 1999). Newer versionsof this instrumentinclude currentmeasurements-or the
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FiG. 2.2: Schematidiagramof theconvectionmooringsin thecentralLabradorSeaasdeployedin thewin-
tersof 1994/95(participationon Univ. Washington/BlOBravomooring),1996/97(K1), 1997/98
(K11),and1998/99(K21).

first year(1996/97),the CTD profiler waspartof mooringK5, locatednortheastwrd of K1. The
profiler wasintendedto cover the upper2500m, profiling every otherday Unfortunately during
the deplyymentthe inducedelectromagneti¢orce from the instrumentsliding on the wire over-
loadedthe instrument driving motor; it never profiled. This misfunctionin the initial designof
theinstrumentwasremoved by the manubcturerbeforethenext deployments.

For thefollowing yearsthe positionof the profiler mooringwasshiftednorthwestvard of K1,
wherethedeepesmixedlayerwasobseredduringtheR/V Knorr cruisein March1997(moorings
K15, andK20). For thosetwo deplgymentsthe instrumentoperatedver the whole period,but in
bothcase®nly thelower half of theprofiling rangewascoveredtowardstheendof thetime series,
missingthe part of the water columnwhereconvectiontook place. The profiler mooringswere
additionallyequippedvith a downwardlooking ADCP ontop.
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Obsenrationsin the boundarycurrentregion wereinitiatedin summerl996with mooringK2,
locatedatthe2400m isobath,andmooringK6, locatedatthe 1200m isobath.Both mooringswere
equippedwith upward looking ADCPs. Mooring K6 hadtwo additonalcurrentmetersof which
onereturneddata,while mooringK2 wasfully equippedasa corvectionmooringto recordeven-
tually happeningcorvectionin the boundarycurrentregion assuggestedby Pickartetal. (1997).
MooringK2 wasreplacedy K12, with similarinstrumentationin summerl997,while K6 wasnot
continued.For thethird deploymentperiod(K22, 1998/99)the positionwasshiftedto the 2800m
isobathwhichis atthe coreof thedeeplLabradorCurrent.

Themainpurposef theremainingmooringgK3, K4/K14/K24,andL0/K17/K23)wasto carry
theacoustidomographyinstrumentsTwo of them (K17, K23) hadadditionalADCPsandaminor
numberof currentmetersand SeaCA's. The analysisof the tomographydatais ongoingwork at
themomentandnotfurtherconsideredhere.

2.2 Greenlandseal988— 1995
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FiG. 2.3: Positionsof convectionmooringsin the GreenlandSeabetweerll988and1995.

Thepositionsof themooringsoperatedn the Greenlandeabetweerl 988and1995areshavn
in Figure2.3. The obserationsstartedwithin the framewvork of the GreenlandSeaproject(GSP),
a major investigationof the circulation, generalhydrographyand deepwaterformation, carried
out between1987 and 1993. An intensefield operationtook place betweensummer1988 and
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summerl989(GSPGroup,1990). The mooringwork in the centralGreenlandSeaconsistedf
convectionmooringgSchottetal., 1993)andanacousticomographyarray(Worcesteetal., 1993;
Pawlowicz et al., 1995; Morawitz etal., 1996). Two of the corvectionmooringswere partof the
tomographyarray(T5, T6). In summerl989themooringarraywasreplacedy asinglestationthat
wassubsequentlyeplacedevery summer(with gaps)until 1995. A large numberof CTD suneys
werecarriedout over this period(e. g. Budéusetal., 1993,1998;Lherminieretal., 1999).

M319 1988/89 GSM3 1992/93 GSM4 1993/94 GSM5 1994/95
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FiG. 2.4: Schematidiagramof the corvectionmooringsin the centralGreenlandSeaasdeployedin the
wintersof 1988/89(M319), 1992/93(GSM3),1993/94GSM4),and1994/95(GSM5).

Thedistribution of instrumentsn mooringM319is shawvn in Figure2.4. Theinstrumentatiomf
the southeastard mooringM250 wasvery similar to thatof M319. Mooring T6 hadtwo ADCPs,
onelookingdownwardat200m andonelookingupwardat 1400m. Additionally T6é wasequipped
with SeaCA's, recordingbothtemperatur@ndconductvity (Roachetal., 1993).

During the first period of continuedobsenrations, the winter of 1989/90,a single mooring
was deplged at a positioninbetweenthe former M319 and T6 positions(GSM1, not shavn in
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Figure2.4). Theinstrumentationvassimilarto mooringM319 with oneupwardlooking ADCP at
321m, athermistorstring,andfour currentmeters.After its recovery it turnedout thatthe ADCP
alreadyhadstoppedvorking duringthedeplo/ment. Thusno ADCP datawereobtainedduringthe
winter of 1989/90.

Mooring GSM1 wasreplacedoy GSM2in July 1990. It wasequippedwith two ADCPs at
300m depth(oneupwardandonedowvnwardlooking), two thermistorstrings,four currentmeters,
andtwo SeaCA's. Unfortunatelythis mooring could never be recovered. All instrumentswere
lost, exceptfor the upward looking ADCP, which wasfound by the Norwegian Navy in summer
1995. The instrumentstill containeddatafrom the winter of 1990/91. The loss of the mooring
madeit impossibleto continuethe obserationsinto the next winter of 1991/92 dueto thelack of
instruments.

Theobserationswereresumedn summerl992with mooringGSM3,continuedover thewin-
terof 1993/94(GSM4),andwereterminatedn Octoberl995with therecovery of mooringGSMS5.
All threemooringswerelocatedat about75’ N 4° W, andhadvery similar instrumentationgFig-
ure2.4). Instrumenfailureswerethethermistorstringsin mooringGSM3andthe ADCP in moor
ing GSM4,whichreturnedno data.

Overall, the nearlycontinuougime seriesaquiredin the centralGreenlandseabetweenl 988
and1995andin thecentralLabradorSeabetweerl994and1999,represenbneof themostexten-
sive datasetsever gainedat convectionsites.



3. SURFACE BOUNDARY CONDITIONS

The deepeningf the oceanicmixed layer, reachinglarge depthsin corvectionregions,is driven

by air-seafluxes of momentumand massassociatedvith the prevailing meteorologicabnd sea
surfaceconditions.As densityfluctuationsappeain the gaverningequationsalwaysmultiplied by

the gravitational acceleratiory, it is corvenientto introducean expressiorfor the buoyang (e.g.

Niiler andKraus,1977):

b= —g2 PO (3.1)
po
Usingallinearizedequatiorof state
p = po[l — (8 — ) + B(S — So)] (3.2)
resultsin
b= g[a(0 — ) — B(S — So)], (3.3)

wherea andg arethethermalexpansionandhalinecontractioncoeficients,respectiely. 6 is the
potentialtemperaturesS is the salinity, andp is the density The subscriptzerodenotegeference
values.Valuesof « andg suitablefor wintertimeconditionsin the GreenlancandLabradorSeas
aregivenin Table3.1.

Note thatin the GreenlandSeathe thermalexpansioncoeficient is only onethird of thatin
the LabradorSea. Thusthe sameheatflux causesa threetimeshighertemperatureechange(and
correspondinduoyang flux) in the LabradorSeacomparedo the GreenlandSea. The haline
contractioncoeficientis aboutthe samein bothregions.

With the temperatureandsalinity changesausedy air-seafluxes,the buoyang flux at the
seasurfacecanbeexpressedn termsof heatandfreshvaterfluxesusingEquation3.3:

B=g ozi —BSo(E—P)| . (3.4)
Pocp
Here( isthesurfaceheatflux (negative valuesmearflux of heatfromtheocearto theatmosphere),
E — P representshe netfreshvaterflux (evaporationminusprecipitation),andc, is the specific
heatcapacity The surfacebuoyang flux B is the fundamentafuantitydriving convectionin the
ocean. It is typically of the orderof 10~7 m? s~3 during periodsof strongwintertime surface
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TABLE 3.1: Valuesof thermalexpansiona andhalinecontractiong coeficientsasa function of typical
wintertimesurfacetemperatur@ndsalinity in the GreenlandandLabradorSeas.

6  So Po a B

°C kgm3 x104K-! x10™*
Greenlandsea -1.3 34.7 1027.9 0.3 7.9
LabradorSea 3.2 34.7 1027.6 0.9 7.8

forcing at the convectionsites. Negative valuesdenotea lossof buoyang of the oceancausinga
densityincreaséan theoceaniamixedlayet

3.1 Atmospheridrorcing

Measurementsf meteorologicalparametersand in particularair-seafluxes, are not routinely
availablefor the remotecorvectionregions. A notableexceptionis the LabradorSeaDeepCon-
vectionExperimentwheredirectmeasurementsf heatfluxeshave beenobtainedduringa winter
cruiseof R/V Knorr in February/Marci1997 (The Lab SeaGroup,1998). The availability of at-
mospheridields suchasfrom the NationalCentersor EnvironmentalPrediction/NationaCenter
for AtmospheridResearctiNCEP/NCAR)reanalysigrojectis thereforeof greatbenefit.

TheNCEP/NCARreanalysigrojectusesafrozenglobaldataassimilatiorsystento producea
globalrecordof analysedatmospheridields. The dataassimilationsystemis keptunchangeaver
thereanalysigperiod. This eliminatesclimatejumpsthatmayotherwisebeassociatedith changes
in the dataassimilatiorsystem(Kalnayetal., 1996).

3.1.1 ShipboardObserations

Althoughit is beyond the scopeof this work to validatethe NCEP/NCARreanalysisdata,some
remarksshouldbemaderegardingtheirreliability comparedo othersourcesDirectmeasurements
of theturhulentflux of sensibléheatwerecarriedoutduringthe R/V Knorr cruisel47. Additionally
a regional atmosphericirculationmodel (REMO) was setup for comparison.Measurementsf
evaporatiorcouldnotbe performediueto the predominangir temperaturebeingbelow thefreez-
ing point. The surfacemeteorologicatlatafrom the Knorr cruisewerenot enteredontothe GTS
(Global Telecommunicatiosystem) andthereforenot usedin the NCEP/NCARmModelanalysis.
Comparinghedirectestimate®f thesensibleheatflux to fluxesobtainedwith bulk parameter
izations,the bestagreementvasfound usingexchangecoeficientsasgiven by IsemerandHasse
(1987),this holdsfor both the Knorr andthe REMO data(K. Bumke, personakcommunication).
Figure3.1 shawvs a comparisorof basicmeteorologicatjuantitiesandflux estimatedetweerthe
differentsources.Two versionsof the NCEP/NCARflux dataareshavn: Oneasprovidedin the
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originalfieldsandonecomputedrom basicatmosphericlatausingthe parameterizationf Isemer
andHassg1987).Meanvaluesof theflux estimaterelistedin Table3.2.

Regardingthe sensibleneatflux the bulk estimategrom the Knorr, REMO,andNCEP/NCAR
meteorologicatlatacompareratherwell, while the original NCEP/NCAR(flux is about80 W m—2
higherin the mean.This would suggesto favor fluxescomputedrom the basicatmospheridata.
Ontheotherhand theoriginal NCEP/NCARIlatentheatflux is in goodagreementith theREMO
data,while thebulk estimatesppeato betoo low.
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FiGc. 3.1: Comparisonof daily mean(a) ai—seatemperaturaifference,(b) wind speed,(c) latent heat
flux, and(d) sensibleheatflux betweenFebruary4 andMarch 3 1997in the LabradorSeafrom
R/V Knorr cruisel47shipboardbsenations(solid), NCEP/NCARreanalysiglata(dashed)and
resultsof the regional model REMO (dashdot). NCEP/NCARand REMO datawere extracted
from grid pointscorrespondindo the cruisetrack of the Knorr. Also shavn are fluxesrecom-
putedfrom NCEP/NCARDbasicatmospheriadata(dotted)usingthe parameterizationf Isemer
andHassg1987)(REMO andR/V Knorr databy courtesyof K. Bumke).

Asthebulk parameterizationf IsemerandHassg1987)resultsin ratherhigh fluxescompared
to exchangecoeficients proposedby otherauthors(e. g. Large and Pond, 1982; Smith, 1989),
the even highervaluesfrom the original NCEP/NCARdatamight be consideredinreliable.Ren-
few etal. (1999)comparedhe meteorologicatlataobtainedduring the Knorr cruisewith model
analysisdatafrom the EuropearnCentrefor Medium RangeWeatherForecastingECMWF) and
reanalysiglatafrom NCEP/NCAR,usinga bulk algorithmfollowing Smith (1988)andDeCosmo
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TABLE 3.2: Meanvaluesfor the periodbetweerFebruaryd andMarch 3 1997 of latentandsensibleheat
flux in theLabradorSeashovnin Figure3.1.

LatentHeatFlux SensibleHeatFlux

(Wm™2) (Wm2)
Knorr 147 -148 -218
NCEP/NCAR -174 -294
NCEP/NCAR(Isemer& Hasse) -102 -194
REMO -174 -210

etal. (1996). They foundthatthe overestimatiorin the NCEP/NCARflux datais mainly related
to discrepancies the seasurfacetemperaturer the relatve humidity data. They concludedhat
theroughnessengthformulausedin the NCEP/NCARreanalysiss inappropriatdor situationsof
large ai—seatemperaturalifferencesandhigh wind speeds.

Onthe otherhandit is not clearwhetherthe resultsof the directmeasurementsould be gen-
eralizedto otherseasonandareagasthe Greenlandsea). It remainsan ongoingresearctwhich
bulk parameterizatiogivesthe bestestimatef surfaceheatfluxesundera wide rangeof atmo-
sphericconditions. Thereforethe NCEP/NCARreanalysidlux data,with the advantageof being
aconsistentlatasetover severaldecadeswill be usedunmodifiedin the following. Nevertheless,
theabsolutelux valueshave to be usedwith caution.

3.1.2 ClimatologicalWintertimeConditions

The availability of the four decadespanningNCEP/NCARreanalysidatasetallows to discuss
someclimatologicalaspectof the surfaceforcing relevant for deepcorvection, asits temporal
andspatialdistribution. Figure 3.2 shavs the meantotal heatflux and 10 m wind for the winter
months(DecembethroughMarch)for theperiodfrom 1958to 1999,coveredby theNCEP/NCAR
reanalysiglata.

The meanwinter situationis characterizedby high pressurever Greenlandandlow pressure
southwesbf Icelandandalongthe Norwegiancoast. This situationcausestrongnortherlywinds
overtheGreenlandseaandnorthwesterlywindsoverthe LabradorSeabothbringingcoldanddry
air of arcticorigin over the corvectionregions. The high wind speedsaswell asthelarge air—sea
temperatureontrastsassociatewith theseoutbreaksesultin thelargefluxesof sensibleandlatent
heatnecessarfor deepcorvectionto occur

In the LabradorSeathe maximumaverageheatloss, exceeding350 W m—2, is locatedin the
northwesterrpart along the Labradorcoastjust off the ice edge. The climatologicalice edge
appearsasa sharpgradientin the heatflux distribution. Furtherdownstreaminto the region of
weeleststratificationwheredeepcorvectionis obsered, the heatlossdropsto about250W m=2,
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FiG. 3.2: Spatialdistribution of meantotal surfaceheatflux and10—mwind (vectors)from NCEP/NCAR
reanalysiverthewinter months(DecembethroughMarch)for theperiod1958-1999.

In theGreenlandeathemaximumheatossof about300W m—2 is foundwestof Spitsbegen
in the region wherethe relatvely warm waterof Atlantic origin carriedby the West Spitsbegen
Currentencountershecold arcticair. To thecenterof theGreenlandseagyretheaverageheatloss
dropsto about230W m~2. Asin theLabradorSeathe climatologicalice edgeappearsn theheat
flux distribution asa sharpgradient,originatingin the centerof the Fram Straitandreachingthe
Greenlandcoastsouthof the DenmarkStrait.

The meanseasonatycle of surface heatfluxes, air temperatureand wind speedfrom the
NCEP/NCARreanalysigdatais shavn in Figure 3.3 for a grid point in the corvectionregion of
the centralGreenlandSea. The coolingseasonwhenthetotal suriaceheatflux dropsbelav zero,
startsby mid—Septembegindendsby theendof April. Theincomingshortwave radiationvanishes
during the polar night (Octoberto February). Peakvaluesof heatflux exceeding300 W m—2
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FiG. 3.3: 42—year(1956-1999)meandaily surfaceheatfluxes(a), air temperaturegb), and 10—mwind
vectors(c) from NCEP/NCARreanalysisat 75° 14.1'N, 1° 52.5'W in the corvectionregion of
thecentralGreenlandSea.

evenin the long term meanare found during the monthsof Decemberand Januarywith more
thanhalf of it contrituted by sensibleheatfluxes. In FebruaryandMarchthetypical heatlossis
of about200 W m~2. The air temperatur@eacheshe freezingpoint by the end of September
afterwardsit dropsnearlylinearly to its minimum of about-10 °C in mid—February Fromthen
on thetemperatureises,againnearlylinearly, andreacheghe freezingpoint by the endof May.
Northerly winds dominateover the whole cooling seasorwith speedsof about5 ms™! in the
climatologicalmean.Off the coolingseasorthe meanwind speedsrerathersmall.

The meanseasonatycle of surfaceforcing in the centralLabradorSea(Figure 3.4) is very
similarto the Greenlandsea.Thecooling seasonstartingby mid—Septembeaindendingby mid—
April, is only abouttwo weeksshorter Thetypicalwintertimeheatiossvaluesof 200— 300W m—2
arethesameasin the Greenlandsea but maximumvaluesoccuraboutonemonthlater, duringthe
monthsof Januaryand February The contrikution of the latentheatflux to the total heatflux is
larger comparedo the GreenlandSea,but the sensiblecomponenits still dominant. The cycle of
the air temperaturés of similar shape put about7 °C warmer with minimal temperatureat the
beginning of February Westerlywinds dominateover thefirst winter months,until Januarywhere
they shift somavhatto morenorthwesterlydirections. Wind speed®f 5 m s~! andmorearefound
duringthewhole coolingperiodin the climatologicalmeanvalues.
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FiGc. 3.4: SameasFigure3.3at56° 11.4'N,50° 37.5'W in thecentralLabradorSea.

3.1.3 Interannualariability

The intensity of deepcorvectionin the Greenlandand LabradorSeasshawvs greatinterannual
and interdecadalariability, and evidencewas found that this variability is linked to the North
Atlantic Oscillation(NAQ) (Dicksonetal., 1996). The NAO is the dominantmodeof atmospheric
variability over the Atlantic sectorof the northernhemispherde. g. van Loon andRogers,1978;
Wallaceand Gutzler,1981). The oscillationis presenthroughoutthe yearbut mostpronounced
duringwinter (BarnstonandLiveze, 1987),wherethe NAO accountdor morethan36% of the
varianceof themeansealevel pressurdield (Hurrell, 1995).Basicallythe NAO is ameasuref the
strengthof the westerliesover the North Atlantic betweerthelcelandicLow andthe AzoresHigh.

Rogerg1984)definedanindex of the NAO asthedifferencebetweemormalizedmeanwinter
(DecembethroughFebruarypressur@anomaliest Akureyri, Iceland,andPontaDelgadaAzores.
The normalizationis doneby dividing the winter pressureanomaliesby the long—termstandard
deviation of themeanpressureHurrell (1995)selectedstykkisholmuy Iceland ,andLisbon,Portu-
gal,in orderto extendtherecordanadditional30 years andusedthemonthsof Decembethrough
March for the winter means. Joneset al. (1997) extendedthe further index backto 1823 using
earlypressur@ecordsfrom Gibraltarandsouth—westceland. Their normalizatiorwasperformed
on a monthly basis,with meansand standarddeviations producedfrom the period 1951to 1980
(Figure3.5).

During periodsof high NAO index the westerlywinds over the North Atlantic are stronger
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FiG. 3.5: Timeseriesof thewintermean(DecembethroughMarch)of theJonesetal. (1997)NAO index.
Beginningin 1823andupdatedo the winter of 1999/2000.Normalizationwas performedon a
monthly basis,with meansandstandardieviationsproducedrom the period1951to 1980. The
heavy solidline is the 5—yeardowpassedime series.

thannormal,leadingto warmerandwetterthannormalconditionsover northernEuropeandcolder
thannormalconditionsover easternrCanadgHurrell, 1995;Hurrell andvanLoon, 1997). Cayan
(1992)analyzedhetemporalndspatialvariability of monthlymeanatentandsensibleneatfluxes

derivedfrom theComprehense Ocean—Atmosphei@ataSet(COADS) andfoundlargecovarying

patternsn associationwvith the NAO in the North Atlantic. In thesubpolaiNorth Atlantic, theheat
fluxesshav apositive correlationwith theNAO duringthewinter months.However, the Greenland
Seaareawasnotincludedin thatanalysis.

The NAO index shaws both high frequeng variability from yearto yearandlow frequeng
variability whereanomalousirculation patternspersistecover several winters. The later part of
therecordshavs atrendfrom low valuesduringthe 1960sto high valuesin the 1990s.Therelation
betweerthe NAO index andthetotal winter suriacebuoyang loss,dervedfrom theNCEP/NCAR
reanalysigdata,in the corvectionregionsof the Labradorand GreenlandSeasis shawvn in Fig-
ure3.6.

As to be expectedfrom the analysisof Cayan(1992),thereexists a closerelationbetweerthe
NAO andthewintertimesurfaceforcing in the LabradorSea. The NAO index accountdor about
33%of thevariability of theNCEP/NCARmearwinterbuoyang flux. Theperiodsof weaksurface
forcing duringthe 1960sandthe periodof strongsurfaceforcing duringthe 1970sin generahave
their counterpartsn the NAO index. An exceptionis the winter of 1971/72,wherethe highest
buoyang lossis found in the NCEP/NCARdata,but only a moderateNAO situationprevailed.



3.1. Atmospheridrorcing 21

Winter Mean NAO Index

Labrador Sea Buoyancy Flux Anomaly (m2 3_2)

0.25 _

-0.25 .
Greenland Sea Buoyancy Flux Anomaly (m2 3_2)

0.25 y

-0.25 _

1960 1965 1970 1975 1980 1985 1990 1995 2000
Year

FiG. 3.6: TimeseriesofthewintermeanDecemberMarch)NAO index (Jonestal.,1997)andanomalies
of thetotal wintertimebuoyangy loss(December March)derivedfrom NCEP/NCARreanalysis
datain thecentralLabradorandGreenlandseasrom 1959—1999.

Theperiodof weaksurfaceforcing duringthe 1980sdoesnot shaw acorrespondindow NAO, but
duringthelate 1980sandearly 1990sstrongsurfaceforcing coincideswith highvaluesof theNAO
index. In the GreenlandSea,however, sucha relationbetweenthe NAO andthe NCEP/NCAR
suriaceflux dataduringwintertimedoesnot exist.

Consideringhe winterswherethe obserationsat the mooredstationswerecarriedoutin the
convectionregionsof the GreenlandSea(1989— 1995)andthe LabradorSea(1995- 1999),the
NAO index washigh duringthe periodof obserationsin the Greenlandsea exceptfor thewinter
of 1990/91.Thewinter of 1994/95wheretheobserationsstartedn theLabradorSeawasthelast
of asequencef highNAO index winters.In thefollowing wintertheindex droppedo anunprece-
dentedminimum. During the winter of 1996/97the index waspositive again,andsubsequentljt
increasedrom winter to winter.

Themeanwintertimesurfaceforcing conditions asthey resultfrom theNCEP/NCARreanaly-
sisdata,for theobserationalwintersaresummerizedn Table3.3,andtime seriesof theintegrated
surfacebuoyang flux areshavn in Figure 3.7 togetherwith the 41-yearmeansandstandardie-
viations. The meanheatfluxesandtheir variability arevery similar in both areasaswell asthe
freshvaterflux andthecorrespondindgpalinecomponenof thebuoyang flux. Thethermalcompo-
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nentof thebuoyang flux in the LabradorSeais morethantwice asmuchasthatof the Greenland
Seadueto thelargerthermalexpansioncoeficient asdiscusseébove. Theinterannuavariability
of the buoyang flux againis nearlythe samein bothregions. In the GreenlandSeaadditional
freshvaterflux may occurthroughice formationor melting. Theice conditionswill be discussed
in thefollowing section.

TABLE 3.3: Meansurfacefluxesasderivedfrom the NCEP/NCARreanalysislataat singlegrid pointsin
thecentralGreenlandandLabradorSeador thewintersbetweerl988/89and1998/99.Means
are taken for the monthsof DecemberthroughMarch. Also shovn are the 41-yearwinter
meansandstandardieviations.

Heat  Freshvater Buoyang/ Flux
Flux Flux Thermal Haline Total
(Wm~2) (mm) (Mms2?) (ms?) (m’s?)

