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ZUSAMMENFASSUNG

In dieserArbeit wurdenBeobachtungenausdenKonvektionsgebietenderLabrador- undderGrön-

landseeanalysiert.Dabeistandenzwei Aspektebesondersim Vordergrund: Zum Einendie zwi-

schenj̈ahrlicheVariabiliẗat derKonvektionsẗatigkeit undderenAbhängigkeit von Änderungender

hydrographischenundmeteorologischenBedingungensowie vonderEisbedeckung.ZumAnderen

dieräumlichenSkalenundVertikalgeschwindigkeiten in einzelnenKonvektionszellen(Plumes)im

Vergleich zu existierendenSkalierungenausnumerischenund Tankexperimenten.Die Beobach-

tungenumfassenin derLabradorseedenZeitraumvon 1996bis1999,in derGrönlandseedenvon

1989bis1995.WährenddieserZeit wurdedieEntwicklungvonTemperaturundSalzgehaltsowie

Horizontal-undVertikalgeschwindingkeitenmit verankertenGer̈atenerfaßt.Zus̈atzlichwurdendie

Meßreihenmit früherenDatenvon1994/95(Labradorsee)und1988/89(Grönlandsee)verglichen.

Die beobachteteKonvektionsaktivität in derLabrador- undGrönlandseezeigterheblichezwi-

schenj̈ahrlicheVariabiliẗat. Im Beobachtungszeitraum konntejedochkein mit demNordatlanti-

schenOszillationsindex (NAO) korreliertesDipolverhaltenin Auftretenund Sẗarke der Konvek-

tion festgestelltwerden.In derzentralenLabradorseenahmdie maximaleKonvektionstiefezwi-

schen1995 und 1999 von 1800 m auf 600 m ab. Das neugebildeteWasserwurdezunehmend

wärmerundsalz̈armer. In denoberen2000m derWassers̈aulewurdeeinegenerelleErwärmung

mit einementsprechendenWärmeflußvon 34 W m
� �

festgestellt.Verankerungenim Randstrom

der Labradorseezeigtenweder in den Vertikalgeschwindigkeitsmessungen noch in der Tempe-

raturentwicklungAnzeichenvon winterlicherKonvektion. Die Situationin der Grönlandseewar

aufgrundder Wechselwirkung mit Eisbildungkomplexer. Konvektion trat nur unregelm̈aßigund

auchnurbis in mittlereTiefenauf,wobeiderAntriebteilweisereinatmospḧarisch,teilweisedurch

SalzanreicherungaufgrundvonEisbildungbestimmtwar.

Die MessungenderVertikalgeschwindigkeiten wurdenauf dasAuftretenvon Plumeshin un-

tersucht.Die Plumesin derGrönlandseelagenim Durchmesserzwischen200und600m, in der

Labradorseewurden200bis1200mbeobachtet.DieabẅartsgerichtetenVertikalgeschwindigkeiten

lagenzwischen3 und 9 cms
���

, wobei in der LabradorseehäufigerhoheWerte registriert wur-

den. WährendPeriodenvon starker Konvektion war es in der Labradorseemöglich, den ver-

tikalenWärmeflußdirektausdenMessungenzubestimmen.Die beobachtetenGeschwindigkeiten

skalierensich mit dem Oberfl̈achenauftriebsflußund der Tiefe der durchmischtenSchicht. Sie

werdennicht vonderErdrotationbeeinflußt.
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ABSTRACT

Observationsfrom the LabradorandGreenlandSeas,sitesknown for openoceanconvection to

occur, areanalyzedundertwo majoraspects:the interannualvariability of convectionandits re-

lation to variability of the hydrographic,meteorological,andice conditions,andthe spatialand

velocity scalesof individual convective plumescomparedto existing scalingargumentsderived

from numericalandlaboratoryexperiments.Theobservationswerecarriedout in theLabradorSea

between1996and1999andin theGreenlandSeabetween1989and1995.There,mooredstations

weredeployed,measuringthe temperatureandsalinity evolution andthe three–dimensionalflow

field over thewinterperiods.Further, themeasurementsarecomparedto earlierobservationsfrom

theLabradorSeain 1994/95andfrom theGreenlandSeain 1988/89.