GreenlandSea,75° 14.1'N, 1° 52.5' W
1988/89 -261 -124 -0.17 -0.03 -0.20
1989/90 -190 -66 -0.14 -0.02 -0.16
1990/91 -219 -85 -0.15 -0.02 -0.17
1991/92 -300 -162 -0.29 -0.04 -0.34
1992/93 -269 -109 -0.21 -0.03 -0.24
1993/94 -218 -89 -0.20 -0.02 -0.22
1994/95 -247 -60 -0.20 -0.02 -0.21
41-yrMean  -231 =77 -0.20 -0.02 -0.22
41-yrStd + 90 +91 +0.11 +0.02 +0.13

Labrador Sea56° 11.4'N, 50 37.5'W
1994/95 -256 -186 -0.51 -0.05 -0.56
1995/96 -173 10 -0.34 0.00 -0.34
1996/97 -299 -92 -0.66 -0.02 -0.69
1997/98 -203 -101 -0.44 -0.03 -0.47
1998/99 -212 -64 -0.48 -0.02 -0.50
41-yrMean  -242 -94 -0.52 -0.02 -0.54
41—yrStd + 60 + 85 +0.13 +0.02 +0.14

Although the temporalevolution of surfaceforcing differs from yearto yearin the central
Greenlandsea(Figure3.7), the total buoyang lossby the endof winter is alwaysrathersimilar.
During mostof the wintersof the obserational periodthe suraceforcing wasslightly belov av-
erage.Thewealestforcing occurredduringthe winter of 1989/90,andthe strongesforcing was
duringthewinter of 1992/93.Thewinter of 1991/92shavs evenhigherbuoyang loss(only listed
in Table3.3), but no mooringdataare availablefor this winter. The variability of surfaceforcing
wasmuchlargerduringthe obserationsin the LabradorSeathanin the Greenlandsea.During the
first winter (1994/95)the buoyang flux followed closelythe meancurve betweerNovemberand
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FiG. 3.7: Integratedsurfacebuoyang flux from NCEP/NCARreanalysisn the centralGreenlanda) and
Labrador(b) Seasfor the wintersbetween1988/89and 1998/99whereobsenationsat moored
stationswerecarriedout. Thelong termmean(1959-1999)s shavn asheavy line. Theshading
denoteghe correspondingtandardieviation of the integratedbuoyangy fluxes. The fluxeswere
integratedstartingfrom 1 December
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April. Thewinter of 1996/97denotesa ratherextremesituation,asseverecooling setin by mid—
Januaryleadingto a netbuoyang losswell above average.Thefollowing winter wasrathermild,
andin 1998/99strongsurfaceforcing occurredduring Januanbut ceasedsubsequentjyresulting
in atotal buoyang/ lossbelov average.

3.2 IceCover

Seaice playsanimportantrole for thefreshwaterbudgetof thecorvectionregionsin the Greenland
andLabradorSeaslt providesabuoyang lossthroughbrinereleasavhennew iceis formed,while

freshvaterinputthroughice meltinghasa stabilizingeffect. In the GreenlandSea,ice cover may
insulatethe corvectionareafrom theatmosphereesultingin reducedhermalbuoyang fluxes.

Greenlandsea

In theGreenlandeaaspeciafeatureinteractdirectly with thecornvectionprocessA largetongue
of seaice begginsto developin earlywinter which wasknown to whalersandsealersasls Odden
or simply Oddenihebight of openwaterbetweerthemaiginalice zone(MIZ) andthels Oddenis
beingknowvn asNordhukta(Wadhams1986). The Oddengrows eastvard from the EastGreenland
ice edgeandcurvesnortheastardinto thecentralGreenland&ea.Generallythels Oddencontinues
to be presenuntil April.

Ice conditionsare obsered through satellite passie microvave measurementsince Octo-
ber 1978. First with the scanningmultichannelmicrovave radiometefSMMR) on boardof the
NIMB US-7satellitethat operatedsuccessfullyuntil the summerof 1987. Fromthenon with the
specialsensomicrovave/imager(SSM/I) carriedby satellitesof the US DefenceMeteorologi-
cal SatelliteProgram(DMSP). Ice concentrationgor the antennaootprint are derived from the
satellitemeasuredbrightnesgsemperaturelata(Toudal,1999).

Figure 3.8 shaws snapshot®f ice concentratiorfor the yearsof cornvection obserations at
mooredstationsin the centralGreenlandSea. A time seriesof ice concentratioralong75 °N is
shavnin Figure3.9. Thesatelliteobserationsshav thatthels Odden—Nordbktasystenis subject
tolargeintra-andinterannuavariability. Theedgeof theOddencanrapidly expandor contraciover
hundred®f kilometerswithin severaldays.Shuchmaretal. (1998)relatedthels Oddenvariability
to meteorologicabata. They found that at air temperature®elon -8.7 °C and moderatewinds
from the northwestsignificantgronth occurs,while the Oddendecaysduring warmerconditions
with strongnortherlywinds.

During November1988the MIZ propagatedapidly eastvard, andreachedhe positionof the
corvectionmooringM319 by the endof the month. The cornvectionregion remainedce covered
until mid—Januarywhenthe Nordlukta opened.Theice formationin the convectionregion was
a substantiamechanisno remove buoyang from thewatercolumnthroughbrinereleaseduring
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FiG. 3.8: Iceconcentratiomerivedfrom SSM/I datain the Greenlandseabetweerthe wintersof 1988/89
and1994/95.The 40% contourline is marked (dashedandthe mooringpositionsare shavn as
dots(datacourtesyof L. Toudal).
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40% (datacourtesyof L. Toudal).



3.2. Ice Cover 27

thepreconditioningperiodof thiswinter (Roachetal., 1993;Visbecketal., 1995;Pawlowicz etal.,
1995). The following winter (1989/90)begansimilarly with ice at the mooring(GSM1)location
in early Decemberbut a quick retreatof the MIZ occurredafterwardsandice was found only
occasionallyover the cornvectionmooringfor the remainingwinter. During the winter of 1990/91
considerabléce cover did not appearat the mooring (GSM2) locationbeforemid—Februaryand
remainedhereuntil theendof April.

The wintersfrom 1991/92to 1994/95shaved substantiallylessice comparedo the previous
twelve yearsof satelliteobserations(Toudal,1999). The mooringlocationswerealmostperma-
nentlyice free, exceptfor a shortperiodin Februaryl993. The developmentof the 1993 0dden
ice tonguewasobsered througha combinationof remotesensinganddirectfield measurements
(Wadhametal., 1996;Toudaletal., 1999).A comparisorof SSM/IretrievalsandERS1 synthetic
apertureradar(SAR) imageryshaved goodagreementor the positionof the 1993ice edge.The
shipboardobserationsin the areashaved that the Oddenconsistedalmostentirely of frazil and
pancak ice, ratherthanolderice typesadwectedeastvard from the packice. During the winters
1993/94and1994/95n0ice wasformedin the Greenlandea.Theseobserationswereverifiedby
two airbornecampaingspneon 5—6 March1994andoneon 24 March1995(Toudaletal., 1999).

LabradorSea

The LabradorSeacorvectionsiteis generallyice freeduringthe wholewinter (Figure3.10). One
exceptionduringtheperiodof convectionobserationsatthe mooredstationg1994—-1999wasthe
winter of 1995/96wherethe satelliteobserationsshav ice appearingsporadicallyin theinterior
of the LabradorSea but no mooringobserationsareavailablefor thiswinter. Thefreezingstarts
usuallyin Octoberand, advancingfrom north to south,a stretchof seaice is formedalongthe
LabradorandNewfoundlandshelf(e.g. Wangetal.,1994). Themooringsdeplgedin theLabrador
Seaboundarycurrentregion weregenerallyice coveredduringthe monthsof FebruaryandMarch.
Typicalice concentrationsvere40— 60%. Lessice occursalongthe westcoastof Greenlanddue
to the presencef therelatvely warmWestGreenlandCurrent.
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4. INTERANNUAL VARIABILITY OF DEEPCONVECTION

Cornvectionactvity in the Labradorand GreenlandSeasis known to be subjectto considerable
interannuabariability, rangingfrom deepoverturningof the watercolumnto winter mixed layers
of only a few hundredmetersthickness. In this chapterthe obserations of the seasonatycle
andthe corvectionvariability at the mooredstationsare discussedandrelatedto the prevailing
hydrographicmeteorologicalandseaice conditions.

4.1 Developmenbf Stratification

4.1.1 LabradorSea
GeneralVintertimeEvolution

Thetemperaturevolution obseredduringthewinter of 1994/95andthethreeconsecutie winters
between1996 and 1999 at the centralLabradorSeamooringsis shavn in Figure4.1. Between
1996 and 1999 complementarymneasurementaere obtainedat additionalmoorings,using both
traditionalpointmeasuremenndamooredCTD profiler (Figure4.2). Althoughthe profiler data
areincomplete gspeciallyduringthe corvectionperiods they areshavn herefor the sale of com-
pletenessFurther the profilesobtainedat K20 by the end of Marchindicatethatthe convection
wassomeavhatdeepetthanobsered at mooringK21. The mostprominentfeaturesof thetemper
aturetime seriesarethe continuouslydecreasingonvectionandthe generawarmingof thewater
column.

First signsof cooling generallyappearat the nearsurfice sensorsduring January Subse-
quently it takes several weeksof cooling to overcomethe density contrastbetweenthe surface
layerandthe warmerbut saltierlrminger SeaWater (ISW) below, dueto the extremelylow salin-
ity of thesurfacelayer The mixed layerdepthdoesnot increasesignificantlyduring this period.
Corvectionto large or intermediatelepthgakesplacetowardstheendof thecoolingseasomuring
FebruaryandMarch. After the corvection,temperaturdluctuationsincreaseandthe homogeneity
quickly disappearsijenotinglateralmixing of the corvective patch.

Themaximumdepthof corvectionreducedconsiderabl@vertheyearsof obserations.While
in 1995 the maximumdepthof corvectionwas of about1800m, only 1300 m werereachedat
themooringlocationin 1997. The mixed patchof the winter 1997wasmappedduring the winter
cruiseof the Knorr in February/Marchshaving thatthe mooringwaslocatedtowardsits south-
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FiG. 4.1: Meandaily potentialtemperatureat the corvectionmooringsin the centralLabradorSea. (a)
Bravo 1994/95(courtesyof J. LazierandP. Rhines.),(b) K1 1996/97,(c) K11 1997/98,and(d)
K21 1998/99.Instrumentdepthsaremarked asdotson the lefthandside. The contourinterval is
0.1°C.
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FiG. 4.2: SameasFigure4.1latmooringBravo1996/97(courtesyof J. LazierandP. Rhines)(a), andfrom
dataof themooredCTD profilerat K15 1997/98(b) andK20 1998/99(c).

easternedge(The Lab SeaGroup, 1998). Thus, somavhat deepemixing might have occurred
northwestvard of mooring K1. The convection actvity decreasedurther during the winter of
1997/98,wherethe maximummixed layer depthwas only about600 m. The shallavestwinter
mixed layerwasfound duringthe winter of 1998/99at mooringK21. Here,only mixing to about
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500m wasobseredfor afew days.However, someCTD profilesobtainedwvith themooredprofiler
atmooringK20 by theendof Marchindicatedeepemixing dovn to 800— 900 m depthnorthwest
of K21.

PrecomectionCold Events

During the winter of 1996/97cold waterappearedetweern500 and1000m at mooringK1 long
beforedeepconvectionsetin. Oneeventoccurredat the beginning of Decembelandoneduring
the secondhalf of January Both eventslastedfor about5 days. The minimumtemperaturesvere
belav 2.7°C. Sincetemperaturethatlow in the LSW layercouldonly begeneratedby corvective
actity, it is feasiblethatthis waterwasformedin a precedingvinter andsubsequentlyrappedn
amesoscaleddyfor atleastoneyear Threesimilar eventsoccurredatthe nearbyBravomooring
(distance25 km), two of themshortlybeforethey appearedt K1. However, acorrelationbetween
the eventsat Bravo andK1 wasnot found, andit is not clearwhetherthe temperatur@nomalies
belongto asingleeddyor differentonessubsequentlpassinghe moorings.

During the following winter of 1997/98two cold eventswereobsered at mooringK11, with
minimumtemperaturebelon 2.8°C atabout1500m depth.Oneattheendof Decembeandone
during mid—JanuaryNo similar eventswerefound at the northwestvard mooringK15. A strong
warmingeventoccurredduring October/Neemberl998in the upperl000m at mooringK21, but
againno correspondingignal appearedt the profiler mooring K20. Generallytheseadwective
eventsappeaito have minorimpactson the stratificationat the mooringsites,insteadthey areof a
moretransiennatureandthestratificationreturnsmostlyto its previousconditionafterthey passed
by.

In April 1997, cold water appearedver the whole instrumentrangeat mooring K1. This
eventwasmostlikely not relatedto active convectionat the mooringlocation(discussedn more
detailin Section5.1.2).Insteadjt possiblybelongedo amesoscaleddythattrappedcornvectively
generatedvaterin its center No correspondindeaturewasobseredatthe nearbyBravomooring.

GeneraHydrography

Duringthemooringdeploymentandrecovery cruises CTD stationswereoccupiedalongthewest-
ernpartof the WOCEAR7W line eachsummerbetweenl996and1999(Figure4.3). Dueto the
mooringwork, thesectionsarecompositeandnotnecessarilgynoptic. Thedensitysurfacesshavn
in Figure4.3 separat¢he watermasse®f the LabradorSea.

The deepestvater massis the DenmarkStrait Overflov Water (DSOW) belav a densityof
og = 27.88, characterizedby the lowesttemperatures the deepwater The salinity maximum
betweensy = 27.80 — 27.88 belongsto Iceland—Scotlan®verflov Water (ISOW) that entered
thewesternNorth Atlantic throughthe CharlieGibbsFractureZone. LabradorSeaWater(LSW)
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FiG. 4.3: Salinityandtemperatursectionsalongthewestermartof theWOCEAR7W line obtainedduring
consecuiie summersruisesbetweenl 996 and 1999. The salinity contourinterval is 0.01and
thetemperatureontourintenval is 0.1 °C. Isopycnalsdenotingwatermassbhoundariesareshavn
asdashedines.
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occupiedthe densityrangeosy = 27.74 — 27.80 in summerl996. Over the obserational period
theoy = 27.74 surfacedeepenedrom about500m in 1996to about1000m in 1999,dueto the
decreasingorvection actiity. The characteristicef the watermassedelov the LSW andthe
depthof their boundingdensitysurfacesstayednearly unafectedbetweenthe repeatedsuneys,
while the warmingof LSW found in the mooringtime seriesoccupiesthe whole sectionandis
accompanietby increasingsalinity.

During the summemonthsthe surfacelayerof the LabradorSeais characterizetby relatively
hightemperaturandlow salinity Thewarmingarisedrom insolationwhile thefresheningesults
from ice meltingin the boundarycurrentregion and probablyprecipitationandriver runof. The
thicknessof this low densitylayerwastypically of about25 m by thetime of the summersuneys,
too shallaw to be sensedy the moorings.Dueto its low densitythe surfacelayercontainsmuch
of thebuoyang thathasto be removed duringthe preconditioningo exposethe wealer stratified
watersbelaov to the surfaceforcing andallow for deepcorvection.
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FiG. 4.4: (a) Trajectorywith color codedtime informationand(b) salinity in the upper300m versusime
sincedeploymentfrom PALA CE float 8637in the LabradorSeabetweenjuly 1997 and August
1999.Thetrajectoryincludessurfaceanddeepdrifts at 1500m.

Figure 4.4 shaws the trajectoryof a profiling float (PALACE) in the LabradorSeaand the
correspondingime seriesof salinity in the upper300m. This floatwasoneof 15 deplo/edin the
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boundarycurrentregion during springandsummerl997 (Fischerand Schott,2000). Thesefloats
wereballastedo drift at a depthof 1500m in the deepLabradorCurrent. The float shavn here
followedthe boundarycurrentuntil May 1998andrecirculatedffshorefrom theboundarycurrent
into the LabradorSea. In Januaryl999it hadnearlyreturnedto its deploymentpositioncloseto
the WOCE AR7W line, whereit reenteredhe boundarycurrentand againdrifted southeastard
until summer1999.

Although PALA CE float profilesarea mixture in spaceandtime, they illustratethe seasonal
cycle of the watercolumn, especiallynearthe suriacewheremooringtime seriesare difficult to
obtain. The salinity time seriesin Figure4.4b shaws that the surfacefreshvaterlayer generally
startsto form in April. During mostof the summerits depthis limited to the upper50 m, while
its salinity decreasesontinuously Deepeningof this surfacelayer startsin Septembedue to
increasedvind mixing. By the endof Decembetthe maximumdepthof 80 — 100 m is reached.
Afterwardsthe low salinitiesdisappearasthe surfacelayeris mixed with the more salineISW
belov. In autumnl997 thesalinitiesweremuchlowercomparedo autumnl998. Thisis probably
dueto thefactthatthefloat wascloserto the shelfin 1997thanin 1998.

Initial Conditionsfor Cornvection

Whencomparinghe maximumdepthsof convectionobsered duringtheindividual wintersto the
correspondingurfaceforcing (Figure3.7, Table3.3),it caneasilybe seenthatno straightforvard
relation betweenthesequantitiesexists. During the winter of 1996/97the surface forcing was
strongestwhile the corvectionwasdeepeduringthe winter of 1994/95with lessintenseforcing.
Further larger buoyang loss occurredduring the winter 1998/99comparedo 1997/98,but the
convection actvity waslessintense. Although the NCEP/NCARreanalysisfluxes are possibly
biased(Section3.1.1), the relatve changesf the fluxes appearto be reliable. A more likely
candidateto resole the discrepang betweensurfacefluxesandmixing depthare changef the
stratificationof thewatercolumn.

Therelationbetweerthe propertiesof the corvectively modifiedwatercolumnandthe sum-
mer stratificationcan be explored by one—dimensionabudgetsof temperatureandsalinity The
temperatur@andsalinity changedeadingto the wintertimemixedlayerpropertiesaregivenby the
differencebetweersummerandwinter conditions:

h/ ml dZ— h/ 9 Ot (4-1)

AS = h/ )dz = h/ z)dz — S (4.2)

Here h is the maximummixed layer depthin winter, 6,,,; and .S,,; arethe correspondingnixed
layertemperaturandsalinity, andf(z) andS(z) arethesummetemperaturandsalinity profiles.
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Neglectinglateraladwectionandassuminga linear equationof state(Equation3.2), the obsered
temperatureand salinity changescan be relatedto the surface heatand freshwater fluxes, or the
correspondindpuoyangy flux (seealsoChapter3):

t t t
/ Bdt =g / - gt —g / BSo(E — P)dt = gahAG — gBRAS. 4.3)
0 0 PoCp 0

With Equationgt.1and4.2thisresultsin

t 0 0
| Bit=g [ (06(z) - BS(2))dz ~ ghabi — BSw) = [ () ~ bz (4.4)
0 h h

For anonpenetrate corvectionprocesshis relationcanalsobe usedto estimatehe mixing depth
from thetime integral of the suriacebuoyancg flux anda given CTD profile (e. g. SendandK ase,
1998). At the baseof the winter mixed layer, stepsare generallyfound in the temperatureand
salinity profileswhich are compensateth density indicatingthat deepmixing is, to zeroorder
nonpenetrate (MarshallandSchott,1999).

Theshallav, warm,andfreshsurfacelayerduringsummetis of majorimportanceor thetotal
buoyang/ budgetof thewatercolumn,but poorly sampledy themoorings.Figure4.5shavs mean
CTD profilesobtainedduring the summemmonthsin theinterior LabradorSea,aswell asthe cor
respondindouoyang frequeng andthe vertically integratedbuoyang/ accordingto Equation4.4.
Theupper200m areshavn onanexpandedscale andtheintegratedbuoyang is shavn relatve to
thesuriaceandrelative to 100m to separat¢he contritutionsof the surfaceandthe deepetayers.

In summerl996,the surfacelayer shaved an exceptionallow salinity andhigh temperature.
While the high temperaturearelimited to the upper30 — 60 m, low salinitiesarefound down to
about300m. The correspondindow densityof the surfacelayerresultsin the higheststability in
the pycnoclineof the yearsof obserations. The additionalbuoyang flux necessaryo erodethis
low densitylayerduringthe preconditionings of about0.15—0.25m? s~2 comparedo the other
summersyhichis 20— 50%of typical total wintertimebuoyang fluxes.

The low surfacetemperatureand densityof the 1994 profiles partially resultsfrom the fact
that they were obtainedearlierin the year Between1997 and 1999, the summerconditionsat
the surfacewererathersimilar, but in summerl1997the watercolumnbetweer60 and75 m was
warmerandlesssaline,resultingin anadditionalbuoyang flux of about0.1 m? s~2 to erodethis
layercomparedo summerl1998.

The summer1996 profiles not only shaw the highestbuoyang/ contentin the nearsurfice
layer, but alsoover alarge partof the LSW layer This high buoyang/ contentof thewatercolumn
is anadditionalreasorfor the lessdeepconvectioncomparedo thewinter of 1994/95.The weak
stratificationof summerL994in thedeepetayerswasprobablyaresultof intensecorvectiontaking
placeduringthe previouswinter.
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Thestrongstratificationof summerl996wascompletelyremovedin theupperl000m through
the corvectionin winter 1996/97.Below 1500m thestratificationincreasedaontinuouslyover the
years,dueto the absencef convectionbelaw this level after 1995. After 1997,the stratification
increasedlsobetweenl000and1500m, becausef thereducedconvectionintensity Generally
thesummelCTD profilesshav warmingandincreasingsalinity betweerl000and2000m, except
for summerl997wherecold andlesssalinewaterwasmixed dowvn by convection. Between300
and1000m the densitydecreasedontinuously partly dueto warmingbut alsodueto decreasing
salinity becaus®f corvection.

Regardingtherestratificatiorof thewatercolumn Lilly etal.(1999)alreadyfoundacontinuous
supplyof heatbelov themixedlayerin theone—yeaBravodataof 1994/95.Figure4.6 shavs the
temperatureanomalieqrelative to 3 °C) at the corvection mooringsbetweensummerl1996 and
summerl999,averagedover 500m layers.

Computingthe averagedemperaturefrom thetime seriesof the mooredinstrumentsequires
to assumehat eachsensorepresents layer of the thicknessgiven by the instrumentakpacing.
This impliesthatthe topmostsensotlis alwaysrepresentate for the surfacelayer, which doesnot
hold duringthe summemonthswhenthe mixedlayeris shallaver.

Thetemperaturéime seriesshav a generalwarmingof the upper2000m of thewatercolumn
over the threeyearsof obserations. The largestwarmingoccurredin the upper500 m with the
annualcycle superimposed.A linear trend fitted to the temperaturdime seriesshavs that the
warmingdecreasesowardsthe lower layers. The annualwarmingrateresultingfrom the linear
fits rangesfrom 0.16 °C/yr in the upper500 m to 0.09 °Clyr for the 1500— 2000m layer The
heatfluxesequialentto theincreasingemperatureangefrom 10.3W m~2 in the upperlayerto
5.8 W m~2 in the lowestlayer The meanannualwarming rate over the 2000 m water column
resultsto 0.13°C/yr with a correspondingetheatflux of 34.1W m~2.

As the annualmeanof the air—seaheatflux in the centralLabradorSeais generallynegative
(-61W m~2 for 1996to 1999in the NCEP/NCARreanalysisiata),boththe netsurfaceheatloss
aswell astheobseredwarminghave to besuppliedby lateraladvection. Thisresultsin atotal ad-
vectionof heatof 95W m~2, whichis mostlikely anupperlimit dueto thepossibleoverestimation
of heatlossin the NCEP/NCARdata.

One-DimensionaBudgets

An interestingguestionis to whatextentcorvectioncanbe describedy one—dimensionalertical
mixing driven by suriace heatand freshwater fluxes. In fact, the Equations4.1 — 4.4 represent
the simplestpossiblemixed layer model, wherethe watercolumnis corvectively overturnedby
prescribedsurfacefluxes. Insteadof runningit forward to predictthe mixed layer development
from the surfacefluxes, this modelcanbe usedto directly estimatethe fluxesnecessaryo reach
the mixed layer conditionsobsered in winter. A comparisorof the summerCTD profileswith
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FiG. 4.6: Potentialtemperatureanomaly(3 °C subtractedaveragedver500m layersatthe LabradorSea
convectionmooringsK1 (1996/97),K11 (1997/98),andK21 (1998/99). A linear trendfitted to
thetemperaturéime seriess shavn asadashedine. Eachcureis labeledwith thewarmingrate
andthe equivalentheatflux (for that particularlayer) resultingfrom the fit. Meanandstandard
deviationsfrom CTD profilesareshovn asdotsanderrorbars.

the mixed layer conditionsby the time of deepestorvectionis shavn in Figure4.7. The fluxes

resultfrom thetemperatur@ndsalinity differencesdetweerthe winter mixed layerandthe mean
temperaturandsalinity of summeiprofilesoverthewinter mixedlayerdepth.An evaluationof the

termsin Equations4.1— 4.4 is givenin Table4.1, comparedo the correspondindNCEP/NCAR
reanalysidluxes. Figure4.8 shavs the total fluxes of heat,freshwater andbuoyang estimated
from the hydrographiconditions,comparedo therespectie NCEP/NCARfluxes.

Togetherwith the decreasinglepthof corvection over the years,the water massproperties
of thewinter mixed layer shav increasingemperatur@anddecreasingalinity Consequentlyhe
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FiG. 4.7: Comparisorbetweersummeitemperatur@andsalinity profiles(sameasin Figure4.5)andwinter
mixedlayerconditionsatthe LabradorSeamooringsby thetime of deepestorvection(dots). The
errorbargdenotestandarddeviationsover two days(plus/minusoneday of the datesgivenin the
temperaturganel). The cumulatire meansof the summerprofiles + f,? 6(z)dz and f,? S(z)dz
areshovn asdashedines. The differencebetweenthe obsened mixed layer propertiesandthe
cumulative meansat mixed layer depthis a measureof the heatandfreshwaterfluxesneededo
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TABLE 4.1: Propertiesof the winter mixed layer obsened at the mooringsin the centralLabradorSea
comparedwith conditionsfound during summerCTD suneys andthe resultingnet fluxesas
well asthe correspondindNCEP/NCARreanalysidluxes.

Bravo K1 K11 K21
24Mar 8Mar 24Mar 4 Mar
1995 1997 1998 1999

Observations

Mixedlayerdepth(m) h 1760 1290 560 550
Mixedlayertemperaturg¢°C) Omi 265 2.68 281 295
Mixedlayersalinity Sl 34.82 34.82 34.80 34.77
Mixedlayerdensity O9mi 27.78 27.77 27.74 27.70
Time difference(days) At 295 209 252 237
Temperaturéntegral (°C) L 20(2)dz 278 324 365 3.49
Temperaturehangg°C) Ab -0.13 -0.56 -0.84 -0.54
Heatflux (W m~2) A pocph A0 -38  -164 -88  -59
Salinity integral %f,? S(z)dz 34.82 34.80 34.78 34.79
Salinity change AS 0.01 0.01 0.01 -0.02
Freshvaterflux (mm) —hAS/Sy -260  -491 -211 307
Thermalbuoyang flux (m? s2)  Br = gahAf -0.24 -0.82 -055 -0.36
Halinebuoyang flux (m? s 2)  Bg = —gBhAS -0.07 -0.13 -0.06 0.08
Total buoyangy flux (m? s—2) B = Br + Bgs -0.31 -095 -0.61 -0.27
NCEP/NCARReanalysis
Heatflux (W m~2) Q -70  -200 -105 -118
Temperaturehangg°C) A0 = QAt/(pocph) -0.25 -0.68 -1.00 -1.07
Evaporation(mm) E 600 701 589 602
Precipitation(mm) P 590 570 616 691
Freshvaterflux (mm) F=—(E-P) -10  -131 27 90
Salinity change AS =—-SyF/h 0.00 0.00 0.00 -0.01
Thermalbuoyang flux (m? s™2) Br = gaAf -0.26 -0.82 -0.48 -0.52
Halinebuoyang flux (m? s72)  Bg = —gBAS 0.00 -0.03 0.01 0.02
Total buoyangy flux (m? s—2) B = Br + Bs -0.27 -0.85 -0.47 -0.50

maximumdensityreachedy the corvectiondecreaseffom yearto year While it is self—evident
that cooling is necessaryo arrive at the obsered mixed layer temperatureall winters except
1998/99needa ratherlarge supplyof saltto explain the obsered mixedlayersalinity The mixed
layer of the winter 1998/99waslesssalinethanthe meansummersalinity, indicatinga necessary
freshvaterinputto explain the mixed layersalinity The NCEP/NCARdatado indeedshav anet
freshwatergainover thewinter, but of muchsmallermagnitude.

The magnitudeof the NCEP/NCARfreshwaterfluxesis generallytoo small. The evaporation
waslargerthanthe obsered increaseof the mixed layer salinity, but compensatetly the precipi-
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FiG. 4.8: Netfluxesof heat,freshwater andbuoyangy, estimatedrom differencebetweerthe conditions
foundduringsummelCTD surweysandthewatermasspropertieof thedeepesinixedlayeratthe
LabradorSeacorvectionmoorings(squares)The correspondindNCEP/NCARreanalysidluxes
areshavn astriangles.

tation. Thus,eitherthe precipitationis too large (respectiely evaporationtoo small) or salthasto

be suppliedadwectively. However, anadwective trendin the salinity time seriescomparabléo the

adwectionof heatin thetemperaturevolution (Figure4.6), cannotbeidentified. The heatfluxesof

the NCEP/NCARdataaretypically 20 — 50% larger thanthe obsered heatlossbetweersummer
andwinter, but it cannotbe separatedo what degreethis imbalances dueto overestimation®f

the heatfluxesor thelateraladwectionof heat.

Relationto NAO

The obserations of corvection at the mooringsin the centralLabradorSeashav a decreasing
intensity of corvection. The water masspropertiesof the winter mixed layer shav increasing
temperatureand densityand decreasingsalinity Regardingthe relation betweenthe corvection
intensityandtheNAO, assuggestedly Dicksonetal. (1996),thereis clearlynodirectlink between
the corvection intensity during a particularwinter and the winter meanNAO index, making it
impossibleto deducethe corvectionintensityfrom the knowvledgeof theindex alone. While the
convectionintensitydecreasedver the obseration period,the winter meanNAO index increased
continuoushbetween996and1999(Figure3.6).

In 1994/95theindex washigh andthe maximumdepthof convectionwaslargest,but the cor
respondingurfaceforcing waswealerthanin 1996/97.Thedeepcorvectionin 1994/95wasmore
aresultof the prevailing weakstratification,which wasmostlikely a resultof intenseconvection
during the previous winters. The winter of 1996/97wasoneof ratherstrongsurfaceforcing, but
moderateNAO index. The buayang/ contentof the watercolumnobsered duringsummerl1996
wasthe highestfrom all years.This waspartly dueto thewarmandlow salinity surfacelayer, but
alsothedeepetayershavedrelatively high stability.

The relation betweenthe NAO and the corvection intensity in the LabradorSeashouldbe
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consideredn alongertime scalethanyearto yearchangesRegardingthe obserationsbetween
1996and1999,themeanNAO index wasmoderateandconvectionwasmoreor lessto intermediate
depths Further arelationbetweertheNAO index andthewintertimesurfaceforcing doesexist, as
about30%of thevariability of the buoyang flux areexplainedby theindex. Thus,severalyearsof
high NAO index, asduringthe late 1980sandearly 1990s,ncreasehelikelyhoodthata winter of
strongsurfaceforcing occuredwith substantialvealeningof the stratificationby deepconvection.
During subsequenwinters,corvectioncouldmoreeasilyreachto large depths.Onthe otherhand,
during a several-yearperiod of low or moderateNAO index, strongcorvection may occuronly
sporadicallyasin thewinter of 1996/97 andhasto counteractherestratification.
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4.1.2 Greenlandsea

During summerthe stratificationof the upperwatercolumnin the centralGreenlandSeais char
acterizedby a shallav suriacemixed layerwith low salinity dueto ice meltingandrelatively high
temperatures.The highesttemperaturesnd lowest salinitiesof the surface layer are generally
found during August/Septembgeby the time of leastseaice coverage(Pawlowicz, 1995). The
moresalinewateratintermediatedepthds usuallyclassifiedasArctic IntermediatéNVater(AIW).

The freshwatercontentof the nearsurficelayercanmale it far too light to reachthe density
of the deepemwatereven whencooledto the freezingpoint. Several mechanismsvere proposed
in the pastto overcomethis problem. Motivatedby the lack of obserationalevidencefor a deep
homogeneougvater column, both double—difusive corvection and cabbelingwere suggesteds
responsibldor theformationof GreenlandseaDeepWater(GSDW) (CarmackandAagaard1973;
McDougall, 1983). Hakkinen(1987) put forward the possibility that upwelling at the ice edge
mightbeimportantto trigger deepmixing. However, the ADCP measurementsom the winter of
1988/89shaved no indicationsof vertical velocity eventsassociatedvith the passag®f theice
edge(Schottetal., 1993).

The first direct obseration of a 1200 m deepmixed layer in the central GreenlandSeain
Februaryl988(Rudelsetal., 1989)led to theideaof halinecorvection,driven by freezingat the
seasurface(Rudels,1990).Finally, the extensvely obsered corvectionto about1500m in March
1989wasfoundto bethermallydrivenasthe corvectionsitewasice freeduringthis period(Schott
etal., 1993;Pawlowicz etal., 1995). Thetemperaturelevelopmentat oneof the conzectionmoor
ingsin thecentralGreenlandeafrom thewinter of 1988/89s shawvn in Figure4.9,in comparison
to temperaturdime seriesobtainedduring later winters. Figure4.10 shavs contourplots of the
temperaturevolution obsered duringthewintersof 1993/94(GSM4)and1994/95(GSM5).

Although the centralGreenlandSeawasice free during the corvectionin March 1989, ice
formationplayedan importantrole in preconditioningthe watercolumn. From the obserations
of thewinter of 1988/89anda mixed layer modelsimulationVisbecket al. (1995)developedthe
following preconditioningscenariothemixedlayertemperaturés reducedo thefreezingpointby
coolingin earlywinter. Subsequeribrine releasahroughice formationandentrainmentncrease
themixedlayersalinity/density Themajorfindingwasthatatthistimewind—drvensouthwestard
ice exportis important,becausé reducesheinsulationof the suriacewatersfrom theatmosphere
and removes freshvater (i. e. buoyang) out of the system. Oncea critical salinity/densityis
reachedentrainmenbf AIW keepsthe mixed layerabove the freezingpoint andpreventsfurther
ice formation.Fromthenon, surfacecooling caninitiate deepemixing.

The temperaturelevelopmentat mooringM319 (Figure4.9a)resembleshis scenario.Rapid
coolingof thesurfacelayerto temperaturesearthefreezingpointoccurredby theendof Novem-
ber1988. The cooling coincidedwith ice appearingat the mooringlocation(Figure3.9). During
the periodof ice coverage the nearsurfacetemperaturegemainedcloseto the freezingpoint and



4.1. Developmenbf Stratification 45

T T T T T T T T T T T T T
1l _ eom M319 1988/89]
— 140 m

(’C)
o

[En
T

T T T .
GSM1 1989/90
—70m |
— 150 m
A ““‘wH*)‘ e 210 m 4

A A ,-,,«" \ ‘» A " WA A 7 - ,,”,,,, ,_,, I A AT ‘7 :
B U 1372m

-2t - = @
Il Il Il Il Il Il Il Il Il Il Il Il Il

(’C)

(’0)
o

FiG. 4.9: 40-hlowpassedgotentialtemperaturdéime seriesfor selectedlepthsat the corvectionmoorings
(a)M3191988/89,(b) GSM11989/90,and(c) GSM31992/93in the centralGreenlandsea.

the mixed layer deepenegraduallywith a rate of aboutl m d=! (Visbecketal., 1995). Theice
coverageendedby mid—-Januanandentrainmenof AIW resultedn awarmingof themixedlayet
Themixedlayerdeepenednorerapidly in the following andverticalmixing to about1500m was
obseredin March(Schottetal., 1993).

The temperaturdime seriesobtainedduring the following deployment period (1989/90)at
mooring GSM1 shaved ratherhomogeneousonditionsthroughoutmostof the summerand au-
tumn asa resultof the corvectionduring the previous winter. Cooling of the nearsurfacelayer
beganin Novembey but wasslower thanin 1988andthefreezingpointwasreachedeveralweeks
later in early December Seaice was obsered for a short period at the mooring location (Fig-
ure 3.9). In contrastto the previous winter, warm waterappearedn the upperpartof the water
columnby mid—Decembersloving down the preconditioning.The surfacelayerhadto be cooled
to thefreezingpointfor a secondime andnew ice appearect the mooringlocationby the begin-
ning of January

For theremainingwinterthe mixedlayertemperaturstayedearthefreezingpoint,indicating
thatno considerablentrainmenof AIW took place. Thedeepetevelsweresubsequentlincorpo-
ratedinto the mixed layer, but aboutonemonthlaterthanduringthe precedingwvinter. Overall, it
appearghatthe maximumwinter mixed layerdepthdid not far exceed200m, which is supported
by CTD measurementsom summerl990 (Budéuset al., 1993). They shaved no indication of
mixing deepethan250m in the Greenlandseagyre.

Theweakcorvectionactvity duringthe winter of 1989/90hasprobablythreereasonsFirst,
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this winter hadthe wealestsurfaceforcing of all from the obserationalperiod(Figure3.7). Sec-
ond,only little ice wasformedin the centralGreenlandsea resultingin a slower preconditioning,
andthird, aresetof the preconditioningpccurredn Decembeby the adwectionof warmerwater

The winter of 1992/93(GSM3) shaved the largestbuayang/ lossof the obserationalperiod,
but alsoeventsof ratherwarmwaterin the surfacelayerduringautumnandearlywinter aswell as
little seaice formationatthemooringlocation. Thecoolingof themixedlayerto temperaturesear
thefreezingpointtook until Februarymuchlaterthanduringthe previouswinters. Theremaining
wintermonthshavedonly little evidenceof mixing actvity, althoughCTD measurementsvealed
convectionto 600— 1000m depthin thevicinity of themooring(Lherminieretal.,1999).Thecold
temperatureat intermediatedepthsfoundat mooringGSM4 during Septembe 993areprobably
remnantdrom the convectionof the precedingwinter.

Comparedo the earlierobserations,the situationwas ratherdifferentduring the winters of
1993/94and1994/95.ThecentralGreenlandsearemainedce freeduringbothwinters(Figure3.9)
andthe nearsurfacetemperaturstayedwell above thefreezingpoint (Figure4.11). Nevertheless,
corvectionto intermediatedepthsoccurred.In 1994the deepestnixing obsered wasto a depth
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FiG. 4.11: 4—day meannear surface temperatureand salinity at the GreenlandSeamoorings GSM4
(1993/94)andGSM5(1994/95)betweenl Decembeand15 May of therespectie winters.

of about800 m, while in 1995about1000m werereached.n contrastto the scenariadeveloped
from the obserationsof the winter 1988/89by Visbecket al. (1995),the corvectionin 1994and
1995waspurelydrivenby air—seafluxeswithout seaice interaction.

Duringthewinter of 1993/94thecoolingstartedatthe170m level by theendof Decembernnd
lasteduntil mid—Januarywherethelowesttemperaturef about-1.3°C wasreachedFigure4.11).
The coolingwasaccompanietby decreasingalinity dueto the downward mixing of low—salinity
surfacewater For the remainingwinter, entrainmenbf warmerandsaltier AIW causedhe tem-
peratureto staynearlyconstantwhile the salinity of the mixedlayerincreased.

In 1994/95the topmostinstrumentwas closerto the suriaceand shaved relatively high tem-
peratureshroughouimostof thesummerandearlyautumn.Cooling of the surfacelayerstartedn
Novemberandalreadyin early Januarjthe temperaturesensorshaved homogeneousonditions
in the upper400 m (Figure4.10). Seriouswarmingoccurredduring the secondhalf of January
reestablishinghe stratification. Continuingsurfaceforcing erodedthe stratificationfor a second
time (discussedn moredetailin Section5.1.1).
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4.2 \Vertical Velocities

Thefirst obserationsof vertical currentsn a corvectionregime wereobtainedwith rotatingdeep
floats during the classicalMEDOC experimentsin the westernMediterraneane. g. MEDOC

Group, 1970), shaving motionsof several centimeterper secondat 800 m depth(Voorhisand

Webb,1970).In the LabradorSea earlyrotatingfloat measurementshaved dovnwardvelocities
of upto 9 cms™! (Gascardand Clarke, 1983). The utilization of mooredADCPsallowed more
detailedstudiesof small-scal@rocesseduringdeepcorvection,revealingshortdovnward pulses
exceedingl0 cms™! on horizontalscalesof lessthan1 km, andslow upward motion inbetween
thecorvective plumes(SchottandLeaman 1991).

ADCPswere constituentsn all Greenlandand LabradorSeacorvection mooringsdeplo/ed
between1988 and 1999 with the purposeof observingthe three—dimensionalelocity structure
during corvective eventsandespeciallythe vertical velocity associatedavith them. Resultsof the
first deploymentperiodin the GreenlandSea(1988/89)are discussedn Schottet al. (1993),and
Lilly etal. (1999)analyzedhe measurementsbtainedduringthe winter of 1994/95at the Bravo
mooringin the centralLabradorSea. No ADCP measurementw/ere obtainedfor the winters
of 1989/90(GSM1) and 1993/94(GSM4) in the GreenlandSea,due to instrumentfailures. A
summaryof theinstrumentetupandtheimplied accurag for all ADCP measurements givenin
AppendixA.2. Monthly time seriesof unfilteredvertical velocity dataat 300 m depth,a level that
all instrumentdave in commonfrom all experimentsareshavn in Figure4.12for the Greenland
SeaandFigure4.13for theLabradorSea.

During winterswheredeepmixing hasbeenobsered, the vertical velocity time seriesshav
distinctburstsof dowvnward motion, but thesearenotthe mostobvioussignalsin the velocity time
series.The GreenlandSeavertical velocity recordsalsoshav several periodsof fairly symmetri-
cal up anddowvnward motionswith amplitudesup to +5 cms™!, generallyduring Novemberand
Decemberi. e. long beforeconvectionreachedhe 300m level. Examplesarethe seconchalf of
November1988,thefirst half of Decemberl990,or the period of mid—Decembef992. Consis-
teng testappliedto the spectraandcrossspectreof theverticalandhorizontalcurrentfluctuations
suggestthatthey mostprobablyarecausedy internalwaves(Visbeck,1993). A possiblegener
ationmechanisnwould be turbulencein the upperlayer, whereenhanceavind mixing in autumn
causepressurdluctuationdn thestratifiedwaterunderneathSuchinternalwave variancen strat-
ified layershasalsobeenfoundin the corvectionregion of thenorthwestermMediterraneafSchott
etal., 1996).However, in theverticalvelocity time seriedfrom the LabradorSeasuchsymmetrical
fluctuationsappearto be muchlesspronounced.

Anothernoisecomponentor the purposeof observingcorvective plumesis the conspicuous
diurnalcycle of upwardanddownward motion,shaving up preferablyduringthe summemonths.
This well known signaldoesnot reflectwatervelocity but the vertical migrationof zooplankton
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FiG. 4.12: ADCPtime serief verticalvelocityat300m depthin thecentralGreenlandeafor thewinters
of (a) 1988/89(b) 1990/91,(c) 1992/93 and(d) 1994/95.
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(FischerandVisbeck,1993). The meanmigrationvelocity is of about+1.5cms™!; peakvalues
exceed+3 cms~!. Contouringthe vertical velocity versustime of day andseasorshaws thatthe
periodsof downward motion correspondo the time of sunriseandupward motionto thetime of

sunsetFigure4.14).Duringthewinter monthsthemigrationsignalvanishesn theGreenlandea,
andis lessolviousin the LabradorSeaprobablybecauséhe plankterchangeheir restinghorizon
to shallaver levels (FischerandVisbeck,1993).
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. 4.14: Evolutionof thediurnalcycleof verticalzooplanktormigrationat300m depthattwo Greenland
Seaandtwo LabradorSeastations.Upwardmotionis shovn assolid lines,downwardmotionas
dashedines. Thecontourintervalis 0.5cms™1; zerocontouris notshavn. Thetimesof sunrise
andsunsetreindicatedasboldlines.

In the GreenlandSeavertical velocity records signalsof convective plumesarerathersparse,

asdeepmixing at the mooringlocationtook placeonly in the wintersof 1988/89and 1994/95.
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It hasto be rememberedhat during the winter of 1993/94, wheremixing went down to a depth
of about800 m, the ADCP did not returnary data. Enhancedsertical velocity fluctuationswere
obsenred duringthis winter with rotatingfloatsbetweenl2 Marchand1 April (Lherminieretal.,
1999), a period during which mixed layer deepeningccurredat the locationof mooring GSM4
(Figure 4.10). Eventsof active vertical mixing in the 1988/89record appearat the beginning
of February in mid—Februaryand againat the beginning of March. The obsered dovnward
velocitiesareof about3 —5 cms™!. A furthereventhasbeenfound aroundMarch 6 atthe more
eastvardmooringT6 (Schottetal., 1993).
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FiG. 4.15: 12-hrunningmeanof varianceof high—passedertical velocity (periodslongerthan 6 hours
eleminatedjor selectedADCP binsoverthefour obsenationalperiodsin the centralGreenland
Sea.lce coveragefrom SSM/l datais indicatedby bargraphg(courtesyl.. Toudal).

Convectionactvity is characterizetly enhancedhigh—frequeng varianceof thehorizontaland
verticalvelocities.Statisticsof ADCP velocity measurementduring periodsof corvectionactivity
aregivenin Table4.2in comparisorio thefirst weekof Septembewhich wasa quietperiodin all
time series.Figure4.15shaws the 12—hourrunningmeanof varianceof the 6—hourhigh—passed
vertical velocity. Also indicatedis the correspondingsSM/I seaice concentrationrevealingthe
minimal vertical velocity varianceduring the period of well establishedce coveragefrom late
November1988until late Januaryl989. Regardingthe occurrencef vertical mixing, ice did not
play animportantrole in thefollowing years.Thelargestvariancein the 1988/8%ecordss found
in Novembey probablycausedy internalwavesasdiscussedibore. Similar increasedsariance
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TABLE 4.2: Meansandvarianceof ADCP currentmeasuremeni$orizontal,vertical,anderrorvelocity)
at300m duringcorvectionperiodscomparedo thefirstweekof Septembemquietperiodin all
time series Variancesarecomputedrom the 6—hhigh—passetime seriesHFKE = horizontal
fluctuatingkinetic enegy).

Mean(cms™!) Variance(cn? s72)

Mooring Time T T W T HFKE w2 o2
GreenlandSea
M319 1988/09/011988/09/06 -3.3 -0.1 0.0 -0.5 47 06 04
M319 1989/02/16-1989/02/16 0.9 0.2 -0.1 -0.5 78 1.7 04
M319 1989/03/03-1989/03/09 -11.5 -2.4 0.0 -0.5 6.8 1.7 05
GSM2 1990/09/011990/09/06 -3.3 -2.7 -0.5 -0.5 29 06 0.3
GSM2 1991/02/14-1991/02/19 -0.5 -2.1 -0.5 -0.5 41 09 0.3
GSM3 1992/09/0+1993/09/06 0.3 -3.3 -0.1 -04 3.3 08 01
GSM3 1993/02/21+1993/02/26 4.2 -53 -0.1 -04 6.3 11 01
GSM5 1994/09/011994/09/06 -1.4 -1.3 0.2 -05 35 08 0.2
GSM5 1995/02/04-1995/02/10 45 35 -0.2 -04 82 25 05
Labrador Sea

Bravo 1994/09/011994/09/06 -7.9 0.0 -0.1 -04 41 09 03
Bravo 1995/02/24-1995/03/02 -4.1 54 -0.3 -0.5 79 13 04
Bravo 1995/03/04-1995/03/10 -5.9 96 -0.1 -04 71 15 0.3
K1 1996/09/011996/09/06 -0.8 -1.6 -0.1 -04 25 06 01
K1 1997/02/18-1997/02/24 -7.3 -95 0.0 -04 121 21 0.7
K1 1997/03/03-1997/03/09 -12.7 -6.6 0.0 -04 150 35 0.8
K11 1997/09/0%+1997/09/06 -7.0 15.7 0.0 -04 24 08 0.1
K11 1998/03/15-1998/03/21 -6.2 23.4 -0.2 -0.5 6.1 1.0 0.3
K21 1998/09/011998/09/06 -3.5 28.1 -0.1 -04 3.7 06 0.3
K21 1999/02/22-1999/02/28 -2.4 1.2 0.0 -04 40 3.6 0.3

appearsn the late autumnperiodsof the two following winters 1990/91and 1992/93. After the
openingof the Nordlukta at the beginning of Februaryl989,several periodsof increasedrertical
velocity variance correspondindo verticalmixing, shawv up in thetime series.