Theconvectionactivity observedin thecentralLabradorandGreenlandSeasshowedconsider-

ableinterannualvariability throughouttheobservationalperiod,but noseesaw behavior correlated

with theNorth Atlantic Oscillationindex. In theLabradorSea,themaximumdepthof convection

decreasedfrom about1800m in 1995to only 600 m in 1999. The watermasspropertiesof the

winter mixed layershiftedtowardswarmerandlesssalineconditions.A generalwarmingof the

upper2000m wasobserved, correspondingto a heatflux of 34 W m
� �

. Observationswerealso

carriedout in theLabradorSeaboundarycurrentregion to registereventuallyhappeningconvec-

tion, but both theverticalvelocity measurementsaswell asthetemperaturedevelopmentshowed

no evidenceof convectionactivity at the mooringlocations. In the GreenlandSea,the situation

wasmorecomplex becauseof the interactionwith seaice. Convectionoccurredirregularly to in-

termediatedepths,eitherpurelydrivenby theatmosphereor with additionalbuoyancy forcing by

ice formation.

Thethree–dimensionalcurrentmeasurementswereanalyzedfor individualeventsof convective

plumes. The plumesin the GreenlandSeashowed horizontalscalesof 200 – 600 m andin the

LabradorSeadiametersof 200– 1200m werediagnosed.Thedownward velocitieswereof 3 –

9 cms
���

with moreeventsof strongdownward motion in the LabradorSea. During periodsof

intenseconvectionactivity in theLabradorSea,it waspossibleto directlymeasuretheverticalheat

flux. Theobservedvelocityscaleswerefoundto beafunctionof thesurfacebuoyancy flux andthe

mixedlayerdepthandnotcontrolledby theEarth’s rotation.
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1. INTRODUCTION

Two distincttypesof deepwaterformationoccurin theworld ocean.Thefirst is thedescendingof

densewateralongacontinentalslopewhichis foundaroundtheArctic andAntarcticshelfregions,

but theDenmarkStraitandIceland–ScotlandOverflows alsobelongto this category. Thesecond

processis open–oceanconvectionoccasionallyreachinglargedepthsat a few known siteswhich

arethecentralGreenlandandLabradorSeas,thewesternMediterranean,andtheWeddellgyre.

Theopen–oceanconvectionsitesarecharacterizedbyacycloniccirculation,tendingtopreserve

the weak stratificationin the interior by inclining the isopycnalstowardsthe surface(doming).

A schematicrepresentationof the large scalecirculation in the GreenlandandLabradorSeasis

given in Figure1.1. Also shown is the topographyof a nearsurfaceisopycnal, expressingthe

doming. In the LabradorSeathe cyclonic gyre is formed by the northwestward flowing West

GreenlandCurrentandthe southeastward flowing LabradorCurrent. The gyre in the Greenland

Seaconsistsof theWestSpitsbergenCurrentto theeast,theEastGreenlandCurrentto thewest,

and the JanMayen Currentto the south. During winter, strongbuoyancy loss associatedwith

the prevailing meteorologicalconditionscausesvertical overturningof the watercolumn in the

convectionregions.

Theconvectionprocessis oftendividedinto threephases,for which thetermspreconditioning,

violentmixing, andsinkingandspreadingwerecoined(MEDOCGroup,1970).Theprecondition-

ing phaserefersto theautumnandearlywinter monthsduringwhich theshallow summermixed

layer is graduallyerodedthroughcoolingandevaporation.Oncethenear–surfacelayerhasbeen

homogenized,additionalforcing canovercomethegenerallysmall remainingstratificationof the

deeperlayers,triggeringtheviolent mixing phase.During this periodof deepmixing, thewater

columnis overturnedthroughconvective cells(plumes),distributing thedensesurfacewaterin the

vertical. Acting in concert,theplumesgeneratea mixedpatchof densewater. With progressing

time thehorizontalgradientbetweenthedensewaterin theinteriorandthelessdensewaterin the

surroundingsincreases,causingbaroclinicinstabilitiesto developat theedgeof thehomogenized

region. This resultsin a spreadingof thedensewateranda gradualrestratificationof theconvec-

tion region. Theverticalandhorizontalmixing phasesarenotnecessarilysequentialbut mayoccur

concurrently.

Associatedwith the threephasesof deepconvection is a hierarchyof scaleson which the

dominantprocessesduringtheindividualphasesoccur. Thelargestscaleis thatof theconvectively
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FIG. 1.1: Schematicrepresentationof thelargescalecirculationin theGreenlandSea(upperpanel)andthe
LabradorSea(lower panel),depictingthe cyclonic circulationof the convectionregimes(from
Marshall and Schott,1999). Doming is indicatedby the depthof isopycnals �
	�� 
���� �

and�
	�� 
���� �
, respectively. GSM is the locationof repeatedmooredstationsin theGreenlandSea

andB is thepositionof theformerOceanWeatherStationBravo.
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generatedpatchof nearlyhomogeneouswater. This scaleof 50 – 100km andlarger is setduring

the preconditioning(Swallow andCaston,1973). The lateralscaleof the individual convective

plumes,observed during the violent mixing phase,is lessthanonekilometerandshortburstsof

downward motion of 10 cms
���

andmoreoccur(SchottandLeaman,1991;Schottet al., 1993;

Lilly et al., 1999).Thethird scaleis thatof theeddiesor instabilitiesassociatedwith thebreak–up

of themixedpatch.Theirscaleof 5 – 10km is relatedto theinternalRossbyradiusof deformation

(Gascard,1978;GascardandClarke,1983).