During the following yearsconvection actiity waslessintense. The 1990/91recordsshov
only slightly increasedrariancein mid—Januanandmid—Februaryandthe 1992/93recordsshav
somemixing actiity in mid—Januaryandby the endof February Theverticalvelocity time series
obtainedover the last obseration periodin the GreenlandSea,the winter of 1994/95,is noisier
comparedo the previous ones,aresultof the continuoussamplingmodeusedin the setupof this
ADCP (AppendixA.2). Prevailing dovnward motion occurredat the beginning of Februaryin
mid—March,attheendof March,andfor a shortperiodin mid—April.
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Corvection actvity is more pronouncedn the vertical velocity time seriesobtainedin the
LabradorSea.The numberof individual eventsobsered exceeddy far the numberof eventsob-
senedin the Greenlandsea.During thefirst deploymentperiod,thewinter of 1994/95 the largest
downward motionsoccurredbetweermid—Februanandmid—March,with verticalvelocitiesof up
to 8 cms!. Thetime seriesof the high—frequeng varianceof the vertical velocity (Figure4.16)
shav increased/aluesover this period.
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FiG. 4.16: SameasFigure4.15for thecentralLabradorSea.

The mostintensemixing actvity of the four yearsof obserationstook placein the winter of
1996/97 againbetweermid—Februanand mid—March. Here peakvaluesof the vertical velocity
exceededlO cms™!. In the contet of the Labrador SeaDeep Corvection Experimentvertical
velocitieswere also measuredising both profiling vertical currentmeterfloats (VCM) anddeep
Lagrangiarfloats. Themagnitudeof theirobseredverticalvelocity corresponds theADCP mea-
surementsDuring the corvectionperiodof 1997the VCMs recordedseveraloccurrencesf verti-
calflow of 5cms~! andpeakvelocitiesof 10cms~!. Thewaterparcelfollowing Lagrangiarfloats
cycled betweerthe surfaceand 500 — 800 m, with vertical velocitiesoften exceedingl0 cms?
(TheLab SeaGroup,1998).



4.3. LabradorSeaBoundaryCurrentRegion 55

4.3 LabradorSeaBoundaryCurrentRegion

Thepresencef a coreof low salinity andhigh tracerconcentrationg the upperpartof the Deep
WesternBoundaryCurrent(DWBC) southof the LabradorSealed to a distinctionbetweerthis
waterandtheunderlyingLSW (FineandMolinari, 1988;Pickart,1992).FineandMolinari (1988)
consideredhis waterto beawarmertypeof LSW formedduringrathermild winters,while Pickart
(1992)amguedthatthe upperwatersin the centralLabradorSeaare generallytoo denseandsug-
gestedaformationin thesoutherrLabradorSea.

In late winter 1991, a small lense(20 km radius) of newly ventilatedwater (termedupper
LSW) embeddedn the LabradorCurrentwas obsered northeastwrd of FlemishCap (Pickart
etal., 1996). It hadthe correctdensity(oy = 27.68 — 27.72) to bethe sourceof the high—tracer
layer of the upperDWBC obsered further south. The coretemperaturendsalinity of the lense
were2.9 °C and34.87,respectiely. From a mixed layer modelsimulationPickartet al. (1997)
deducedhe possibility of this watermassbeingformedby convectionin the main branchof the
LabradorCurrent.

Besidesthe corvection mooringsin the centralLabradorSea,the mooringsin the boundary
currentregion (Figure2.1)werealsoequippedvith ADCPsandanumberof temperatursensorso
registereventuallyhappeningconvection. Comparedo the centralLabradorSea,wherea gradual
deepeningf the surfacemixed layer wasobsered in eachwinter, the temperaturelevelopment
in the boundarycurrentregion wascompletelydifferent(Figure4.17). In Februaryl997,nearly
instantaneousooling of the upper1000m was obsered at mooringK2. Thereafterincreased
fluctuationsbetweencold and warm conditionsoccurred,againover the upper1000 m. Such
coolingeventsover alarge verticalrangecannotbe attributedto convectionactvity atthemooring
location. Insteadjt appearsnorelikely thatthetemperatur@nomaliesverelaterallyadwected. A
furtherindicationfor theabsenc®f local corvectionis thatthetemperaturductuationscontinued
into May/Junewhile the coolingseasorendedalreadyby the beginning of April.

Figure 4.18 shavs temperatureand salinity sectionsalong the westernpart of the WOCE
AR7W line occupiebetweer and6 March1997by theKnorr, duringaperiodof intenseconvec-
tion atmooringK1. The pool of corvectively generatedow temperatur@ndlow salinity wateris
clearlyvisible in theinterior LabradorSeawhile atthelocationof the boundarycurrentmoorings
the stratificationremainedntact. Neverthelessthe front betweerstratifiedandunstratifiedwater
waslocatedcloseto mooringK2.

Thefollowing two obserationalperiodg1997/98and1998/99)shaw similarenhancetemper
aturefluctuationsoccurringsimultaneouslyvertheupperpartof thewatercolumnattheboundary
currentmooringsK12 andK22. Here,the topmostsensorslsoshav somecoolingthatmight be
attributedto local mixedlayerdeepeningbut it waslimited to the upperfew hundredmeters.The
temperaturductuationdgn thedeepetayerswerelessintensethanin 1997andtheperiodof inten-
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FiG. 4.17: Daily meanpotentialtemperatureat the LabradorSeaboundarycurrentmoorings. (a) K2
1996/97,(b) K12 1997/98,and (c) K22 1998/99. Instrumentdepthsare marked asdotsat the
lefthandside. Thecontourinterval is 0.1°C. Ice concentratiorirom NCEPOMB SSM/I datais
indicatedontop.
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FiG. 4.18: Potentialtemperatureand salinity sectionsalongthe westernpart of the WOCE AR7W line
occupiedbetweerd and6 March 1997 during R/V Knorr cruise147 (courtesyof R. Pickart).
Thetemperatureontourinterval is 0.1 °C andthe salinity contourinterval is 0.01. Isopycnals
areshavn asdashedines. Thelocationsof themooringsK1, K2 andK6 areshovn asredlines.

sifiedtemperatureariability wasshorter Further thelowesttemperaturedid notreachthevalues
obseredduringthefirst winter,

The vertical velocitiesmeasuredt 300 m depthat the boundarycurrentmooringsk2 andK6
over thewinter of 1996/97andat mooringK12 in 1997/98areshavn in Figure4.19. At mooring
K22 (1998/99)no vertical velocity recordswere obtained. Figure 4.20 shavs the time seriesof
the high—frequeng varianceof the vertical velocity The vertical velocity varianceat mooring
K6 by far exceedghe valuesobsered at the otherboundarycurrentmoorings(especiallyduring
August/Septembegswell asthe vertical velocity variancein the interior LabradorSea. This is
probablybecausehe ADCP waslocatedcloserto the surfacecomparedo the otherinstruments.
Therecordfrom about300m depthis rathercomparableo the otherobsenrations.

The K2 andK6 vertical velocity measurementisoth shaw increasedvariability over several
daysby the end of Decemberl996, but thesewere symmetricalfluctuationsindicatingthe gen-
erationof internalwavesin the stratifiedwatercolumnandnot associatedvith local corvection.
During theremainingwinter monthsof 1997several periodsof enhancederticalvelocity variance
occurredat K2 andK6. The amplitudeswere comparableo the obserationsduring periodsof
active convectionin the centralLabradorSea but no periodof prevailing dovnward motioncould
beidentified.Instead someof theenhancederticalvelocity varianceat mooringK2 resultedrom
spuriousupward motion. Moreover, if the peaksin the variancewould have beencausedn fact
by corvective plumesthey shouldbeidentifiableasdistinctdownwardburstsin the verticalveloc-
ity records,becausef the characteristicstrongdovnward motion of the plumesandthe wealer
upward motioninbetweenasseenin typical corvectiontime seriesg. g. Figure4.13).

The vertical velocity recordsobtainedduring the winter of 1997/98at the boundarycurrent
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FiG. 4.19: ADCP time seriesof vertical velocity at 300 m depthin the LabradorSeaboundarycurrent
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FiG. 4.20: 12-hrunningmeanof varianceof high—passedertical velocity (periodslongerthan 6 hours
eleminatedjor selectedADCP binsatthemooringsin the Labradorboundarycurrentregion.

mooring K12 shav similar enhancechigh—frequeng varianceduring the early winter months
NovemberthroughJanuaryAs in the obserationsfrom the previouswinter, thefluctuationswere
symmetrical They coincidedwith thedevelopmenbf ashallav mixedlayer Duringthefollowing

winter monthsthe vertical velocity variancedecrease@ndit is clearly visible that no events of

downwardmotionassociateavith plumesoccurred.

A comparisorbetweerthewatermasgropertieobseredatthecentralLabradorSeamoorings
andat the boundarycurrentmooringsis shavn in Figure4.21,for the periodsbetweenl January
and1 June. Although the scatteris ratherlarge, it is visible thatthe coldesttemperature# the
boundarycurrentareaccompaniethy lowestsalinities.Further thelow temperatureandsalinities
in theboundarycurrentshav atendeng towardsthemixedlayerpropertieobseredin theinterior
LabradorSeaduringcorvection. Therefordt appearplausiblethatthe cold anomalie®bsered at
the boundarycurrentmooringsduringwinter area mixing productbetweerthe warmerandmore
salinewaterin the boundarycurrentandthe colderand fresherwater from the interior This is
supportedoy the closeproximity of the mixed patchto the boundarycurrent,asobsered during
earlyMarch1997(Figure4.18).

In summaryit canbe saidthat over the threeyearsof obsenrationsin the boundarycurrent
region, no evidencefor locally occuringconvectionwasfound. Theverticalvelocity measurements
revealedonly symmetricalfluctuationscorrespondingo internalwavesin conjunctionwith the
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FIG. 4.21: 6/S—scattefrom 40—hlowpasse®eaCA recordbetweerl Januaryandl Junefromthecentral
LabradorSea(blue, mooringsK1, K11, K21), and from the LabradorSeaboundarycurrent
region (greenmooringsk2, K12, K22). Thewatermasspropertieof thedeepestvinter mixed
layer at the centralmoorings(Table4.1) are marked assquares.The unrealistichigh salinities
thatoccursporadicallyarearesultof pressuresffectscausedy mooringmotion,degradingthe
salinity measurements.

developmentof a rathershallav mixedlayer Distinct burst of dovnward motion associatedvith
convective plumesasin thecentralLabradorSeawerenotobsered. Insteadof a continuousnixed
layerdeepeninga nearlyinstantaneousoolingover a large verticalrangewasobsered duringall
wintersandindicationswerefoundthatthis cold andlow salinitywatercanbearesultof horizontal
mixing with theinterior.

Regardingthe formationregion of the so calledupperLSW, it shouldbe notedthatthe water
masspropertiesof the mixed layer obsered in March 1999 at mooring K21 correspondo the
propertiesf thelenseof newly ventilatedwaterobseredin the LabradorCurrentby Pickartetal.
(1996), indicating the possibility of its formationin the centralLabradorSeaduring rathermild
winters.



5. THEVIOLENT MIXING PHASE

Theviolent mixing phaseof deepcorvectionin the openoceanoccursduring late winter, usually
betweenFebruaryand March. In this chapterthe obserationsof corvection,from thosewinters
in the Greenlandand LabradorSeaswheresuccessfulADCP measurement&ere obtained,are
analyzed. A particularfocuswill be on the velocity structuresduring periodsof strongvertical
mixing.

5.1 ObsenedCorvectionPeriods

5.1.1 Greenlandsea
Winter 1988/89

Theobserationsof deepcorvectionatthemooredstationsin thecentralGreenlandseaduringthe
winter of 1988/89werediscussedn detailby Schottetal. (1993). They aresummarizecherefor
thesale of completenesandcomparisorwith the obserationsobtainedn thefollowing winters.

Figure 5.1 shavs time seriesof potentialtemperatureand vertical velocity from Januaryto
April 1989andthecorrespondingotal suriacebuoyang flux (NCEP/NCARreanalysis) Thefirm
ice coveragein the centralGreenlandseaendedon about23 — 25 Januarywith the openingof the
ice freebay Nordlukta,andthe mixedlayerwassubjectto uninsulatecatmospheri¢orcing for the
remainingwinter. By then,themixedlayerdepthwasof aboutl20m thicknessandits temperature
wascloseto thefreezingpoint. After Februaryl thenearsurfacetemperatureoseto about-1.4°C
andatthe347m level thetemperatur&ariability increasedSomeenhancedarianceof thevertical
velocity appearediuringthis period,but without dominantdovnward motion.

The next phaseof intensifiedmixing occurredbetweenl0 and 16 February It wasassociated
with slightwarmingat the 60 m level andincreasedemperaturdluctuationsat 347 m. The most
intensedownward motionof this recordtook place with verticalvelocitiesof upto 8 cms~!. Dur-
ing thefollowing periodof intensifiedsuriaceforcing andverticalvelocity fluctuationsbetweer?
and9 March,thetemperatur@éecordecdat 1345m decreasedignificantlyfor two shortperiodson
6 and8 — 9 March, but no total homogenizatiortould be obsered. The nearsurfacetemperature
stayedcolderduring and after theseevents. On 16 March a further event of downward motion
exceeding3 cms™! took place,associateavith atemperatur@ropatthe347m sensar
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FiG. 5.1: Time seriesof (a) daily total surfacebuoyang flux as derived from NCEP/NCARreanalysis
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Winter 1990/91

63

During the winter of 1990/91an Is Oddendevelopedin the secondhalf of January(Figure 3.9),
but the location of mooring GSM2 stayednearlyice free until the beginning of February The
only instrumentrecoseredfrom this mooringwasthe ADCP at 320m, thusonly little temperature
obserationsareavailablefrom thiswinter (Figure5.2).
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FiG. 5.2: (a) NCEP/NCARreanalysiglaily total surfacebuoyang flux, (b) SSM/lice concentratiorfcour
tesyL. Toudal),(c) potentialtemperaturat 320 m, and(d) vertical velocity at selectediepthsat

GreenlandseamooringGSM2from mid—Januaryo mid—May 1991.

Until mid—Februanthetemperaturat 320 m stayedrelatively constantatabout-0.9°C, indi-
catingashallav mixedlayer An eventof strongsurfaceforcingoccurrecbetweeri4andl17 Febru-
ary. It wasaccompanietby slightly enhancederticalvelocity fluctuationsthe dovnward motions
reached —4 cms~!. Theice concentratiorwasratherlow duringthis period,but not zero,thus
localice formationhasprobablyoccurred.



64 5. The Violent Mixing Phase

A coupleof dayslater around22 Februarythetemperatur@ecreasedapidly by about0.7°C
to nearfreezingpointvaluesandits variability increasedver afew days.Theice concentratiorin-
creasedlightly. As neitherenhancedariability appearedh theverticalvelocityrecordsnorstrong
suriaceforcing took place theincreasedemperaturerariability reflectslateralinhomogeneities.

Theremainingwinter shavedtwo furthercyclesof ice formation,correspondingvith increased
surfaceforcing, andsubsequemnmnelting, aswell asperiodsof increasedemperaturdluctuations.
Furtherperiodsof enhancederticalvelocity fluctuationsarenotidentifiable.

Winter 1992/93

The measurementsbtainedduring the winter of 1992/93at mooring GSM3 (Figure 5.3), shaw
similar sparseamixing actvity asthosefrom the previouswinter. By mid—Januaryhe temperature
at58 m wasatabout-1.3°, well abore thefreezingpoint. The satelliteobserationsshav low ice
concentrationg thearea.Thusthebaseof themixedlayermusthave beenwell abore thetopmost
sensayif ice wasformedlocally.

Towardsthe endof Januarythe nearsurficetemperaturelroppedbelav -1.8 °C andits vari-
ability increasedindicatingthe incorporationof the 58 m level into the mixedlayer An Is Odden
developedduringthis period, but the Nordkukta remainedopenwith low ice concentrationsThe
lowestmixed layertemperaturevasfound on 18 Februaryat the beginning of a periodof slightly
enhancedce concentration.Considerablevertical velocity fluctuationcorrespondingo vertical
mixing was found only between22 and 26 Februaryduring this winter. The dowvnward motion
wasof 3 -4 cms! in theupperADCP records.During this periodthe mixed layertemperature
increasedrom nearfreezingpoint valuesto about-1.2 °C andthetemperatureat 346 m dropped
to slightly highervalues.Theice in the areaof the mooringlocationnearlyvanished.A possible
reasonfor the weakvertical velocity actiity is thatthe ADCP waslocatedat a depthof 570 m,
while the mixing eventsoccurredonly in theupper350m, thusbarelyin theinstrumentange.

After this shorteventof verticalmixing, thetemperaturelecreasedgainuntil 17 Marchwhere
it returnedto valuesof about-1.8 °C. This cooling periodwasonly interruptedby a shortwarm-
ing and nearly homogeneousonditionsin the upper350 m around5 March. The temperature
fluctuationsat 346 m werehigh duringthis period,shaving theincompletemixing aslateralinho-
mogeneitiepassthemooring.

From 17 March onwards, the nearsurfice temperaturéncreasedagainto about-1.2 °C on
22 March. Afterwardsit returnedto low valuesof about-1.7 °C by 28 March. At the endof the
time seriesthe lowesttemperaturef the recordwasobsered at the 346 m level, collapsingwith
the 58 m recordfor a shortperiod. At the sametime weakindicationsof verticalmixing appeared
atthe572m level. A CTD suney along75 °N shaved deepmixing to 600 and 1000m at two
stationspneeastandonewestof themooring,in early April (Lherminieretal., 1999).
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Greenland Sea Mooring GSM3 1993
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FiG. 5.3: (a) NCEP/NCARreanalysiglaily total surfacebuoyang flux, (b) SSM/lice concentratiorfcour
tesyL. Toudal),(c) potentialtemperaturet selecteddepths,and(d) vertical velocity at selected
depthsat GreenlandseamooringGSM3from mid—Januaryo the beginningof April 1993.

Winter 1994/95

A striking characteristiof thewinter of 1994/95wvasthe completeabsencef seaice in thecentral
part of the GreenlandSea. Further the surface buoyang/ loss shaved exceptionalhigh values
of nearlyl x 107 m? s=3, comparedo the typical 0.5 x 10~7 m? s3 of the previous winters
(Figure5.4). Enhanceddownward motion and a deepeningof the mixed layer to belov 600 m
occurredalreadyin early February

An expandedsiew of theverticalvelocity andtemperaturebserationsbetweerd and9 Febru-

aryis shavn for selectedlepthsn Figure5.5,togethemwith thecorrespondingneansandstandard
deviations. Theupperntemperatureecordsshav thatcorvectionreachedhe 687m level, while the
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Greenland Sea Mooring GSM5 1995
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FiG. 5.4: (a) NCEP/NCARreanalysigiaily total surfacebuoyang flux, (b) potentialtemperatureontours
with depthsof the instrumentsindicatedas dots on the left handside (the contourintenal is
0.1°C), (c) potentialtemperaturat selectedlepths and(d) verticalvelocity at selectedlepthsat
GreenlandSeamooringGSM5from mid—Januaryo thebeginningof May 1995.Ice concentration
is notshawn, asthe centralGreenlandseawascompletelyice free duringthewholewinter.
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Greenland Sea Mooring GSM5 1995
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FiG. 5.5: Timeseriesof verticalvelocity (a) andpotentiattemperaturé¢b) atGreenlandseamooringGSM5
during the corvectionperiodof 4-9 February1995. Theright handsidegraphsshav the corre-
spondingmeanprofilesandthe standardieviation asbars.

underlyinglevel at 993 m wasnot affectedandstayedrelatively warmduringthis period.

Betweenl6 Februaryand 11 Marchthe surfaceforcing wasweakandthe temperaturen the
upper600 m stayednearly constant. Large temperaturdluctuationsasin the previous winters
werenot obsered, indicatingthatthe early mixing of the upperwatercolumnwasprobablymore
completeJeaving only smallhorizontalinhomogeneities.

Thenext periodof strongsurfaceforcingwasduring11— 16 March. Extremlyhighfluctuations
of vertical velocity occurred,but they may partly resultfrom the continuoussamplingmode of
the ADCP (AppendixA.2). Considerableooling or deepeningf the mixed layer did not take
place. Furthercooling of the mixed layer belov -1 °C occurredduring the last forcing period
from 23 to 27 March. Subsequentlyhe temperaturezariability at the 993 m level increasedand
thetemperatureeachedmixed layer valuesby the endof April. The vertical velocity variability
increasedlightly betweernl6 and22 April, althoughthe surfaceforcing wasratherweak.
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5.1.2 LabradorSea
Winter 1994/95

Thecycle of preconditioningdeepcorvection,andrestratificatiorasobseredatthe LabradorSea
mooringBravoin combinatiorwith PALA CE float dataduringthe winter of 1994/95is discussed
atlengthin Lilly etal. (1999).Theperiodof deepmixing is summerizedherefor comparisorwith
thelaterobserationsfrom 1997to 1999.

Time seriesof total surface buoyang flux (NCEP/NCARreanalysis) potentialtemperature,
andvertical velocity from Januaryto April 1995at mooringBravo areshavn in Figure5.6 (the
figuresdealingwith the obsenrationsin thefollowing wintersareall shavn onthe samesscalefor
comparison)Two periodsof intenseverticalmixing (24 Februaryto 1 Marchand4 — 9 March)are
shavn asanexpandedview in Figure5.7.

Cold mixedlayerwaterappeareét thetopmostsensoty 8 Januaryduring a periodof strong
cooling,butthemixedlayerdepthremainedairly constantntil theendof JanuaryHigh frequeng
temperaturdluctuationsoccurredat the 260 m level betweenl8 and 22 Januaryand betweern23
and 27 January Afterwardsthe temperatureeturnedto its early Januarylevel. Betweenl and
8 Februanthetemperature@ariability at 260 m increase@gainandthe temperatureftendropped
belav 2.4 °C. During the sameperiodthe temperaturat the next deepersensor(510 m) risedto
about3.2°C, whichis thevaluepreviously foundat 260m. This slight warmingis alsovisible at
thedeepetevelsdovn to 1260m.

First signsof downward motion appearediround9 Februaryin the vertical velocity records.
This coincidedwith coolingat510m andwarmingat 210m throughentrainmenof warmerwater
from belov. Temperaturdluctuationswerehigh at 510 m betweenl0 and23 Februarydenoting
theincorporationof this level into the mixedlayer Smalleventsof downward motion arevisible
on 17 and 18 February After the homogenizatiorof the upper500 m the numberof captured
verticalvelocity eventsincreasedlirasticallybetweer?4 Februaryand1 March (Figure5.7a). On
27 Februarythe mixed layer temperaturéncreasedapidly from 2.6 °C to 3 °C, probablydue
to horizontalinhomogenetiesimmediatelyafterwardsthe 260 m temperaturestarteddecreasing
again,but towardsvaluesbelov the previous mixed layer temperaturewhile at the 510 m level
thetemperaturgemainechigh. The active mixing continuedduringthis restratificatiorperiod,as
visible in the vertical velocity andtemperaturdluctuations(Figure 5.7a,b). The restratification
periodlasteduntil 2 March.

Between3 and9 Marchthe mixed layerrapidly deepenedo the 1260m level andits temper
aturereached.67 °C. The highestvertical velocitiesof this winter occurredduring this period.
After 10 March againsomerestratificationoccurred,but only at the deeperevels. Throughout
therestof March sporadiceventsof vertical mixing occurred. The deepestnixed layer of about
1800m wasfound around24 March. Afterwardsthe mixed patchcollapsedrapidly, manifested
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FiG. 5.6: Timeseriesnf (a) NCEP/NCARreanalysiglaily total surfacebuoyangy flux, (b) potentialttemper
aturecontourswith the depthsof the sensorsndicatedasdotson theleft handside,(c) potential
temperaturatselectediepthsand(d) verticalvelocity atselectedlepthsatLabradorSeamooring
Bravofrom Januaryto April 1995(temperaturelatacourtesyof J. LazierandP. Rhines).
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Labrador Sea Mooring Bravo 1995
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FiG. 5.7: Time seriesof vertical velocity (a, c) and potentialtemperaturgb, d) at LabradorSeamooring
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datacourtesyof J. LazierandP. Rhines).



5.1. ObsenedCorvectionPeriods 71

throughincreasedemperatureariability atall instrumentevels.

Winter 1996/97

The meteorologicatonditionsduring the winter of 1996/97shaved a dramatictransitionof the
flow regime over the North Atlantic which resultedin a significantchangein the magnitudeof
surfaceforcing in the LabradorSearegion. Until mid—Januarythe presencef a blocking high
over Europeandanomaloushhigh pressurever Greenlancdcaused significantwestward shift of
cyclonicactvity with theeffectof ratherlow heatlossovertheLabradorSea.In contrastFebruary
1997wasamonthin whichthecirculationpatternoverthe North Atlantic wassignificantlystronger
thanaverage resultingin strongheatlossover the LabradorSea(The Lab SeaGroup,1998). As
a consequencethe buoyang flux droppedfrom even positive valuesin early Januaryto large
negative valuesatthebeginningof FebruaryFigure5.8a). Theremainingwinterwascharacterized
by thehighestbuoyang fluxesoccurringoverthewhole obseration period.

With thesurfaceforcingincreasingrom mid—Januarpnwards thetemperaturat 75 m started
to decreasdrom about3 °C to 2.6 °C at the beginning of February(Figure 5.8c). The large
temperaturdluctuationsaround24 Februarydenotethe passag®f a cold—coreeddy causingthe
mooringto betoweddown whichbroughtthetopmosisensosporadicallyinto thewarmerirminger
SeaWaterbelov the mixed layer After 2 February the temperaturevariability increasedat the
425 m level and a few dayslater also at the 869 m level, both temperaturesscillatedbetween
warmervaluesandthe backgroundemperature.

The first plume activity appearedn the vertical velocity recordsaround10 February(Fig-
ure 5.8d), coinciding with the incorporationof the 425 m level into the mixed layer A 14—day
periodof intensevertical mixing followed, duringwhich the mixed layerdeepenedo 770m. An
expandedview of the periodfrom 18— 24 Februaryis shavn in Figure5.9a,b. During this period
thetemperaturat the upper500m stayedfairly homogeneousyhile large variability occurredat
thethreetemperatursensordelov, shaving thedeepeningf themixedlayer

On 22 Februarythe surface forcing wealenedand arrived at an intermediateminimum on
24 February Therestill occurredsporadiceventsof dovnward motion, but the homogeneityof
the mixed layer down to 770 m lastedonly for a few hours. Although the surfacebuoyang loss
increasedrom dayto dayimmediatelyafter24 Februarywarmingoccurredatthemooringlocation
throughhorizontalmixing until 1 March.

The first nine days of March shawv reinforcedsurface fluxes, which (althoughwealer than
during the eventin February)causechumerousplume events,the mostimpressie sequencef
downward motion of all records(Figure5.9c). The mixed layer deepenedapidly from 770 m to
1080m, andfor afew hourson 7 Marchlow temperaturesf about2.6 °C appeare@tthe 1280m
sensar

Between4 and20 April, low temperaturesppearedver the whole instrumentrange,much
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Labrador Sea Mooring K1 1997
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FiG. 5.8: SameasFigure5.6atLabradorSeamooringK1 from Januaryto April 1997.

deeperthan the convection obsered at the mooring location and deeperthan the mixed patch
mappedduring the R/V Knorr cruise(The Lab SeaGroup,1998). The eventoccurredin several
pulses,clearly not relatedto active corvection at the mooringlocation. Neitherdo the vertical
velocity recordsshav ary intensedovnwardmotion,nor did ary significantsurfacecoolingoccur
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Labrador Sea Mooring K1 1997
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FiG. 5.9: SameasFigure5.7 for the periodsof 18—-23Februaryand 3—8 March 1997 at LabradorSea
mooringK1.
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asthe cooling seasorhad alreadyended. The coldesttemperaturegbelov 2.6 °C) were found
between750and1750m. The high—resolutiontemperaturéime serieFigure5.8c)shav thatthe
watercolumnwaslesshomogeneouduringtheseeventsthanduringthe periodof active corvection
atthebeginningof March.

A possibleexplanationcould be, that corvectionto belov 1300m might have occurredin the
cold—coreeddiesobseredin earlywinter, assuggestethy Leggetal. (1998). Thereducedrertical
stability in the interior of suchan eddywould allow deepercorvectionandits cyclonic rotation
would efficiently trapthe cold waterinside,subsequentlpeingadwectedpastthemooring.

Winter 1997/98

At the bgginning of Januaryl998,the nearsurficetemperatureat mooringK11 wererelatively
high comparedo the previous winters,but droppedsharplyaround8 Januaryindicatingthatthe
warmwaterwasadwectedaway from the mooringlocation(Figure5.10). Anotheradwective event
wasobseredbetweerl7 and22 Februarythistime a cold—coreeddywith minimumtemperatures
belon 2.8°C at1300m depth.

Severaleventsof surfacecoolingoccurredduringthelastweekof Januarybut thetemperature
at 76 m decreaseonly slowly. The next eventof strongsuriaceforcing occurredbetweend and
13 February During this periodthe mixed layer deepenedelov 300 m, while its temperature
stayedrelatvely constantat about2.9 °C. For the following 13 daysthe temperatureat 76 and
300 m overlaid eachother with somewarmingbetweenl4 and 16 February The next cooling
periodwasfrom 17 to 26 Februaryanda numberof downward motion eventsis visible in the
verticalvelocity records(Figure5.10c).

This first period of moderatemixing actvity was followed by two weeksof relatively calm
conditionsuntil 14 March. The temperaturdluctuationsat 300 m increasedrastically during
this period,andalsothe deepetevels shawv warmingandhigh—frequeng temperaturductuations.
Although the cooling wealened,the lowest nearsurfice temperaturegbelonv 2.8 °C) occurred
duringthis period. The high—frequeng fluctuationsquickly ceasedfter strongsurfaceforcing set
in on 14 March.

The period of intensesurfaceforcing lastedfor nine daysuntil 22 March, with two daysof
relatvely calm conditionsinbetween.After a numberof shorteventswhereincreasingcold tem-
peraturegppearect 550m, themixedlayerdeepenetielow thislevel on 20 March (Figure5.11),
while the next deepetevel stayedunafected.Althoughwealer thanduringthe previouswinters,a
numberof downwardvelocity events,of typically 3—4 cms~!, weremeasurediuringthis period.

From26 Marchonwards,stronghorizontalmixing setin asindicatedby thetemperaturdluc-
tuations.On 6 and9 April corvectively generatedvaterappearedor shortperiodsat the 814 m
sensarbut no correspondingertical velocity was obsered andthe buayang flux waspositive.
Thereforedeepercornvectionhadprobablyoccurredn thevicinity of themooring.
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Labrador Sea Mooring K11 1998
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FiG. 5.10: SameasFigure5.6atLabradorSeamooringK11 from Januaryto April 1998.

Winter 1998/99

During the winter of 1998/99 strongsurfaceforcing occurredn early Januaryandmixing belov
290 m took placeat the location of mooring K21 by 18 January(Figure 5.12). Thereafterthe
stratificationwaspartly restoredhroughmajoradwectionof warmwater After theadwective event



76 5. The Violent Mixing Phase
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FiG. 5.11: SameasFigure5.7 for theperiodof 15—-20March1998at LabradorSeamooringK11.

hadpassedthe mixed layer wasabout0.1 °C warmerandwith 250 m depthalsoshallaver than
before.

Large buoyang lossbetween25 Januaryand4 Februarydeepenedhe mixed layer againto
about300m andits temperaturelecreasetelon 3 °C. Duringthefollowing weeksuntil 1 March,
themixed layerdepthoscillatedbetweer?00and300m. Thenearsurticetemperaturelecreased
slowly to about2.8 °C, while several warming eventswere obsered at the deeperinstruments.
Although the vertical velocity recordsare much noisier comparedo the previous deployments,
a numberof dowvnward motion eventscould be identified by the end of February(Figure5.13).
Sporadiceventsof decreasingemperaturatthe 560m sensaorbut without correspondingelocity
signals,shav that corvectionhappenedo mix the watercolumnsomavhat deepeiin the vicinity
of the mooring, asduring the previous winter. Indeed,someprofiles obtainedwith the moored
CTD profiler at mooringK20 by the endof Marchindicatevertical mixing to 800— 900 m depth
(Figure4.2).

The restratificationin April 1999wasthe mostintenseof all obserations,aswarm water of
about4 °C invadedtheupper500m. As aconsequencef the mainly barotropicflow, themooring
wastowed down several times by hundredsof meters. On 2 April the top of the mooringwent
down to about800m.
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FiG. 5.12: SameasFigure5.6 atLabradorSeamooringK21 from Januaryto April 1999.

5.1.3 Summary

77

In the GreenlandSea,corvectiontogetherwith substantiadovnward motion wasobsered only
during the winters of 1988/89and 1994/95. In March 1989 vertical mixing occurredto belav
1300m andin April 1995a maximummixed layer depthof about1000m wasobsered. The
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FiG. 5.13: SameasFigure5.7for theperiodof 22—27Februaryl999at LabradorSeamooringK21.

winters of 1990/91and 1992/93shaved only minor eventsof enhancedlovnward motion. A
fundamentatiifferencebetweerthewintersof 1988/8%and1994/95wvasthetotalabsencef seace
in the centralGreenlandSeaduringwinter. While in 1988/89brine releasehroughice formation
andsubsequernite export contritutedto the buoyang/ loss(Visbecket al., 1995),the convection
in winter 1995waspurelydrivenby air—seafluxes.

In the LabradorSea,the convectionwas deepesturing the winter of 1995, while the surface
buoyang lossandthe intensity of the vertical velocity eventswas largestduring the winter of
1997.Thecorvectionactiity waslessintenseduringthelasttwo winters,but still a smallnumber
of downward motioneventswerefoundin theverticalvelocity records.

Coolinganddeepeningf themixedlayeroftenoccurredconcurrentlyto warmingandincreas-
ing temperaturdluctuationsat the deepeiinstruments.This may be anindicationof squeezingf
the water column andthe generatiorof antig/clonic vorticity belov the deepeningnixed layet
Nothingsimilarwasobseredin the GreenlandSeatemperatureecords.

Violent mixing and lateral exchangebetweenthe convection site andthe surroundingoften
occurredconcurrently but neverthelesshorizontalmixing is most pronouncedafter the vertical
mixing ceased.
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5.2 Individual PlumesEvents

To determinghe physicalproperties|ik e vertical velocity andhorizontalscale of individual con-
vectioncells, the ADCP vertical velocity recordsobtainedat the cornvectionmooringswerecare-
fully inspectedor the periodsof plumeeventsby eye. Examplesof vertical velocity patternghat
couldbeaddressetb plumeeventsareshavn in Figure5.14for someof theconvectionmoorings.
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FiG. 5.14: Exampleverticalvelocity contourplotsof individual plumeeventsobsenedat the mooringsin

the Greenlanda, b) andLabradorSeag(c, d). Thecontourinterval is 2 cms~! andtheshading
is proportionalto the currentspeed. Downward velocity is contouredsolid, upward velocity
dashedandzerocontouris dotted.

Basedon previousstudiesonthesignatureof plumesin ADCPtime serieg SchottandLeaman,
1991;Schottetal., 1993;Visbeck,1993),several criteriawereappliedto identify vertical velocity
eventsthataremostlikely associatedvith corvection: Eventsshouldappearsimultaneouslhyver
severalbinsof gooddata;themagnitudeof theverticalvelocity shouldexceedthe magnitudeof the
errorvelocity; the errorvelocity shouldnot shav anorganizedpattern;symmetricabscillationsof
comparablemplitudeshouldnot occur (internalwaves); andeventsthat occurredduring the two
hoursjust beforesunrisewerenot consideredecaus®f possiblecontaminatiorthroughplankton
migration. Furtherit hasbeenverified that no significantvertical excursionsof the instruments
occurredduring the corvection periods(AppendixA.2). The approximateocation of the zero
verticalvelocity contourswerethenselectedasboundariegor theindividual plumeevents.
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Althoughthisselectiorprocesss somevhatsubjectve, it waschoserbecausattemptgo apply
automatedselectioncriteriafailedto deliver reliableresults.Automatedproceduresinvolving the
increasedvarianceand skewnessof the vertical velocity distribution during corvection periods
(Figure5.15), alwaysresultedin the selectionof eventsthat were obviously not associatedvith
convectionactiity whenthe chosercriteriawereto weak,or failedto detectplumeeventsunder
to strongcriteria.
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FiG. 5.15: Probabilitydistribution of vertical velocity at 300 m depthduring 6—daycorvectionperiodsin
theGreenlandM319andGSM5)andLabradorSeagBravo, K1, K11, K21). Thecorresponding
normal distribution (solid line) is computedfrom meanand varianceof the vertical velocity
distribution. Mean, variance skewness kurtosis,andthe numberof measurements listedin
eachpanel.

As alreadydiscusse@bove, corvectionactiity is characterizedy enhancedhigh—frequeng
variability of the vertical velocity (Figure4.15andFigure4.16). In additionto thevariance Vis-
beck (1993) also discussedighermomentsof the vertical velocity distributions obtainedin the
Greenlandsea(winter 1989)andthe westernMediterranearfwinters1987and1992),andfound
negative skewnessand increasedkurtosisduring periodsof convection actiity. The skewness
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characterizethedegreeof asymmetryof adistribution aroundits mean.Thekurtosismeasurethe
relatve pealednes®r flatnesf adistribution. Both quantitiesarenondimensionakharacterizing
the shapeof a distribution comparedo a normaldistribution. Increasedskewnessof the vertical
velocity distribution is to be expectedbecaus®f theintensedownward motionin the plumes that
is compensatelly moderataipwardmotioninbetweenThekurtosisof the verticalvelocity distri-
butionis ameasuref thefrequentnessf plumesin thetime series A large numberdenotesnary
plumeswith highdownwardvelocity.

The durationof the vertical velocity eventsselectedrom the ADCP time series|. e. thetime
it took for the eventsto passhe mooringswith thebackgroundlow, is shavn in Figure5.16a.The
typical transittimeswerebetweeroneandtwo hours.Only a smallnumberof eventsappearedn
the vertical velocity recordsfor threehoursor more. Eventsshorterthan40 minutescould not be
resohed, dueto the ADCP samplingratesof 20 to 40 minutes:atleasttwo samplesarenecessary
to gain confidenceabouta plume event. In the GreenlandSeathe passagdimes are somevhat
longercomparedo the LabradorSeadueto thewealer backgroundurrents.
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FiG. 5.16: (a) Transittime of plume eventsobsened in the vertical velocity recordsat the corvection
mooringsin the GreenlandandLabradorSeas.The transittime is sethy the horizontalsize of
the plumesandthe strengthof the backgroundturrents adwectingthe plumespastthe mooring.

The cumulatve numberof obsered plumeeventsfor the monthsof FebruarythroughApril
is shawn in Figure5.17for theindividual corvectionmoorings.In generalthe numberof plumes
obseredin the LabradorSeawas muchgreaterthanin the GreenlandSea. This resultsfrom the
intensecorvectionactiity obsered at the LabradorSeamooringsBravo (1995)and K1 (1997).
Thenumberof plumesobseredduringthefollowing wintersof moderateconvectionactity atthe
LabradorSeamooringskK11 (1998)andK21 (1999)is comparabldo the numberof eventsfound
in theverticalvelocity timesseriesobtainedatthemooringsM319 (1989)andGSM5(1995)in the
Greenlandsea.Only two, respectiely oneeventwasfoundatthe GreenlandseamooringsGSM2
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FiG. 5.17: Cumulative numberof plumeeventsobsenedatthe GreenlandseacorvectionmooringsM319
(1989),GSM2(1991),GSM3(1993),andGSM5(1994) (upperpanel),andatthe LabradorSea
cornvectionmooringsBravo (1995),K1 (1997),K11 (1998),andK21 (1999)(lower panel).

(1991)andGSM3(1993).

5.2.1 VerticalVelocity andHorizontalScale

The maximumdownward velocity is easily diagnosedrom the ADCP measurementduring the
plume events. It is shavn in Figure 5.18, plotted versusdepth, for the individual obseration
periods.In the Greenlandeavaluesof 6 — 8 cms~! arefoundduringthewinters1988/89(M319)
and1994/95GSM5). Schottetal. (1993)discussetheobsenrationsfrom thewinter 1988/89more
thoroughly They alsodetectediovnward velocity eventsexceeding3 cms™! ata depthof about
1400m at mooring T6 (nearbyM319). The vertical velocity recordsobtainedat mooring GSM5
shav even highervaluesthanthoseshavn in Figure 5.18, but theseeventscould not be clearly
identifiedas plumes. In the velocity recordswith sparsecorvectionactvity, obtainedduringthe
wintersof 1990/91(GSM2)and1992/93(GSM3),themaximumvelocitieswereonly 3—4cms™1.
In the LabradorSeathe highestverticalvelocity of upto 11 cms~! occurredduringthewinter
of mostintenseplumeactiity 1996/97at mooringK1. During the otherobseration periodsthe
downward motion reachedvelocity valuesof typically 6 — 8 cms™!. Lilly etal. (1999)discussed
a plume eventwith a maximumvelocity of 8 cms™! in the Bravo time seriesof 1994/95. This
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FiG. 5.18: Maximum downward velocity of the plumesobsered in the GreenlandSea(a) andin the
LabradorSea(b) for theindividual obsenationperiods,asfunctionof depth.

eventdoesnotappeain Figure5.18,becausdé occurredshortlybeforesunriseandis thereforenot
considerederedueto the possiblecontaminatiorthroughplanktonmigration.

Figure 5.19 shaws the frequeng distribution of maximumdownward velocity of all plume
events. The obserationsobtainedn the LabradorSeashav a smoothdistribution betweerveloci-
tiesof 3and9cms!. Verticalvelocitiesbelov 3cms—! couldhardlybeidentifiedasplumeevents
in the ADCP measurementsdost of theeventsshaw verticalvelocitiesbetweerB —5cms—! but
alsoalarge numberof plumeswith dovnwardmotionof 5—9 cms~! wasfound. In the Greenland
Seathe distribution of maximumvertical velocity obserationsis moreirregular, probablydueto
thesmallernumberof eventsobsered. Heremostof the eventsshav maximumverticalvelocities
of typically 4 —5 cms™!, with only a smallnumberof plumeswith highervelocities.

Assumingthe obsered verticalvelocity field to be quasi—stationarwhile beingadwectedpast
the mooringwith the backgroundilow allows to estimatethe horizontalscaleof the individual
convectioncells (SchottandLeaman,1991). If indeedthe passag®f the centerof the plumehas
beenobsered, thenthe meanad\ection speedtimes the durationof the event gives the plume
diameter

Visbeck (1993) developedmore sophisticatedschemedo determinethe physicalproperties
of cornvective plumesfrom ADCP measurementsThe methodswvereappliedto the obserations
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FiG. 5.19: Maximumdownwardvelocity of individualplumesobseredin theLabradorandGreenlandsea
in binsof 0.5cms™1.

obtainedn the Greenlandseaduringthewinter of 1988/89 andto theobsenrationsobtainedn the
westernMediterranearirom 1992. One of theseschemesvasto usethe spreadingf the ADCP
beamaswith increasingdistancefrom the transducer At a distanceof 300 m from the transducer
the beamsarehorizontallyseparatedy about220 m (with 20° transducerangle). The horizontal
scalewas estimatedrom the increasingdecorrelatiorof velocity measurementwith increasing
distancefrom the transducerfor caseswherethe plume diameterwas of the sameorderasthe
beamseparation.The secondmethodwasto fit anidealizedthree—dimensionatelocity field to
the ADCP measurementd.hefree parametersf this kinematicplumemodelwere,amongothers:
the backgroundrelocity; the horizontaldistanceof the ADCP sectionthroughthe plumefrom its
centertherotation,themaximumverticalvelocity, andthe plumediameter However, it turnedout
thatthe resultsof both methodswere consistenwith the frozenstructureassumptionyhich will
be usedhereto estimatenhorizontalplumescalespecausef its easeof use.

To separatehe backgroundcurrentsfrom the high—frequeng oscillationsthat containthe
plume signals,the spectraof horizontal currentvelocitiesin the Greenlandand LabradorSeas
areanalyzedFigure5.20). In bothregions,the spectrashav a bandof relatvely low enegy be-
tweenperiodsof 5 to 10 hours,separatinghe tidal currentsfrom the high—frequeng oscillation.
Thereforethe 9—hourlowpassechorizontalvelocity meanfrom all ADCP binsis assumedo be
a goodestimateof the backgroundlow. Integratingthe backgroundrelocity over the periodof a
plumepassageesultsin anestimateof the plumediameter

Fromthefirst obserationsof convective plumeswith mooredADCPsin the westernMediter
raneanSchottand Leaman(1991) estimatedhe horizontalplumescaleto be of orderl km. The
subsequenmeasurementsarriedout in the GreenlandSeasuggestea horizontalscaleof about
300m (Schottetal., 1993).Duringthewinter of 1991/92a small-scaldriangleof 2 km sidelength
with four ADCPs(one of the mooringscarriedtwo instrumentswasdeplged in the corvection
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FiG. 5.20: Variance—preservingpectraof unfilteredhorizontalcurrentvelocity at 300 m depthfrom the
Labrador(solid) andthe GreenlandSea(dashed)onvectionmooringsfor the periodbetween
1 Februaryand1 May. Thespectraverecomputedusing3—daysegmentswith 50% overlapand
Hanning—windev tapering.

region of the westernMediterranear{Schottet al., 1996). An interestingresultswasthatthe hor
izontal currentson the timescaleof the obsered plumeswere not correlatedamongthe stations.
Thereforethehorizontalplumescalesagainhadto be estimatedrom individual stationdata. Typ-
ical valuesobtainedwere 300— 600 m. In the centralLabradorSealLilly etal. (1999)foundthe
ADCP measurementsbtainedduringthe winter 1994/95to be consistentvith convective plumes
of width 200to 12000m.

Thenumberof obserationsof individual plumediametersn the GreenlandindLabradorSeas
is shawvn in Figure5.21. In the Greenlandsea,mostof the estimatedall betweer200and600m.
Only threeeventsof larger plumescalehave beenfound,which maybeconsideredsoutliers. The
meanhorizontalplumesizeis of about400m. Largerhorizontalscalesoccurin the LabradorSea,
rangingfrom 200to 1200m, againwith someoutliersat larger sizes. Herethe meanhorizontal
sizeis about700m.

The maximumvertical velocitiesaswell asthe horizontalscalesof convective plumesderived
heregenerallyconfirm the earlierobserationswith mooredADCPsin convectionregions, sup-
portingthemwith a broaderobserationalbase.The large numberof plumesfoundin the newer
obserationsmotivatedto testtheoreticalscalingargumentsof the velocity and length scalesof
plumesasdiscussedh section5.3.
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FiG. 5.21: Numberof obsenationsof plume diametersat the Labradorand GreenlandSeacorvection
mooringsin 100m bins.

5.2.2 Three—dimensiondtlow Field

Thequestiorof whetherthereis ahorizontalcirculationassociatedith plumeshasbeenaddressed
in all previous studiesdealingwith ADCP measurements the convectionregionsof the western
Mediterranearthe centralGreenlandSea andthe centralLabradorSea.Consideringa convection
cell with inflow in the upperregion andoutflon in the lower region, cyclonic circulationon top
andantigyclonic circulationat the bottomof the plumewould be explainableby potentialvorticity
conseration of awatercolumnstretchedn the upperpartandsqueezedh thelower part.

During their obserationin Februaryl987in the westernMediterraneanSchottandLeaman
(1991)foundonly oneeventwherea clearhorizontalcurrentanomalywasdetectablebut it could
not be explainedconsistentlywith eithercyclonic or antig/clonic rotation. Indicationsof a hori-
zontalcirculationwerealsofoundin the centralGreenlandSeaduring a plumeeventobseredon
16 March1989at mooringT6. In theupperlayercurrentsotatedanticlockwisewith thearrival of
the plume,correspondingo cyclonic motion. In the deeplayer clockwiserotationof the currents
was obsered, which corresponds$o antig/clonic motion. An oppositerotationof the horizontal
currentsonthebacksideof theplumewasnotobsered (Schottetal., 1993). As thehorizontalcur
rentsobsered at thetriangulararrayin the westernMediterranearf1991/92)decorrelatedamong
the stationsmeaningfulvorticity calculationscould not be carriedout (Schottetal., 1996). Rota-
tion wasanalyzedor two casesisingthekinematicplumemodelof Visbeck(1993). Thefirst case
yieldedno detectableotation,while the secondvasconsistentvith cyclonic rotation. Lilly etal.
(1999) interpretedthe horizontalcurrentfluctuationsassociatedvith plume eventsin the Bravo
1994/95time seriesascyclonic vorticity.

It canbe concludedthat the evidencefor a well organizedhorizontalcirculation associated
with individual convective plumesis sparse A carefulinspectionof the plumeeventsobseredin
the GreenlandandLabradorSeagduringthe subsequengxperimentsroughtno new evidencefor
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consistenhorizontalcirculationassociatedavith them. Thereforea differentapproachs followed
here.

Integratingthe lowfrequeng backgroundrelocity with respecto time allows to estimatethe
spatialstructurefrom the Eulerianmeasurementgsssuminghattheflow field is quasistaticwhile
passinghe mooringasdescribedabore. This resultsin oneestimateof the highfrequenyg, three—
dimensionaflow field associateavith eachindividual plume. Thenthe velocity measurementsf
several plumeeventsfrom periodsof intenseconvectionactivity could be averagedto determine
themeanvelocity structure.