The observation of small–scaleconvective plumesmotivateda numberof laboratoryandnu-

mericalexperimentsregardingtheir physicalproperties(e.g. JonesandMarshall,1993;Maxwor-

thy andNarimousa,1994;Coateset al., 1995). Oneof the conclusionsfrom thesestudieswas

thatthevelocity andlengthscalesof plumescouldbedescribedthroughexternalparameterssuch

asthe buoyancy flux at the surface,the mixed layer depth,andthe rotationrate. Assumingthat

thegrowth of plumesis constrainedby theEarth’s rotation,two flow regimeswerederivedwhich

arecharacterizedthroughdifferentscalinglaws. A measurefor the importanceof rotationis the

turbulentRossbynumber. For Rossbynumberslarger thana critical valuetheturbulenceis three–

dimensional,but with decreasingRossbynumbertheflow field becomesrotationallycontrolledand

quasi–2Dvortex structuresareformed(CoatesandIvey, 1997). However, it is not clearwhich of

thetwo regimesis appropriatefor oceanicconditions.

The volumeof newly formeddeepwaterdependscrucially on the physicalpropertiesof the

convective plumes. The intensedownward flow of the plumesis compensatedby weakupward

motion inbetween,but a net downward volumetransportin the interior of the mixed patchmay

occur. On thelargescale,a netdownwardmotionwould generatea horizontalcirculationaround

themixedpatch,cyclonicnearthesurfaceandanticyclonic at depth,accordingto vorticity conser-

vation.

Sendand Marshall (1995) investigatedthe integral effect of convective plumesin a non–

hydrostaticmodel and concludedthat the meandownward velocity has to be much less than

0.01cms
���

, which would be insignificantfor deepwaterformationratesandnot even measur-

able with presentday instrumentation.Klinger et al. (1996)comparedplume–resolvingmodel

runswith theresultsof botha slow andaninstantaneousconvective adjustmentscheme.Theslow

adjustmentschemeis equivalent to employing a large vertical diffusion, while instantaneousad-

justmentcorrespondsto an infinite diffusivity. They found that a mixing modelof convectionis

adequateto representgrosspropertiesof theplumesseenin thehigh–resolutionmodel.

In consequence,the role of plumesin the convectionprocessis to efficiently mix the water

columninsteadof funnelingwaterdownward. The actualsinkingof the newly formeddeepwa-

ter to its neutrally buoyant level hasto occur on a longer timescaleand is probablyassociated

with geostrophiceddydynamics(MarshallandSchott,1999). The implicationfor thevolumeof

newly formeddeepwateris thattheadditionalvolumetransferredto a new densityclasshasto be
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considered,insteadof thetime andareaintegral of theverticalvelocity duringtheviolent mixing

phase.

Open–oceandeepconvectionis not a regularprocesswhereevery winter a distinctamountof

new deepwateris formed,but is subjectto considerableinterannualvariability. Suchvariability

hasbeenfoundatall known convectionsitesrangingfrom vigorousconvectionactivity completely

overturningthewatercolumnto its total absence.Evidencewasfoundthat thevariability of con-

vectionintensity in the GreenlandandLabradorSeasis linked to the North Atlantic Oscillation

(NAO), a dominantmodeof atmosphericvariability over theAtlantic sectorof thenorthernhemi-

sphere(Dicksonetal., 1996).

Ongoingconvectionto theoceanbottomhasnotbeenobservedin theGreenlandSeaatpresent,

but is suspectedto occuroccasionallybecauseof thewatermasspropertiesof theGreenlandSea

DeepWater(GSDW). Thelow temperaturesandsalinitiesof GSDW comparedto theneighbouring

deepbasins(Aagaardet al., 1985)aswell asthehighconcentrationsof anthropogenictracers(Pe-

tersonandRooth,1976;BullisterandWeiss,1983;Smethie,Jr. etal., 1986)suggestanoccasional

deepmixing of GreenlandSeasurfacewaters.Convectionbelow 2000m apparentlyoccurredin

the centralGreenlandSeaduring the 1960sandearly 1970sastemperaturemeasurementsshow

coolingof GSDW duringthisperiodandwarmingduringthe1950sand1980s(Clarkeetal.,1990;

Meincke et al., 1992). Tracerobservationsalsosuggesta reducedGSDW formationduring the

1980s(Schlosseret al., 1991).