If consistenstructureof horizontalcurrentsassociateavith plumeeventsdo exist, this should
be revealedin the meanflow fields. Otherwise,if the horizontal currentson theseshorttime
scalesarerandomstructuresthey shouldcanceleachother Figure5.22shavs the meanthree—
dimensionaflow field dervedfor a numberof intenseconvectionperiods,onefrom the Greenland
Seaduring February1995 (GSM5) andfive from the LabradorSea(Bravg K1, andK11). The
horizontalvelocity parallelto the backgroundlow andthe vertical velocity are shawn asvectors,
while the componenperpendiculato the backgroundlow is shavn ascontours.The magnitude
of the vertical velocity is emphasizedby shading. Cyclonic rotationshouldreveal itself through
positive contourson the lefthandside of the maximumdownward velocity and negative contours
ontherighthandside. Thisis clearly not the casefor the obserationsfrom the LabradorSea,but
couldnotcompletelyberuledoutfor the GreenlandSeacase.

5.2.3 Diurnal Cycleof Vertical Velocity

In thewesternMediterraneadiurnalcycle of theoccurancef dovnwardmotionhasbeenfound,
correspondindo the diurnal cycle of the surfaceforcing (Schottet al., 1996). Plumegeneration
occurreddominantlyat night, at maximumbuoyang flux. Enhancedrerticalmixing, at a level of
about300m, typically setin four hoursafterthe coolingstartedandendedby thetime thesurface
forcingwasminimal. This setsalower limit for the lifetime of the plumesthatis at leastnot long
comparedo aninertial period.

The meandiurnal cycle of the heatflux over the LabradorSeacorvectionregion (asderived
from R/V Knorr cruisel47shipboardneteorologicabbserations)for the corvectionperiodfrom
10 Februaryto 9 March 1997is shawvn in Figure5.23a. Although thereis no heatgain during
mid—dayasin thewesternMediterranearthe heatlossdropssignificantlybetweerl0:00UTC and
20:00UTC dueto insolation. The minimumat 15:00UTC (correspondingo local noon)is about
250W m~?2 lower thanthe valuesfoundat night.

The vertical velocitiesat mooring K1 displayedversusthe time of day shav a predominance
of large dowvnward motion during night and early morninghours(Figure 5.23b). No dovnward
verticalvelocity exceedingd cms~! wasobseredbetweerl7:00UTC and21:00UTC atK1. The
correspondingarianceof the vertical velocity is shavn in Figure5.23c. The variancedecreases



88

5. The Violent Mixing Phase

GSM5 1995/02/04 - 1995/02/10
2507’/ N T "y ! AN RN | NS
s L I -1 = ST
; \\\\ \\J///// \\. 201, T~ < -
LN li NN 2
3001 SSHIPAN . N
///// /7 TN // ¥ ~ e
(i S\t [300f SO T
_ , Pl Ao ~ Ny L \
E 350 A AR Y A
= ALY RAAN N 1/ \ '/) e
a PN A - 350 b [ S~/ 7
3 / v /A\ } | ‘J | \\
[a] o -l - . ~
400t R 7 PN
N Y - . I t VAR 4 o
(NN \\ @ / | /s AN
\ \ ECARE AN ¢ |4007F - /-~ - N
P SN > S N
450 | © - ! SR
Ny S ‘\ i \\‘*‘>’\{ / T
N 'T\y/ Lo/ A A 450 R oAy
500 | Number ofp!umes:S ) ) ) — Qcm st = Number of pl‘umeszlA‘ ) ) - §cm st )
-750 -500 -250 0 250 500 750 -750 -500 -250 0 250 500 750
Bravo 1995/02/24 - 1995/03/02 K1 1997/03/03 — 1997/03/09
200 = | | SN /
— ="\ N/ 250 -
N N
<7 N
Y e
250f. ) v ./ 1
= 300
g :‘j\l\\4<\\//
< 300} 7 [ 1
g Y 350 |
o |
AN Tt
350 -\ (> - 1
N 400 |
(O -
400f AT e - - & 1
FUONLG L ooy a 450
Number ofp!umes:Q ) ) ) ] ) Number of p!umes:21‘ ) ) - §cm st )
-750 -500 -250 0 250 500 750 -750 -500 -250 0 250 500 750
' ' ' X ' ' 1200 f ' ' ' ' ' '
Bravo 1995/03/04 — 1995/03/10 K11 1998/03/15 - 1998/03/21
200p  _ N OOCE ‘
/ 1%
<A IV ;/‘ 250
- .\\ . .
250 LN,
- NN 300 |
3 | <T‘\\
£ 300 SN
oy : : 350
[a] VN
~7 T )
3BOf - L
N 400
s
e -
400 \\/\\'/,/
Coe T - 450
Numberofp!umeszg ) ) ) ) Numberofp!umeszs ) ) ) - §cm st )
-750 -500 -250 0 250 500 750 -750 -500 -250 0 250 500 750

FiG. 5.22: Meanthree—dimensiondlow field associateavith plumeeventsduring periodsof intensecon-
vectionin the Greenlandsea(GSM5)andthe LabradorSea(Bravo, K1, K11). Thecurrentvec-
torsdenoteheverticalvelocity andthe horizontalcomponenparallelto thelowfrequeng back-
groundflow. The contourlinesdenotethe horizontalvelocity perpendiculato the background
flow. Positive for flow out of the plane(solid) andnegative for flow into the plane(dashed)The
shadingis proportionalto the intensityof downwardvelocity. The contourintervalis 1 cms™1,
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FiG. 5.23: (a) Meandiurnalheatflux from R/V Knorr shipboardneasurementsetweenl0 Februaryand
9 March1997in the LabradorSea.(b) Verticalvelocitiesat LabradorSeamooringK1 at440m
versustime of day, aswell astheir hourly meansand standarddeviationsfor the sameperiod.
(c) Correspondindhourly meanvarianceof the vertical velocity (dots)andfor a precomwection
periodfrom 1 Octoberto 30 Novemberl996(circles).(d) Sameas(c) for thehorizontalvelocity

variance.Thetime betweersunriseandsunsets markedby shading.

after12:00UTC whenthe surfaceheatflux reducesandhasits minimumat21:00UTC with val-
uescomparablédo the precowectionvariance(October/Noember1996). The horizontalvelocity
variance(Figure 5.23d)shaws a similar behaior, althoughmuchlesspronounced.The peakin
the vertical velocity varianceat 22:00UTC resultsfrom planktonmigration; planktonpeaksalso
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appeain theprecowectiontime seriesat 09:00UTC and22:00UTC.

Figure5.24shavs thenumberof occurancesf dowvnwardmotionexceeding3 cms™! at300m
depthversustime of day from the Labradorand GreenlandSeacorvection mooringsduring the
monthsof FebruaryandMarch. Mostremarkablés thatthe LabradorSeatime seriesdo not shav
asingleeventof enhancediovnwardmotionbetweer20:00UTC and22:00UTC. Thismaypartly
resultfrom upward motion of plankton,occurringat this time and compensatinghe dovnward
motion. Thelargestnumberof eventsis foundaround09:00UTC, whichis shortly beforesunrise
andthereforeagaincontaminatedy planktonmigration. Thereafterthe numberof obserations
decreasesontinuouslytowardsthe 21:00UTC minimum.
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FiG. 5.24: Numberof obsenationsof dowvnwardmotionexceeding3 cms—' versugime of dayfor 2—hour
intervalsduringthe monthsof FebruaryandMarchat 300m depthfrom four ADCP time series
obtainedn (a) the LabradorSea(Bravo, K1, K11, andK21) and(b) the Greenlandsea(M319,
GSM2,GSM3,andGSM5)respectiely. Themeanis shovn asheavy line. Theshadingdenotes
thethetime betweersunriseandsunsetDark shadingfor 1 February(notin the Greenlandsea
dueto polarnight) andlight shadingfor 1 April.

Although the vertical velocity time seriesare partly contaminatedy planktonmotion, this
could not explain the diurnal cycle of vertical velocity in LabradorSeamooring records. The
planktonmigration occursonly during the two hoursbefore sunriseand after sunset,while the
vertical velocity cycle appearsover the whole day with extremaduring the periodsof plankton
actity.

In the Greenlandseathediurnalcycle of insolationrestartsaroundmid—Februarywith theend
of the polar night. Althoughthe numberof vertical velocity eventsin the GreenlandSeais much
smallercomparedo theLabradorSeamostof theeventsarelikewise foundduringnighttime. The
diurnal cycle of vertical velocity intensityis not that pronouncedn the Greenlandand Labrador
Seagomparedo theobserationsobtainedn thewesternrMediterraneain Februaryl992(Schott
etal., 1996). Neverthelessthereis evidencethatintensedovnward motion occurspredominantly
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at night, while it ceasesvhenthe surfaceforcing decreasedueto insolation(Figure5.24). This
suggestanupperlimit for thelifetime of plumeswhich would thenbe atleastnotlong compared
to theinertial period.

During the polar night a diurnal cycle of suriaceforcing doesnot exist in the GreenlandSea.
This arisesthe possibility that plumesexist suficiently long to be modified by the Earths rota-
tion andcomeundergeostrophicontrol. This may be the casefor the plumesin early February
1995 at mooring GSM5 whereslightly consistenthorizontalvelocitiesstructureswvere obsered
(Figure5.22). On the otherhand,plumesmay be generateaontinuouslythroughouthe day and
decaybeforethey comeunderrotationalcontrol. This cannotbe distinguishedy the ADCP mea-
surementsbecauséahe plumesareonly slicedfor a rathershortperiodasthey passthe mooring
location. Thequestiorof whetherplumesarerotationalycontrolledwill befurtherdiscussedh the
contet of theoreticakcalingagumentsn section5. 3.

5.2.4 VerticalHeatFlux

Thenumberof directmeasurementsf turbulentheatflux in the ocearis sparseandlimited to ob-
senationsof small-scaléurbulence(Moum, 1990;YamazakandOsborn 1993;FleuryandLueck,
1994;GagettandMoum, 1995;Sunetal., 1996;MorisonandMcPhee 1998). Estimatingthever
tical heatflux involves taking the covarianceof the fluctuatingvertical velocity and temperature
(w'8"), the verticalheatflux by definition,whichin generais difficult to obsere. Cornventionally
theestimatesrebasedn indirectmethodswherethe heatflux is inferredfrom the turbulentdis-
sipationratesof temperatur&arianceandkinetic enegy (OsbornandCox, 1972;0sborn,1980).

In a deepcorvectionregimethe largestturbulent scaleoccurringis the plumescale. The ver-
tical velocity fluctuationsassociatedvith plumesareevidentin the ADCP measurementdut the
vertical densitygradient,driving the plumes,is small. Assumingthatthe vertical buoyang flux
shouldcompensatthesurfacelossandmanifeststself only in temperaturehangesthemagnitude
of the expectedtemperaturdluctuationscanbe estimatechsfollows:

B= gozi =u't = —iw'p' = gaw'd’, (5.1)
Po

PoCp
whereB and( is the surfacebuoyang/ andheatflux respectiely, py a referencedensity ¢, the
specificheat,« the thermalexpansioncoeficient, andw’, ¥/, p’, andé’ arethe vertical velocity,
buoyang, density andtemperaturdéluctuationsyespectiely.

Typical conditionsduringconvectionin theLabradorSeaare B ~ 1 x 10~7 m? s~ (equialent
to a heatflux of approximately4A00W m—2),a ~ 1 x 1074 K~ !, andw’ ~ 1 x 10! ms~!. The
resultingtemperaturéluctuationsareonly 8’ ~ 1 x 10~3 °C, detectableif atall, only with today’s
high—precisionnstrumentgSeaCA's and MicroCATS). In the GreenlandSea,whereq« is only
about0.3 x 10~* K~!, ameasurableovarianceof the vertical velocity andtemperaturdluctua-
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tionsis not expected. Salinity fluctuationsandtheravith densityfluctuationare not detectableat
all with stateof theart instrumentsdueto evensmallersignalsandthe larger uncertaintieof the
conductvity measurements.

At the depthswheremooredSeaCA's of MicroCATSs arein the rangeof an ADCP, the cal-
culation of the heatflux term or of the correlationcoeficient p,g = (w'0")/(w'?)Y/2(6"?)1/% is
straightforvard, but it is importantto knov whetherthe calculatedvaluesare statisticallysignifi-
cant. In orderto testthe statisticalsignificancefwo methodsareusedhere: First an F—testfor the
correlationcoeficient during periodsof strongvertical mixing at the LabradorSeamooringskK1
(1997)andK11 (1998),andsecondasa nonparametri@pproachconfidencdimits for the heat
flux arecomputedwith thebootstrapmethod(e. g. TichelaarandRuff, 1989).

Thecorrelationcoeficient p,,y canbe consideredignificantif it exceedsa critical valueof

— ¢, (5_2)

whereF ,, o is the value of the F’ distrikution with oneandn, = n* - 2 degreesof freedomat
10x% confidenceThe numberof independentbserationsor effective degreesof freedonm* is

1

n*

3|*—‘

ni Z (5.3)

whereC'(j7) istheautocorrelatiof themeasuredjuantityatlag j7, with 7 thesamplingintenal,
andn thenumberof samplegGarrettandPetrie, 1981).

All corvectionmooringsin thecentralLabradoiSeacarriedoneSeaCA or MicroCAT recorder
within the rangeof the ADCP. The temperaturdluctuationswere obtainedby subtractingthe 9—
hourlow-passedime seriesrom the measurement$\pplying Equation5.3to theautocorrelation
functionsof the obsered vertical velocity and temperaturdluctuationsresultsin time intenals
betweentwo independentaluesof 60 minutesfor the vertical velocity and 40 minutesfor the
temperaturdluctuations(the samplingintenal is 20 minutes).As a conserative estimateatime
intenal of 80 minuteswill be used,correspondingo the typical transittimes of plumesat the
moorings(Figure5.16).

Consideringperiodsof strongmixing actity it turnedoutthatatleastthreeto four daysof av-
eragingarenecessaryo comeup with significantcorrelationcoeficientsfor afew periods.There-
fore five—daysectionof verticalvelocity andtemperaturelatawereusedto calculatethe statistics.
With the samplinginternval of 20 minutesthis resultsin 90 independenbbserationswithin each
five—dayperiod. Thus,at a 90% confidencdevel, the correlationcoeficentshave to exceedthe
critical valueof p. = 0.17to differ significantlyfrom zero.

The three periodsof vertical velocity and temperaturdluctuationswith highestcorrelation
areshavn in Figure5.25. Two periodsarefrom mooringK1 (1997),including the mostintense
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downward motion eventsfrom all records,oneduringthe secondhalf of Februaryandoneat the
beginningof March. Thethird periodshavn correspondso the strongesmixing actvity foundby
mid—Marchof thefollowing winteratmooringK11. Thestatisticfor theseperiodsaresummerized
in Table5.1. The instantaneouseatflux valuesw’#’ shav distinct positve spikesin all three
sections,ndicatingupward flow of heatto compensatéossesat the surface. The occurrenceof
thesespikescorrespond$o negative vertical velocity andnegative temperatur@anomalies.

TABLE 5.1: Statisticalsummaryof the correlationcalculationsfor thethreeperiodsshavn in Figure5.25.

Mooring <,w12>1/2 <9/2>1/2 <w/9/> Pwo
(x1072ms71) (x1072°C) (x107*°Cms1)

K1 19-24Feh 1997 1.36 1.45 0.48 0.24

K1 3—-8Mar. 1997 1.94 1.16 0.57 0.26

K11 13-18Mar. 1998 0.96 1.31 0.25 0.19

Duringtheperiodsof active corvectiontheverticalvelocity distribution shavs increaseckew-
ness,dueto intensedownward motion in the plumescompensatetty moderateupward motion
inbetween(Figure 5.15). Furthermorethe high—frequeng temperaturdluctuationsalso deviate
from anormaldistribution for the periodsshavn in Figure5.25.1n orderto increasgheconfidence
in the heatflux estimatesionparametrienethodswherenormality hasnot to be assumedgcanbe
usedto testthe statisticalsignificance.

Several authorsemplo/ed a methodapparentlysuggestedby B. Ruddickandfirst published
by Yamazakiand Osborn(1993),wherethe obsered correlationcoeficientsarecomparedo the
probabilitydensityfunction(pdf) of noise.Thenoisepdfis computedy calculatingthecorrelation
for mary randomlyshiftedsegmentsof vertical velocity andtemperaturelatato assurehatthese
two seriesaretotally uncorrelatedFigure5.26shavs the probabilitydistribution of noiseestimated
from 2000realizationsluringFebruaryandMarch1997atmooringk1l. Comparinghecorrelation
coeficientsobsered at K1 (Table5.1) with the noisedistribution revealsthat the probability of
acceptingnoiseis very small.

To obtaintime seriesof vertical heatfluxes, 5—dayrunningaveragesof w6’ were computed
for the monthsof Februaryand March at the convection mooringsin the centralLabradorSea
(Figure5.27). The confidencdimits for the heatflux averageswere estimatedvith the bootstrap
method.As anonparametricnethodboostrappingrovidesfreedomfrom theassumptiorof anor-
mal datadistribution, but the numberof effective degreesof freedomstill hasto be considered.
ThereforeB0—minuteaveragesvere computedbeforeresamplinghe datato ensurethatthe sam-
plesarestatisticallyindependentSincethe methodof GarrettandPetrie(1981)usedto estimated
the numberof degreesof freedomis a parametriapproachandnormality hasto be assumedthe
confidencdimits might be underestimatei the numberof degreesof freedomhasbeenoveresti-
mated.
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FiG. 5.25: Time seriesof vertical velocity, temperatureandinstantaneoubeatflux signalsfor three5—
day sectionsof datafrom themooringsK1 (1997)andK11 (1998)in the centralLabradorSea,
wherethe correlationof verticalvelocity andtemperaturdluctuationss statisticallysignificant.
Positive valuesof instantaneoubkeatflux indicateupward flow of heatto compensatéossesat

thesurface.
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FiG. 5.26: Probability distribution of the correlationcoeficient betweenvertical velocity and randomly
shiftedtemperaturdluctuationsfor the monthsof FebruaryandMarchat LabradorSeamooring
K1 (1997).Thecorrespondingormaldistribution (solid line) is computedrom meanandvari-
anceof the noisedistribution. The dashedinesindicatethe correlationcoeficientsobtainedfor
thetime seriesshavn in Figure5.25andlistedin Table5.1.

Thetime seriesof vertical heatflux at the LabradorSeamooringsshav thatmostof thetime
the heatflux is not significantly differentfrom zero. The large errorbarsat the beginning of the
Bravo (1995)time seriesare associatedvith the passagef the baseof the mixedlayer During
this time thetemperaturesensois, dueto horizontalinhomogenetiessometimedelov the mixed
layerandsometimesn it, causingargetemperaturdluctuations.In theremainingtime threeshort
eventsof slightly significantheatflux occurred.

As alreadydiscussedbore, the mostremarkableaventsof upward heatflux associatedvith
convectionactiity arefoundin the time seriesobtainedat mooringK1. Thetwo events,onein
mid—Februanandoneatthebeginningof March1997 lastedfor severaldayseachandshav mean
heatfluxesof about200W m~2. This valuecomparesvell with resultsfrom the 3D Lagrangian
floats operatingin this areaat the sametime (E. Stefen, personalcommunication).During the
periodbetweermid—Februarnandmid—March,the heatflux obsered at depthevenappeargo be
roughlycorrelatedvith the surfaceforcing.

The event of significantupward heatflux in the time seriesof mooring K11 in mid—March
1998amountgo anaverageof aboutl00W m—2. No significantresultswerefoundatK21 (1999),
probablyresultingfrom the lessprecisevertical velocity measurementduring this deplgyment
period(dueto lower batterycapacitylesspingswere averagednto the ensemblaneans seeAp-
pendixA.2). A similar analysishasbeencarriedout for thetime seriesobtainedn the Greenland
Sea,but no significantcorrelationwasfoundin ary of them. This is mostlikely dueto the smaller
temperaturdéluctuationscausey the sameamountof surfaceheatflux, asstatedaborve.

Consideringhe heatflux estimatedistedin Table5.1, it is temptingto speculaten the corre-
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FIG. 5.27: 5-dayrunningaveragesof vertical heatflux poc,(w'8') (solid) and NCEP/NCARreanalysis

surfaceheatflux (dashed)or the monthsof Februaryand March at the corvectionmoorings
in the centralLabradorSea. The shadingdenotes90% confidencdimits computedwith the

bootstrapmethod.
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spondingeddydiffusivity
(w'6")
= df/dz
Estimatesf the meanvertical temperaturgradientcanbe gainedfrom CTD profilesobtainedin
the convectionareaduring the winter cruiseof R/V Knorr in 1997 (Figure5.28a,b). The Knorr
cruisecarriedoutin thefollowing winter of 1998alreadyendedn earlyFebruarytherefomo CTD
profilesfor the mixing periodin mid—Marchareavailable.

(5.4)

During the first period of intensemixing in February1997 the Knorr did not operatenear
mooringK1, andtherefortemperaturgorofiles obtainedabout130 nm northwestvard were used
(stations45 — 48). For the secondperiodat the beginning of March CTD castwere carriedout
in the vicinity of mooringK1 (stations99 — 103). The meanvertical temperaturgradientin the
mixed layer was estimatedby fitting a straightline to the upper550 m and 600 m, respectiely.
Theresultingeddydiffusivities areshovn ascumulatve averagesn Figure5.28c,d.Thevaluesare
of aboutl —1.5m? s™!, large comparedo typical open—oceanalues(away from boundariespf
1075 m? s7! (e.g. Munk andWunsch,1998). Theverticaltemperaturgradientin theupperwater
columnwas rathersurprisingas nothing similar was obsered during corvectionin the western
MediterraneariLeamarandSchott,1991;Schottetal., 1996).However, it shouldbenotedthatthe
LabradorSeaCTD profilesshav no correspondinglensitygradient.

5.3 Scalingof Plumes

5.3.1 Theory:ScalingArguments

Corventionally the parameterangesn whichlaboratoryandnumericalexperimentf convection
in homogeneouandrotatingfluids wereconductedareclassifiedby the flux Rayleighnumber

Bh*
Rar = —— 55
ap =5 (5.5)
andthe Taylor number
1 f2h4

whereB is thebuoyang flux, h the depthof the corvective layer, k andv the thermaldiffusivity
andkinematicviscosityrespectiely, Ek theverticalEkmannumberand f the Coriolis parameter
Theflux RayleighnumberRa; is theratio of the destabilizingeffect of the buoyang flux to the
stabilizingeffect of diffusion. The Taylor numberTu is a measuref theimportanceof rotationto
diffusion. Theratio betweerkinematicviscosityandthermaldiffusivity is the Prandtinumber:

PT‘:V

p .

(5.7
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FiG. 5.28: (a,b) Meanpotentiatemperatur@rofilesfrom R/V Knorr cruisel47in thecentralLabradorSea
for two periodswhereintensemixing wasobsered. Thefitted vertical temperaturgradientis
shavn asdashedine. (c, d) Cumulatie meanof theeddydiffusivity K+ = [(w'6'/6,)dt/ [ dt
estimatedrom heatflux time seriesat mooringK1 usingthe verticaltemperaturgradientsd,
from (a, b), respectiely (assumedo be constant). The errorbarsare 90% confidenceimits
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computedvith thebootstrapmethod.(CTD datacourtesyof R. Pickart)



5.3. Scalingof Plumes 99

Boubnw andGolitsyn(1990,their Figure2) dividedthe (Ra ;—Ta) planeinto four regions: (1)
athermoconductity regime,in which diffusionsuppressethe corvectie instability, (2) aregime
of regularcells, (3) ageostrophidurbulenceregime,and(4) a fully turbulentregime. Maxworthy
andNarimousa(1994,their Figure 18) expandedhe figure to larger valuesof both Ray andTa,
and addedregions appropriateto a numberof laboratoryand numericalexperiments,aswell as
for someobserationsfrom thewesternMediterraneamndthe Arctic, apparentlyjusingmolecular
valuesof k andv.

In the caseof open—ocearorvectiontheflow is certainlyturbulent,andthe molecularvalues
of k andv have to bereplacedwith the correspondingddyviscosityanddiffusivities. Therefore
appropriatevaluesfor Ra; andZa arenotknown with ary certainty To characterizéhecorvectve
processsolely throughexternal parametersyelocity, space and bugyang scalesindependenof
assumptionsoncerningddyviscosityanddiffusivities weredevelopedJonesandMarshall,1993;
Marshalletal., 1994;Maxworthy andNarimousa1994;MarshallandSchott,1999). Thesescaling
laws for an unstratifiedfluid, asfar asthey concernthe plumedynamics,are summerizedn the
following.

Thescalingagumentsarebasednthepictureof corvectiondriveninto ahomogeneousnixed
layer of depthh by a suriacebuoyang flux of magnitudeB, (illustratedschematicallyin Fig-
ure 5.29),assuminghatthe potentialenegy increasecausedy the buoyang flux is transferred
into kinetic enegy. At early stagesafterthe startof the surfaceforcing (¢t < f~1), isotropictur-
bulencewill developbelov athermalboundarylayerd atthe surface. The developingplumesare
sosmallin scalethatthey cannotfeel thefinite depthof the mixedlayerandrotationis apparently
unimportant. At this stagethe surfacebuayang/ flux B remainsthe only controlling parameter
andthescaledor thedepth,velocity andbuoyang of the plumescanbe expressedn termsof the
buoyang flux B andthetime ¢ (JonesandMarshall,1993;MarshallandSchott,1999):

L~ (B,
u~w ~ (B2

b~ (?)” g (5.8)

Evolving in time the turbulent cells grov andbecomeconstraineckitherby the depthof the
convective layeror the Earths rotation. With the depthk asthelimiting lengthscaleof the plumes,
putting! = h in equation(5.8) resultsin the following scalege. g. Maxworthy and Narimousa,
1994,andreferencesherein):

l"’lnomt = h,

U ~ Unorot — (Bh)1/3,
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FiG. 5.29: Schematiaepresentatiomf the evolution of a populationof plumesunderrotationalcontrol
sinkingin to a fluid of depthh, triggeredby buoyangy loss B. If the depthof thefluid exceeds
the critical depthz. (asdrawvn here)the plumesthat make up the corvective layer will come
underrotationalcontrol on the scalel,.,; (modifiedversionof Marshalland Schott,1999,their
Figurel9).

B2 1/3
banorot = (T) . (59)

The subscriptnorot indicatesthat thesescalesareindependenbf rotation. From thesea Rossby
numberof theturbulentfluctuationsn themixedlayercanbeconstructeds(e.g. Coatesandlvey,
1997):

Ro (5.10)

_u Unorot B \!/3
" 17 flnorot (fW)
The rightmostterm is often calledthe convectve RossbynumberRo,. (e. g. Raaschand Etling,
1991;Julienetal., 1996).

With furtherprecedingime the plumesmay becomesuficiently large for their turnover time-
scalel/u to arrive at the sameorder asthe rotationaltimescalef 1. At the critical depthz,, a
transitionfrom the three—dimensiongblumesto quasitwo—dimensionalrotationally dominated
motionswill occur In this casethe oceanhasto be suficiently deep(z. < h) for the plumesto
comeundergeostrophicontrolbeforethey reachthebottom.Replacing by f~! in equation(5.8),
theturbulentlength,velocity andbuoyang scalebecomegFernandeetal., 1991;Maxworthy and
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Narimousal994,andreferencesherein):

B 1/2
I~ze~lpg = (F)
B 1/2
U~ Upot = (7)
b~by = (Bf)'/? (5.11)

wherethesubscriptrot denoteshe scaledor turbulencedominatedy rotation.At thesescaleshe
turbulentRossbynumberis invariant:

U Urot
~Y

:ﬁ flrot B

Thetransitionto rotationalcontrolof theturbulence beneattanupperconvective layer, might
beexpectedjf theratiobetweertherotationallengthscalel,.,; andthetotal depthof the corvective
layerh is small. The naturalRossbynumber

(5.12)

« lrot  Urot B \'? ¢
Rt === ()~ 643
is ameasureof this ratio (Marshalland Schott,1999). The critical depthof the upperconvective
layer z, is relatedto therotationalscalel,,;. Thereforethe naturalRossbynumberRo* atwhich
thetransitionoccurscanbededucedrom thecoeficient of proportionalitybetweer:, andi,..; and
vice versa. Thusplumescomeunderrotationalcontrol, if the naturalRossbynumberis lessthan
thereciprocalalueof the scalingfactorfor z.

5.3.2 Resultsdfrom LaboratoryandNumericalStudies

The problemof corvectionin a rotatingfluid hasbeenaddressedih a numberof laboratoryand
numericalexperiments.A wide rangeof aspectf the corvection problemhasbeencoveredin
theseexperiments,not limited to the dynamicson the plume scale. Another major subject,for
instance was the dynamicsof a convectively generatechomogeneougpatchof densewater In
thefollowing thefocusis on experimentghatarrived at quantitatve resultsfor the scalingfactors
in Equations5.9 and5.11. A broadreview of laboratoryand numericalexperimentsis givenin
MarshallandSchott(1999).
Laboratoryandnumericalexperimentsaregenerallyperformedover awide rangeof buoyang/
fluxesandrotationrates.The experimentf Fernandaetal. (1991)werecarriedoutin a bottom—
heatedyotatingtankfilled with a homogeneousalt solution. Maxworthy andNarimousa(1994)
useda sourceof densersaltwater releasednto the underlyingfluid. Coateset al. (1995)again
emplo/ed a sourceof bottom heatingand examinedthe developmentof plumesinto a thermally
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stratifiedfluid. In alaterexperimenthey usedalargerrangeof rotationrates andcomparedunsin
stratifiedfluid with unstratifieduns(Coatesandlvey, 1997).JonesandMarshall(1993)emplo/ed
anumericalmodelbasedon the nonhydrostati®oussinesgquations.The grid spacingof 250m
horizontallyand100m in the verticalwassmallenoughto resole grossaspect®f plumes.

The resultingscalingfactorsfrom the differentexperimentsaresummarizedn Table5.2. All
laboratoryexperimentsagreein the rotationalvelocity scaleof u ~ 2.2u,,;, confirmingearlier
resultsof Boubna andGolitsyn(1990).1n thenumericalexperimentof JonesandMarshall(1993)
the velocity fluctuationswere of aboutthe sameorder as the rotationalscale. Maxworthy and
Narimousa1994)alsofoundthatthe maximumvelocity occurringin rotatingplumesscaleswith
l-ot, andestimateda scalingfactorof 4.

TABLE 5.2: Nonrotationabndrotationalscalingfactors,andthe critical depthwherethetransitionto rota-
tional controlledcorvectionoccurs.

nonrotational rotatinonalscaling critical depth
Fernandceetal. (1991): bottom—heatedotatingtank
1= (3.240.3) 01 2o = (12.7 £ 1.3) 0
u = (0.5 £ 0.07)Unorot u = (2.4 £ 0.2)Upos

JonesandMarshall(1993): 250 m horizontalresolutionnonhydrostatienodel
U~ 0.9um§t

Maxworthy andNarimousg1994): rotatingtank,densewaterreleasedn top
1= (15.0 + 1.5) 1,0 ze = (12.7 £ 1.5)lro1
u = (2.0 0.2)upq
Umaz = (4.0 £ 0.4) Ut

Coatestal. (1995): bottom—heatedotatingtank, with thermallystratifiedfluid

I = (0.38 £ 0.06) 500t
u = 0.3Unorot

Coatesandlvey (1997): bottom—heatedotatingtank

u = (0.8 4 0.1)Upnorort u = (2.2 £ 0.2)Uros ze = (35 £ 15) 1,0
This study: obserationswith mooredADCPs(seeSection5.3.3)
l~h

u = (0.6 £ 0.2)Unoror
Umnaz = (1.5 £ 0.6)Unorot
* usingl = 0.25z, (Hunt, 1984)
t runscarriedout with rotationswitchedoff (f = 0)
! estimatedrom valuesgivenin their Table3

Fernandcet al. (1991) and Coatesand lvey (1997) carriedout a numberof runswith rota-
tion switchedoff (f = 0), resultingin nonrotationalscalingfactorsfor the velocity fluctuations
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of 0.5and0.8, respectiely. In their experimentsCoatesandlvey (1997)demonstratethat with
increasingrotation the nonrotationalscalingfactor for velocity decreasesthus explaining their
earlierresults(Coateset al., 1995) of a relatively small scalingfactorof about0.3. Both experi-
mentsshaved, thatthe nonrotationakcalingstaysvalid in the presenc®f rotation,andalsoin the
presencef aninitial thermalstratification.

Consideringhecritical depthz., wherethe plumescomeunderrotationalcontrol, Maxworthy
andNarimousa(1994) confirmedthe resultsof Fernandcet al. (1991)of a scalingfactorof 12.7
for z., but cameto a quite differentlengthscalefor therotatingplumes.They foundthatthemean
diameterof the convective cellsis aboutthe sameasthe depthof the uppercorvective layer But
while theresultsof Maxworthy andNarimousg1994)weredravn from directobserationsin the
tank, theresultof Fernandcet al. (1991)wasderived from earlierresultsof Hunt (1984). Coates
andlvey (1997)did notfind a suddertransitionfrom three—dimensionaurbulenceto rotationally
controlledflow, but arathersmoothasymptoticonefrom onestateto the other They foundamean
scalingfactorof 35 for the critical depth,anda maximumscalingfactorof 50 belov which the
turbulencewasfully rotationallycontrolled.

ThecorrespondingaturalRossbynumberdor thescalingfactorsof z. foundin thelaboratory
experimentareRo* < 1/12.7 = 0.08 for theresultsof Fernandeetal. (1991)andMaxworthyand
Narimousg1994),andRo* < 1/35 = 0.03 for theresultsof Coatesandlvey (1997).Thisis much
smallerthanthe value of about0.7 suggestedby the (apparentlyrathermore diffusive (Marshall
andSchott,1999))numericalexperimentsof JonesandMarshall(1993).

5.3.3 ObsenrationalResultsComparedvith Theory

Despitethe technicallimitations of oberserving3-D turkulencein the oceanthe attemptis made
in thefollowing to testthe above scalingargumentswith thefield obserations.Consideringhata
naturalRossbynumberof atleastiessthan0.1appearso benecessarfor atransitionto rotationally
controlledturbulence,it seemaunlikely thatthis regimeis appropriatgfor deepcorvectionin the
ocean With abuoyang flux of B ~ 1x10~7" m? s~3 andaCoriolisparameteof f ~ 1x10~*s™ 1,
thedepthof theuppercorvective layerhasto exceed3200m in orderfor thenaturalRossbynumber
to belessthanO0.1. Thisis closeto thewaterdepthin the corvectionregionsof the Greenlandand
LabradorSeas.

Figure5.30shavs a contourplot of the naturalRossbynumberasfunction of buoyang flux,
mixedlayerdepth,andthe Coriolis parametem the LabradorSeaandthe Greenlandseatogether
with theconditionsfoundduringthe plumeevents. Thebuoyang flux duringplumeeventsis taken
from NCEP/NCARreanalysiddataand the mixed layer depthis estimatedrom the temperature
recordsobtainedat the moorings.The uncertaintiesn the mixedlayerdepthmaybe up to several
hundredmetersdependingon the actualspacingof temperaturesensorsn the mooring. Most of
the eventsoccurredat naturalRossbynumberswvell above the critical valueof 0.1 andonly afew
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FiG. 5.30: NaturalRossbynumberRo* = (B/f3h?)'/? asfunction of surfacebuoyang flux B, mixed
layerdepthh, andCoriolisparametef = 1.2 x 10~* s~! for thecentralLabradorSea(solid)and
f=1.4x 10~*s7! for thecentralGreenlandealdashed)Pointscorrespondingo obserations
of plumesareshovn asdotsfor the LabradorSeaandastrianglesfor the Greenlandsea.

eventsshav smallvaluesof Ro*, especiallyduringperiodsof weakforcing.

Themaximumdowvnwardvelocity andthermsverticalvelocity of theindividual plumesnondi-
mensionalizedvith both the nonrotationalscale(Bh)'/3 andthe rotationalscale(B/f)/? are
shavn in Figure5.31. The scaledvelocity measurementreplottedagainsthe depth,nondimen-
sionalizedwith the mixed layer depth,wherethe maximumdownward velocity wasfound. The
meansandstandardieviationsfor depthbinsof z/h = 0.2 areshavn aserrorbars.

It is evidentthatfor the maximumdownward velocity aswell asfor the rmsvertical velocity
the nonrotationakcalingis the betterdescriptionof the obserations. The scatterof the velocity
datanondimensionalizedith therotationalscaleis atleasttwice thatof the nonrotationakcaling.
Thus,therotationclearlydoesnotcontroltheturbulenceandthermsverticalvelocity canberelated
to thenonrotationakcaleas

(w?)'? = (0.6 + 0.2)(Bh)'/3. (5.14)

For themaximumdownwardvelocity the obserationssuggestherelation

Wimaz = (1.5 + 0.5)(Bh)/3. (5.15)
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scale(Bh)'/? (a),andnondimensionalizedith therotationalscale( B/ f)'/? (b), plottedagainst
the obsenationdepthnondimensionalizedith the mixedlayerdepth.(c) and(d) arethe same
for thermsverticalvelocity. The dataarefrom the LabradorSeamooringsBravo 1994/95(cir-
cles),K1 1996/97(plus), K11 1997/98(squares)K21 1998/99(diamonds)andthe Greenland
Seamooring GSM5 1994/95(triangles). Meansand standarddeviationsfor z/h = 0.2 inter
vals are shovn as solid dotsand errorbars. Resultsfrom laboratoryexperimentsof Fernando
etal. (1991)(dashed)Maxworthy andNarimousg1994)(dashdot)andCoatesandlvey (1997)
(dotted)areshown for comparison.
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With a typical LabradorSeabuoyang flux of B = 1x10~7 m? s~ and a mixed layer depthof
h = 1000m this scalingresultsin a vertical velocity of (w?)1/2 = (3 + 1) cms™! andmaximum
valuesof wy,q; = (7 £2) cms L.
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FiG. 5.32: Obsened plume diameternondimensionalizedavith the mixed layer depth (a), and nondi-
mensionalizedwith the rotationalscale(B/f?)'/2, plottedagainstthe naturalRossbynumber
Ro* = (B/ f?h?)'/2. Markersarethesameasin Figure5.31. Meansandstandardieviationsfor
Ro* = 0.2 intervalsareshovn assolid dotsanderrorbars Resultsfrom laboratoryexperiments
of Fernandetal. (1991)(dashed)Maxworthy andNarimousg1994)(dashdot)andCoatesand
Ivey (1997)(dotted)areshovn for comparison.

Figure 5.32 shaws the diameterof individual plumesscaledwith the mixed layer depthand
with the rotationalscale(B/ f3)'/2, plottedagainsthe naturalRossbynumberRo*. In caseof a
transitionto rotationallycontrolledturbulence onewould expecta decreasingcatterf the plume
diametersscaledwith I,.,; towardssmall naturalRossbynumbers.This is obviously not the case.
Insteadthe scatterincreasesiramaticallytowardssmallvaluesof Ro*.

Comparedo theverticalvelocity measurementsyhich arevery accuratetheplumediameters
areonly rough estimatesbtainedfrom contourplots of vertical velocity. Althoughthe nonrota-
tional scalingof the plumediametersclearly describeghe obserationsbetterthanthe rotational
scaling,anappropriatescalingfactorcannotbe determinedAt leastthe obseredhorizontalscales
appeato be of thesameorderasthe mixedlayerdepth.

Concurrenmeasurementsf three—dimensionalurrentswerecarriedout in the context of the
Labrador SeaDeepCornvectionExperimenwith 3—D Lagrangiarfloats,emplo/edto trackindi-
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vidual waterparcels.During thefirst winter (1997)the horizontaltrackingof thefloatsfailed,and

only pressurgecordswereobtained.In FebruaryandMarch 1998three—dimensiondtajectories
wereobtained androtationwasobsered on the 3—7 km scale. Evidencefor rotationon smaller
scaleswasfound, but beyond the trackingaccurag. A donvnward spiralingof waterparcelswas

notobsered (E. Stefen, personacommunication).

Assumingthatthe densityanomaliesausedy buoyang lossatthe surfacearecarrieddowvn-
wardby the plumes,it takesatime of ordert,,;; ~ h/wpiume t0 bring the densefluid to the base
of themixedlayer Sincein adiffusive systemit takesatime of orderr?/ K, to propagate signal
over adistanceh, the magnitudeof thediffusivity K, canbededucedrom the knowledgeof #,,;.
(SendandMarshall,1995;Klinger etal., 1996;SendandKase,1998)

h,2
Ky = — = hpiume (5.16)
mix

Using the vertical velocity scalingderived from the obserations (Equation5.14), a vertical

mixing timescalecanbedefinedas

o\ 1/3
big = =M LM (5.17)
(w2)1/2  0.6(Bh)Y/3 0.6 \ B

andthe corresponding@ddydiffusivity resultsin
K, = h{w?)'/? = 0.6(Bh*)'/3. (5.18)

For thetypical conditionsof B = 1x10~7 m? s=3 andh = 1000m, thisresultsin amixing timescale
tmiz Of @boutl0 hoursandadiffusivity of about30 m? s~!. Thesevalues,appropriatefor effects
of plumes,have to be comparedvith the thermaldiffusivity derived from the heatflux estimates
in Section5.2.4. As the diffusivity of K7 = 1 m? s™! resultedfrom 5—dayvertical heatflux av-
eragesijt canbe regardedasan estimateof the effective mixing carriedout throughan ensemble
of plumesover several days. The correspondingnixing timescaleof 11.5daysis thenthe time
it takesto completelyhomogenizea corvective patchby a large numberof corvective plumes.
The otherway round, the instantaneougeatflux time series(Figure 5.25) shav peakvaluesof
5-15x 104 K m s™! duringindividual plume event, with the vertical temperaturgradientin
thenearsurbicelayerof about0.5 x 10~* K m~! this givesdiffusivities of K7 =10—-30m? s !,
which correspondsvell to the diffusivity resultingfrom the verticalvelocity scaling.

In summarythe obserationsof individual plumeswith mooredADCPsin the Greenlandand
LabradorSeasclearly supportthe nonrotationategime. Thisis consistentith the laboratoryex-
perimentghat suggested transitionto rotationallycontrolledturbulenceat naturalRossbynum-
bersatleastlessthan0.1, while the naturalRossbynumberscorrespondingo the obsered plume
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eventsweregenerallylarger Thescalingfactorfor thermsverticalvelocity is remarkablycloseto
thevaluesobtainedn the tankexperimentsvhererotationhasbeenswitchedoff. Oneuncertainty
arisesfrom thefactthatat large mixed layer depthsonly the upperpart of the plumesis obsered
with the mooredADCPs,andonemight arguethata transitionto rotationallycontrolledflow oc-
cursin the deeperpart. On the otherhandthereis no indicationin the obsered horizontalscales
of the plumesto follow therotationalscalingat smallnaturalRossbynumbers.



6. SUMMARY AND CONCLUSIONS

In this study obserationsattheknown corvectionsitesof thecentralGreenlancindLabradorSeas
wereanalyzed Themeasurementsarriedoutat mooredstationsn the GreenlandSeacoveredthe

periodfrom Junel988to Octoberl995with a gapbetweerApril 1991andAugust1992. In the

LabradorSeathefirst mooringarraywasdeplg/edin August1996and,while theobsenrationsare

presentlycontinuedthe measurementsp to summerl999wereanalyzedandcomparedo earlier
obserationsfrom thewinter 1994/95.

The corvection actiity obsered in the centralLabradorand GreenlandSeasshaved con-
siderableinterannualvariability throughoutthe obserational periods. In the LabradorSea,the
maximumdepthof corvectiondecreaseftom about1800m duringthe winter of 1994/95to only
600m in 1999.Thewatermasgropertieof thewinter mixedlayershavedincreasingemperature
anddensityanddecreasingalinity. It hasbeenshavn thatthevariability of the corvectionactiity
cannotbe attributedto variationsof the surfaceforcing alone,but thatthe prevailing stratification
is of similarimportance The mostremarkablalifferencewasbetweerthewintersof 1994/95and
1996/97.Thewinter of 1996/97wasoneof ratherstrongsurfaceforcing, but theinitial buoyang
contentof thewatercolumnobseredduringsummerl996wasthehighestwithin theobserational
period. A considerableamountof the additionalbuoyang waslocatedin the nearsurfaicelayer
andcausedy low salinity Thusthe corvectionin 1996/97waslessdeepthanin 1994/95where
the stratificationwaswealer andthe lessintensesurfaceforcing could causedeepercorvection.
Neverthelessprobablymorenew LabradorSeaWaterwasformedduring the winter of 1996/97,
becausea largeramountof waterwastransformedo thetypical LSW densityclass.

One—-dimensiondbudgetsof heatandfreshwaterwereevaluatedat the LabradorSeaconvec-
tion mooringsandcomparedo the NCEP/NCARreanalysisurfacefluxes. The magnitudeof the
NCEP/NCARfreshwaterfluxesturnedout to be too smallto explain the obsered salinity of the
winter mixedlayer The heatfluxesof the NCEP/NCARdataweretypically 20— 50%largerthan
theobsered heatlossof the watercolumnbetweersummerandwinter, but it cannotbe separated
to which degreethis imbalances dueto overestimation®f the heatfluxesor the lateraladwection
of heat. Betweensummerl1996 and summerl999the temperaturd¢ime seriesshaved a general
warmingof the upper2000m. The meanannualwarmingratewasof 0.13°C/yr, corresponding
to a netheatflux of about34 W m—2. The annualmeanair-seaheatlossin the centralLabrador
Seawasof 60 W m~2 for this period, resultingin 95 W m~2 that have to be suppliedby lateral
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adwection. Thisis mostlikely anupperlimit, becaus®f thepossibleoverestimatiorof heatlossin
the NCEP/NCARdata.

In the Greenlandsea ongoingcornvectionto theocearbottomhasnotbeendirectly obseredat
presentalthoughit is suspectedb occuratleastoccasionallyDuring the periodof obserationsat
mooredstationscornvectionwasonly obseredto reachintermediatalepths.Yet, the obserations
revealedan interestingdifferencebetweenthe corvection during the winter of 1988/89andthe
wintersof 1993/94and 1994/95. In 1988/89,ice formationandits subsequengxport out of the
corvection region contrituted substantiallyto the buoyang loss of the surfacelayer during the
preconditioning(Visbecket al., 1995), while during the later wintersthe centralGreenlandSea
remainedce freeandthe convectionwaspurelydrivenby air-seafluxes.

Regardingthe impact of NAO variability on the corvectionintensity in the Greenlandand
LabradorSeasassuggestethy Dicksonetal. (1996),thereis no obviousrelationbetweerthe con-
vectionintensityduringa particularwinter andthe winter meanNAO index. While the corvection
intensitydecreaseih the LabradorSeaover the obserationalperiod,thewinter meanNAO index
increasedetweerl996and1999.However, suchadirectlink waspresumablynotimplied by the
authorsandtherelationbetweerthe NAO andthe corvectionintensityshouldbe consideredn a
longertime scalethanyearto yearchanges.

At leastin the LabradorSea,whereabout30% of the variability of the winter time surface
buoyang/ lossare explainedby the NAO index, several yearsof positve NAO, asduring the late
1980sandearly 1990s,increasehe likelyhoodthat deepcorvection hastaken placeduring such
aperiod. If therestratificatioroccurson time scaledongerthanoneyear convectioncould more
easilyreachlarger depthsduring subsequentinters. This was probablythe casefor the winter
of 1994/95.0n the otherhand,during a multi-yearperiodof negative or moderateNAQ, intense
convection probablyoccursonly sporadically The restratificationof the water columnthrough
lateraladvection,indicatedby thewarmingtrendobseredin theLabradotSeatemperatureecords,
thenpreventsdeepcorvectionduring a subsequenmild winter. This waslikely the casefor the
winterof 1996/97andalsofor thewinter of 1971/72 whichshavedthelargestbuoyang lossin the
NCEP/NCARreanalysiglata,but whereconvectionreachedo only 1500m depthat OSW Bravo
dueto thelow salinity of the nearsurfacelayer(Lazier,1980).

In the GreenlandSea,the situationis morecomplicateddueto the interactionwith seaice. A
relationbetweenthe winter meanNAO index andthe buoyang lossto the atmosphereloesnot
exist, atleastin theNCEP/NCARreanalysigiata.Further corvectionto large depthsappearso be
arareevent,while corvectionto intermediatedepthsoccursmoreregularly andeitherwith seaice
interactionor purelydrivenby theatmosphere.

In additionto theobserationsin thecentralLabradorSea mooringswerealsodeploedin the
boundarycurrentregion. They were equippedas corvection mooringsin orderto registereven-
tually happeningcorvectionin the LabradorCurrentassuggestedyy Pickartet al. (1997). Both



111

thevertical velocity measurementaswell asthe temperatur@evelopmentover the winter period
shavedno evidenceof corvectionactvity atthesemooringlocations.Insteadratherinstantaneous
coolingoverseveralhundrednetersvasobseredduringwinter, followedby increasedluctuations
betweencold andwarm conditions. The large vertical rangeof the temperaturdluctuationssug-
gestsa lateraladwection of the anomalies.The temperatureand salinity time seriesindicatethat
the cold andfreshwaterin the boundarycurrentregion canbe a resultof horizontalmixing with
convectively generatedavaterfrom theinterior LabradorSea.

Interestinglythewatermasspropertief thewintermixedlayerobseredin 1999atthecentral
convection mooring correspondedo the sourcepropertiesof the so called upperLSW (Pickart
etal., 1996),indicatingthe possibility of its formationin the centralLabradorSeaduring rather
mild winters. This is in contrastto the suggestiorby Pickartet al. (1997) of upperLSW being
formedby corvectionin themainbranchof the LabradorCurrent.

Theverticalvelocity measurementsom the LabradorandGreenlandseasverecarefullyana-
lyzedfor individual plumeevents.Theresultingnumberof obseredeventsby far exceedghoseof
previousstudiesthusallowing thefirst thoroughlytestof theoreticakcalinglaws, developedfrom
numericalandlaboratoryexperimentsagainsfield obserations.

Thespatialandvelocity structureof theconvective plumesobseredin theLabradorandGreen-
land Seasgenerallyconfirm the earlier obserationswith mooredADCPsin corvectionregions,
supportingthemwith a broaderobserational base. The plumesobsered in the GreenlandSea
shaved horizontalscalesof typically 200— 600 m, basedon the horizontalbackgroundlow and
assuminghatplumesareadwectedasfrozenstructures.The maximumdownwardvelocitieswere
of 4 —5cms ! with peakvaluesof upto 9 cms !. In the LabradorSea,plumeswith larger
diametersof 200— 1200m werediagnosed.The averagehorizontalsizewasof about700 m and
theverticalvelocitiesrangedbetweer8 and9 cms™!. Duringthewinter of 1996/97it waspossible
to directly measurehe vertical heatflux associatedvith plumesover two periodsof intensecon-
vection.Both eventslastedfor severaldaysandshavedstatisticallysignificantmeanheatfluxesof
about200W m~2 atadepthof 430m. A furtherperiodof significantheatflux of aboutL00OW m—2
wasobsered duringthefollowing winterin mid—March1998.

A majorquestioraddressedaswhetherconsective plumescomeunderrotationalcontrol,and
henceif their grawth is constrainedy the Earth’s rotation. The obsered maximumandrms ver-
tical velocitiesagreewith the scalingargumentsor the nonrotationakegime, andthe determined
scalingfactorfor the rms vertical velocity is remarkablycloseto the valuesobtainedin tank ex-
perimentsvhererotationhasbeenswitchedoff. ThenaturalRossbynumbersorrespondingo the
obseredplumeeventsweregenerallylargerthen0.1,whichis consistentvith thelaboratoryexper
imentsthat suggesh transitionto rotationallycontrolledturbulencefor smallerRossbynumbers.
Theresultsfor thehorizontalplumescalearelessclear but still the nonrotationakcalingdescribes
the obserationsbetterthanthe rotationalscaling,andthe obsered horizontalscalesappeato be
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of thesameorderasthe mixedlayerdepth.

Previous studiesbroughtno clearevidencefor a well organizednhorizontalcirculationassoci-
atedwith corvective plumesandthe larger numberof eventsanalyzedherealsoshaved no con-
sistenthorizontalcurrents,even when several eventswhereaveraged. Instead,it seemghat the
horizontalcurrentson shorttime scalesarerandomstructuresat leastin the LabradorSea.For the
GreenlandSea,dueto the fewer obserations,it cannotbe ruled out that sporadicallycorvective
plumesbecomerotationallycontrolled. Further the buoyang flux in the GreenlandSeais gener
ally wealer thanin the LabradorSeaandcorvectionwasobsered only to intermediatedepths.A
weaksurfaceforcing of B = 0.1 x 10~ m? s~2 anda deepmixed layer of about3000m gives
anaturalRossbynumberof about0.02andthuswould resultin rotationallycontrolledturbulence,
accordingto the resultsof CoatesandIvey (1997). Neverthelesstheseauthorsshaved that the
nonrotationalscaling, which was found to be consistenwith the obserations, staysvalid even
in a stateof transitionwherethe rotationaffectsbut doesnot controlthe turbulence. Thusit can
be concludedthat the nonrotationakcalingappliesfor the majority of oceanicconditions,while
rotationallycontrolledcorvectionoccursonly rarelyin the ocean.

Regardingthe net effect of individual plumesand their representatiomn numericalmodels,
Klinger et al. (1996) shaved that the grosspropertiesof plumesseenin their nonhydrostatic,
plume—resolvingnodelare adequatelyepresentedby a slow corvective adjustmenscheme. A
slow adjustmenschemds equivalentto emplgying a large vertical diffusion for staticallyunsta-
ble conditions.Theverticalvelocity scalingderived from the obserationsindicatesthata vertical
diffusivity of K, = 0.6(Bh*)'/3 is appropriatefor the effects of corvective plumes. The cor
respondingmixing time scaleis typically of the orderof several hours. On the larger scale,the
measurementsf the vertical heatflux suggesthatit takesseveraldaysfor the plumesto homog-
enizea convective patch. An appropriatediffusivity to representhe neteffect of an ensembleof
plumesis probablyoneorderof magnitudesmallerthanonthe plumescale.
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A. MOORINGSAND DATA QUALITY

A.1 MooredInstruments

Throughouthe yearsof corvectionobserationsin the GreenlandandLabradorSeasa multitude
of differentinstrumentsvasdeplged in the moorings. A listing of the instrumentsdeplg/ed in

the GreenlandSeamooringsis givenin Table A.1 (including the mooredarray from the winter
of 1988/89for completenesspandthe instrumentseplg/edin the LabradorSeaarelistedin Ta-

ble A.2. Thethree—dimensiondlow field wasrecordedusing RD instrumentsacousticDoppler
currentprofilers (ADCPs), discussedn more detail in AppendixA.2. Horizontal currentswere
measuredvith Aanderaaotor currentmeterd RCMs)andin the LabradorSeaalsowith FSlacous-
tic currentmetery ACMs). TheACMswereinitially intendedo measurell threevelocity compo-
nents but theverticalvelocity turnedoutto beunreliable All currentmeterswerefurtherequipped
with temperatureensors.

Additionaltemperatureecorddrom four typesof instrumentsvereusedo measur¢hechanges
of thethermalstratification:Aanderaahermistorstringswith a thermistorspacingof 20 m for the
200 m long stringsand 40 m spacingfor the 400 m strings,FSI temperaturegecordersiempera-
ture/pressureecorderslevelopedatthelfM Kiel, andSea—Birdemperature/condueity recorders
(SeaCAs, MicroCATs). Thetemperatureneasurementserecomparedo CTD castsobtainedn
the vicinity of the mooringsand mostof the instrumentsneededoffset correctionsof typically
0.02-0.20°C, exceptfor the high—precisiorGeaCA's andMicroCATs andthe IfM Kiel instru-
ments. The accurag of thetemperature/conduetiy recordersvasfurtherimproved by lowering
theinstrumentsogethemith the CTD probebeforedeploymentandafterrecovery. Thermsdiffer-
encesveretypically 0.001°C and0.003mS/cm.ThelfM Kiel recordersverelaboratorycalibrated
andhave anominalaccurag of 0.005—-0.010°C.

The determinationof salinity and densityfrom conductvity and temperatureneasurements
with SeaCA's and MicroCATs may be considerablyaffectedif a constantpressurds used(i. e.
the nominalinstrumentdepth). An increaseof pressureof 100dbar dueto vertical excursionsof
theinstrumentsresultsin adecreasef 0.05in salinity and0.04in density Theerroronthecom-
putationof potentialtemperaturés aboutoneorderof magnitudesmaller In orderto accountfor
thevertical excursionsof sometimeseveralhundredmetersin the centralLabradorSea,pressure
recordswereconstructedisinga mooringmodel. The modeldetermineshe equilibriumresponse
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TABLE A.l: GreenlandSeamoorings
InstrumentType Depth Duration SamplingRate Remarks
(m) (days) (minutes)
Mooring: M250,73 21.5'N 0° 48.0' W, Water Depth: 3008m
1988/07/0209:37—-1989/05/1818:18

THS (200m) 78 320 120
ADCP (upward) 361 320 30
RCM-4 371 320 60
RCM-4 827 320 60
RCM-4 1437 320 60
RCM-5 2442 320 60

Mooring: M319,74° 57.0'N 4° 59.0' W, Water Depth: 3554m
1988/06/1719:50— 1989/05/28)6:06

THS (200m) 60 385 120

ADCP (upward) 344 385 30

RCM-4 347 385 60

RCM-5 807 385 60 nodata
RCM-5 1345 385 60

Mooring: T5,75 34.0'N 6° 7.0’ W, Water Depth: 3374m
1988/09/1413:42—1989/08/30
Tomo 97 (SIO/WHOI)
ADCP (downward) 141 344 30

Mooring: T6,75° 3.0'N 2° 58.0' W, Water Depth: 3624m
1988/09/2014:05—1989/08/20

RCM/SeaCA 60 (NOAA/PMEL)
Tomo 88 (SIO/WHOI)
RCM/SeaCA 197 (NOAA/PMEL)
ADCP (downward) 200 333 60

ADCP (upward) 1400 333 60

RCM/SeaCA 1402 (NOAA/PMEL)

Mooring: GSM1,75° 0.1'N 4° 0.0’ W, Water Depth: 3600m
1989/05/2813:17—1990/06/27

THS (200m) 68 329 120 until 1990/04/23
ADCP (upward) 321 0 30 nodata

RCM-4 332 177 60 until 1989/11/22
RCM-4 795 394 60

RCM-5 1410 336 60 until 1990/04/30
RCM-5 3087 0 60 nodata

Instrumentypesare: ADCP, RDI acoustidopplercurrentprofiler; RCM, Aanderaaurrentmeter;
THS, Aanderaghermistorstring; SeaCA, Sea—Birdemperature/conduetty recorder
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InstrumentType  Depth Duration SamplingRate Remarks
(m) (days) (minutes)

Mooring: GSM2,75° 1.2' N 4° 4.9' W, Water Depth: 3600m

1990/07/1318:18— mooringlost
ADCP (upward) 324 264 30 foundin summerl995

Mooring: GSM3,74° 59.3'N 3° 3.6’ W, Water Depth: 3520m
1992/08/2M1:22—1993/04/007:38

SeaCA 58 232 20/5° badconductvity
RCM-4 79 232 120 (IfM Hamhurg)
THS (200m) 100 0 120 nodata

RCM-4 324 232 120 (IftM Hamlurg)
SeaCA 346 232 20/5° badconductvity
THS (400m) 568 0 120 no data

ADCP (upward) 570 232 20

SeaCA 572 232 20/5°

RCM-5 1101 232 120 (IfM Hamhurg)
SeaCA 1408 232 20/5°

RCM-5 2456 232 120 (IfM Hamhurg)

Mooring: GSM4,74° 59.4'N 2° 53.9' W, Water Depth: 3630m
1993/05/2121:52—-1994/07/301L2:48

SeaCA 170 434 20/5°
RCM-8 195 434 120
THS (200m) 216 434 120
SeaCA 442 434 20/5°
THS (400m) 463 434 120
ADCP (upward) 869 0 20 no data
SeaCA 874 434 20/5°
RCM-8 1076 434 120
SeaCA 1477 434 20/5
RCM-8 2548 434 120

Mooring: GSM5,75° 2.3' N 2° 54.8" W, Water Depth: 3563m
1994/07/30L7:58—1995/10/1712:07

SeaCA 45 443 20/5"

THS (400m) 90 228 120 until 1995/05/0500:00
SeaCA 242 443 20/5"

SeaCA 444 443 20/5"

ADCP (upward) 500 443 20

SeaCA 687 443 20/5

SeaCA 993 443 20/5"

RCM-7 1390 443 60

* highersamplingrateduringwinter months
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TABLE A.2: LabradorSeamoorings
InstrumentType  Depth Duration SamplingRate Remarks
(m) (days) (minutes)
MooringK1,56° 33.6'N 52 39.5'W, Water Depth: 3492m
1996/08/1@2:20—1997/05/2515:16

SeaCA 75 288 10

Tomo 132

THS (200m) 182 288 60

SeaCA 425 288 10

ADCP (upward) 487 288 20

MiniT 596 288 10

MiniT 677 288 10

MiniT 768 288 10

SeaCA 869 288 10 1996/11/22emp./condjump
MiniT 972 288 10 until 1996/10/23

ACM 1074 288 30

SeaCA 1281 288 10 no conductvity

MiniT 1595 288 10 from 1996/10/22

MiniT 1739 288 10 only 1996/10/20- 1996/11/10
ACM 1790 288 30

SeaCA 2096 288 10

MooringK2,55° 19.5'N 53 53.6’ W, Water Depth: 2385m
1996/08/0915:35—1997/08/0720:40

SeaCA 110 363 10
THS (200m) 135 363 180
SeaCA 388 363 10
ADCP (upward) 440 363 20
THS (400m) 476 363 180
CurrentMeter 880 363 17 (SIO) temperatur@nly
SeaCA 985 363 10
ACM 1149 363 30
RCM-8 1385 363 60
SeaCA 1761 363 10
ACM 1762 363 30
ACM 2118 363 30

MooringK3,56° 15.1'N 48 42.0' W, Water Depth: 3690m
1996/08/131:06—1997/07/1210:05
Tomo 120

Instrumentypesare: ADCP, RDI acoustiddopplercurrentprofiler; RCM, Aanderaaurrentmeter;
ACM, FSlacousticcurrentmeter;THS, Aanderaahermistorstring; SeaCA/MicroCAT, Sea—Bird
temperature/conduetty recorder;MiniT, FSItemperaturgecorder;MiniTD, IfM Kiel tempera-
ture/pressureecorder
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InstrumentType Depth Duration SamplingRate Remarks
(m) (days) (minutes)

MooringK4,58 30.0'N 50 34.2' W, Water Depth: 3530m
1996/08/1215:05—1997/07/1®@1:28
Tomo 130
ACM 590 332 30

MooringK5,57° 29.8'N 51° 39.6’ W, Water Depth: 3539m
1996/08/1118:07—1997/05/2710:00
ADCP (downward) 80 289 30
CTD Profiler 100 0 2880 nodata

MooringK6,55° 09.1'N 54° 06.9' W, Water Depth: 1220m
1996/08/082:32—1997/07/08L8:31

ADCP (upward) 350 334 20
ACM 460 0 30 nodata
ACM 660 334 30

MooringK11,56° 33.6'N 52 39.5'W, Water Depth: 3490m
1997/07/223:39—1998/07/10L0:47

MiniTD 56 352 20
SeaCA 71 352 10
ADCP (downward) 192 352 20
SeaCA 295 352 10
ACM 550 352 30
SeaCA 809 352 10
MiniTD 1150 0 20 nodata
SeaCA 1370 352 10
ACM 1371 352 30
SeaCA 1980 352 10
RCM-8 2590 352 60

MooringK12,55° 19.5'N 53 53.6' W, Water Depth: 2380m
1997/07/2119:48—1998/07/1114:04

MiniTD 54 355 20

Tomo 123

ADCP (downward) 186 355 30 until 1998/05/02
MicroCAT 339 355 10

MiniTD 768 355 20

ACM 1471 355 30

SeaCA 1472 355 10

RCM-8 1979 355 30

ACM 2277 355 60
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TABLE A.2:(continued)

InstrumentType Depth Duration SamplingRate Remarks
(m) (days) (minutes)

MooringK14,58 30.0'N 50° 34.2' W, Water Depth: 3530m

1997/07/2322:35—-1998/08/0509:15
Tomo 130
ACM 1315 377 30

Mooring K15,57° 06.1'N 54° 40.0' W, Water Depth: 3231m
1997/07/2009:44—1998/07/0918:00

ADCP (downward) 70 354 30
CTD Profiler 354 2880 incomplete
RCM-8 3023 354 60

MooringK17,57° 24.8'N 55° 40.0' W, Water Depth: 2965m
1997/07/2019:09—-1998/07/0910:31

Tomo 134

ADCP (downward) 261 354 30

MiniTD 400 354 20

MicroCAT 871 354 15

ACM 872 0 30 no data
ACM 1380 0 30 nodata

Mooring K20,56° 58.8'N 54° 34.8' W, Water Depth: 3230m
1998/08/0313:08—1999/07/2115:03

MiniTD 53 352 15
ADCP (downward) 67 352 30
CTD Profiler 352 2880 incomplete
RCM-8 3121 352 60

MooringK21,56° 33.6'N 52 39.5'W, Water Depth: 3490m
1998/08/0620:50—1999/07/181L0:22

MiniTD 69 346 20

MicroCAT 73 346 15 start1998/08/0700:00
Tomo 136

ADCP (downward) 200 346 30

MicroCAT 303 346 15

RCM-8 561 346 60

MicroCAT 818 346 15

SeaCA 1074 346 15

SeaCA 1481 346 15

RCM-8 1482 346 60

SeaCA 2296 346 15 offset1998/09- 1999/04

ACM 2601 346 30 u, v badafter1998/10/01
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TABLE A.2:(continued)
InstrumentType Depth Duration SamplingRate Remarks
(m) (days) (minutes)
MooringK22,55° 27.2'N 53 43.3' W, Water Depth: 2775m
1998/08/0120:33—1999/07/1911:42

Argonaut 73 261 60 until 1999/04/1916:00
Tomo 131

ADCP (downward) 195 0 30 nodata
SeaCA 348 352 15

MiniT 607 0 10 nodata
MiniT 758 0 10 nodata
MiniT 909 0 10 nodata
MiniTD 1000 352 20

MiniT 1060 0 10 nodata
MiniT 1211 0 10 no data
MiniT 1353 0 10 nodata
SeaCA 1517 352 15

RCM-8 1518 352 60

RCM-8 1916 352 60

RCM-8 2565 352 60

SeaCA 2751 352 15

ACM 2752 352 30

MooringK23,57 24.8'N 56° 34.3' W, Water Depth: 2770m
1998/08/0400:23—1999/07/2211:05

MiniTD 65 352 20
Tomo 136

ADCP (downward) 209 352 30
SeaCA 1329 352 15
RCM-8 1328 352 60

of the mooringto a given velocity profile, from the drag coeficients andthe buoyang of each
mooring component. The resultswere furtherimproved by fitting themto pressuraecordsand
ADCP surfacedistancemeasurementdlowever, uncertaintie®f up to 100dbarremainedduring
periodsof extremeverticalexcursions.

A.2 ADCP CurrentMeasurements

All ADCPsoperatedat 153.6kHz andhada 20° beamangleconfiguration.The setupparameters
have beenchangedver the yearsdependingon datastoragecapacityandbatterypower available.
The obsenrational rangeof the instrumentsand the depthsof the individual vertical depthcells
(bins)areshavn in FigureA.1. The ADCP verticalvelocity recordsall shav a meanbiasbetween
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0.2and0.8cms™ !, thatis alwaysnegative andprobablyresultsfrom the internaldataprocessing.
Assumingthatthe meanvertical velocity shouldvanishover the deploymentperiod, the biashas
beenremovedfrom eachtime series.

Nominal Depths of ADCP Bins
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Fic. A.1: Obsenrationalrangeandthe depthsof the individual bins for all ADCPsin the Greenlandand
LabradorSeas.

For thefirst deploymentsin the Greenlandsea,up to the GSM2mooring,binsof 8.6 m length
wereusedwith 125 pingstransmittedevery 30 minutesat 1 secondnternals vectoraveragednto
ensemblegburst sampling). Accordingto the manugcturerthe randomerror of the horizontal
velocity componentsysing2(® transducerds approximately:

1 24 x10°

"FD JN

(A.2)
whereg is thestandardleviation (m s™!), F is thefrequeng (Hz), D is thebin length(m), and N
is the numberof pingsaveragedRD Instruments1989). For the vertical velocity componenthe
errorreducedy afactorof sin20°/cos20° = 0.36. Theabove parametesettingsyield anominal
accuray of 1.7 cms™ for the horizontalensemblevelocity and of 0.6 cms™! for the vertical
velocity. The parametesettingsfor all ADCPsandtheimplied nominalaccurag is summarized
in TableA.3.

DuringthelaterGreenland&seaADCP deployments(GSM3,GSM5)theemsembléntenal was
reducedo 20 minutesandtheinstrumentoperatedvith 17.4m bin length. The GSM3instrument
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TABLE A.3: ADCP parametesettingsor all instrumentandtheimpliednominalaccurag of thehorizon-
tal andverticalvelocity components.

Mooring Bin Pingsper Ping Ensemble Horizontal Vertical

Length Ensemble Intenal Intenal Accuray Accuray

(m) (sec) (min) (cms™)  (cms™)

GreenlandSea
M3191988/89 8.2 125 1 30 1.7 0.6
GSM21990/91 8.2 125 1 30 1.7 0.6
GSM31992/93 17.4 60 1.5 20 1.3 0.5
GSM51994/95 17.4 34 31.82 20 1.7 0.6
Labrador Sea

Bravo 1994/95 17.4 35 2 20 1.7 0.6
K1 1996/97 17.4 60 1 20 1.3 0.4
K2 1996/97 17.4 60 1 20 1.3 0.4
K5 1996/97 17.4 25 1 30 2.0 0.7
K6 1996/97 17.4 60 1 20 1.3 0.4
Bravo 1996/97 17.4 18 1 40 2.3 0.8
K11 1997/98 17.4 70 1 20 1.2 0.4
K121997/98 17.4 30 1 20 1.8 0.6
K15 1997/98 17.4 30 1 30 1.8 0.6
K17 1997/98 17.4 30 1 30 1.8 0.6
K20 1998/99 17.4 30 54.00 30 1.8 0.6
K21 1998/99 17.4 30 54.00 30 1.8 0.6
K231998/99 17.4 30 54.00 30 1.8 0.6

usedaveragingof 60 pingsat 1.5 secondntenals, thuscompensatinghe tradeoff dueto fewer
pingsperensembléy increasinghe bin length. This givesa nominalaccurag of 1.3cms™! for
thehorizontaland0.4cms—! for theverticalvelocities.Dueto lessbatterycapacityonly 34 pings
per ensemblevere possiblefor the GSM5 instrument,giving a nominalaccurag comparablgo
the earlierdeplayments.The GSM5instrumentwvasnot operatingn the burstsamplingmode,but
usedpingsevenly distributedover the ensembléntenal.

The ADCPsdeplo/edin the LabradorSeaall useda bin lengthof 17.4m. Theensemblénter
valsrangefrom 20to 40 minutes.In thewinter of 1994/95,35 pingsweretransmittecat 2 second
intenals, giving an accurag comparableo the early GreenlandSeameasurementsDuring the
following two LabradorSeadeploymentperiodsthe convectionmooringshad ADCPsaveraging
60 (K1, K2) and70(K11) pingsperensembleat 1 secondntenals. For theremaininginstruments
only 18 to 30 pingswere useddueto lower batterycapacity The lastdeploymentperiodso far
wasthewinter of 1998/99.HerethreeADCPswereemplo/ed, all with anensembléntenal of 30
minutesin continuoussamplingmode.
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Measuringvertical velocity associatedvith convection eventswas one of the main tasksof
the mooredADCPs. As the LabradorSeamooringsweresubjectto large horizontalandvertical
excursionstheverticalvelocity of theinstrumenitself throughthe waterhasto be consideredthe
effect of verticalexcursionsonthe velocity measuremenis the Greenlandseacanbeneglected).
FigureA.2 shaws the rate of changeof the instrumentdepthsasdeterminedrom the surfacedis-
tancemeasurementsf the upward—lookingADCPs(VisbeckandFischey 1995)or, in the caseof
mooringsK11 andK21, from pressuregecordsof the sensorsnountedon the uppermosfloat.

T T T T T T T
Vertical Velocity of Moored ADCPs
| Bravo 1994/95

1
-4

| K11996/97

| K11 1997/98

1| K211998/99 _

of- y e e bt -
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+

FiG. A.2: Vertical velocity throughthe water of ADCPs dueto mooring excursionsfor the corvection
mooringsin the LabradorSea. The rate of changeof the instrumentdepthswas determined
from the surfacedistancemeasurementsf the upward—lookingADCPsor from pressuresensors
mountedon theuppermostloat (K11 andK21).

During mostof the time the vertical velocity of the ADCPsthroughthe wateris vanishingly
small, but someperiodsexist wherevelocitiesof morethan1 cms~! occurred.The Bravorecord
from 1994/95shaws considerablevertical excursionsbetweeril and14 March 1995thatcoincide
with corvectionactyity, but theinstrumentelocity did notexceedd.5cms~! while thedovnward
motionin the obsered plumeswasof several centimeterpersecond.The ADCP recordfrom the
winter of 1996/97shavs very smallinstrumentvelocities,but for someperiodsthe ADCP lost the
contacto theseasurfacemakingit impossibleio determinehevelocity. Oneof this periodswasat
the bgginning of Marchwherestrongplumeactvity occurred.Fortunatelythesegapswererather
shortcomparedo the larger onesat the end of Januaryandat the beginning of April. As large
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vertical excursionstypically occurover seseral daysandthe instrumentvelocity is small before
andafterthegaps,t appearsinlikely thatmajorverticalexcursionsoccurred.

A period of larger disturbanceof the vertical velocity measurements/as around16 March
1998atmooringK11. This periodcoincidedwith corvectionactiity atthe mooringlocation,but
althoughthe velocity of the instrumentwasof upto 1 cms™! thisis still rathersmall compared
to the measuredertical velocitiesof 4 — 5 cms~!. During thewinter of 1998/99no considerable
instrumentexcursionoccurredduringthe corvectionperiod.
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