Interannualvariability of deepconvectionhasalsobeenobserved in thecentralLabradorSea.

Between1964 and 1968 convection to intermediatedepths(400 – 1200 m) occurredat ocean

weatherstation(OWS) Bravo, while between1969and1971convectionactivity ceasedandthe

depthof thewintermixedlayerdid not exceed200m (Lazier,1980).Theshutdown of convection

during1969–71is oftenattributedto thefreshwateradvectedthroughthesocalledGreatSalinity

AnomalythatpassedtheLabradorSeaduringthis time (Dicksonet al., 1988),but coincidedwith

mild winterswhich is probablythe primary reason.This is supportedby the fact that the fresh-

wateranomalywasstill present(andstrongest)in theLabradorSeain late1971,but exceptionally

strongforcingresultedin convectionto 1500m anddown–mixingof thefreshwater(Lazier,1980;

Dicksonetal., 1996).

During the late 1970sClarke andGascard(1983)observed convectionto depthsgreaterthan

2000m in 1976andto a depthof 1200to 1400m in 1978.Generally, yearsof intensecoolingare

accompaniedby thickeningof theLabradorSeaWater(LSW) layer, which wasfoundin theearly

1970sandafter1983ontotheearly1990s(Curryetal., 1998).Thedeepwaterformedin theearly

1990swasthecoldestfrom all records,andby 1992analmosthomogeneousLSW layerextending

below 2300m wasfound(Lazier,1995;Dicksonetal., 1996).

Theconvectivehistoryof theGreenlandandLabradorSeasledto theconclusionthatthewinter

convectionactivity atthetwositeswasin phasebut of differentsignandin synchrony with theNAO
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(Dicksonetal.,1996).Thecoolingof GSDW indicatingdeepconvectionactivity duringthe1960s

andtheratherweakconvectionactivity in theLabradorSeacorrespondedto a periodof negative

NAO, while theintenseconvectionin theLabradorSeaduringtheearly1990swasduringa phase

of positive NAO with nodeepconvectionbelow 1500m in theGreenlandSea.

Convectionsitesareobviously sourceregionsfor the watermassesfound in the deepocean

whichform thelowerbranchof thethermohalinecirculation(THC), yet thesensitivity of theTHC

to theintensityof deepconvectionis controversiallydiscussedin numericalstudiesof large–scale

circulationvariability. A numberof coarseresolution,coupledocean–atmospheremodelssuggest

a relationbetweenthestrengthof theTHC andthevariability of thesurfaceconditionsin thedeep

waterformationregions.

Delworthetal. (1993)foundirregularoscillationsof theTHC in theNorthAtlantic with a time

scaleof about50years,drivenby densityanomaliesin thesinkingregionof theirmodel.Timmer-

mannet al. (1998)discusseda coupledair–seamodein thenorthernhemispherewith a periodof

about35 years.A strongTHC in the North Atlantic resultedin positive seasurfacetemperature

(SST)anomalies,causinga strengthenedNAO. Theresultingseasurfacesalinity anomaliesin the

oceanicsinkingregionsweakendeepconvectionandsubsequentlytheTHC, leadingto a reduced

polewardheattransportandtheformationof negative SSTanomalies.

In contrast,sensitivity studieswith a high–resolution,ocean–onlymodel showed very little

effectonthemeridionaloverturningrate,evenwith acompleteshutdown of deepconvectivemixing

in the LabradorSea,but a strongerdependenceon changesin the overflow conditions(Böning

et al., 1996;DöscherandRedler,1997). In their studyof an idealizedthree–dimensionalmodel,

Marotzke andScott(1999)evenquestionedwhetherdeepwaterformationby convective mixing is

anecessaryingredientof aTHC.

An extensivesimulationwith acoupledatmosphere–ocean–icemodel(HadCM3)hasbeencar-

riedoutby Woodetal. (1999).Theimprovementsincludeanincreasedoceanhorizontalresolution

(1.25��� 1.25� ) andinclusionof aconvectionschemein regionsof denseoverflows. They obtained

realisticrepresentationsof overturningrates,deepwaterformationandoverflows,withouttheneed

of unphysicalflux adjustments(artificial correctionsof theair–seafluxesto keepthemodelfrom

drifting). In asimulationwith increasedgreenhouse–gasconcentrations,themodelrespondedby a

collapseof convectionandthecirculationin theLabradorSea,while thestrengthof theoverflow

appearedinsensitive to CO� changes.Dueto theabsenceof deepwaterformationin theLabrador

Sea,themaximumoverturningat 24� N droppedby about20%in theirmodel.

A largenumberof studieshavebeenundertakento improvetheunderstandingof theconvective

processin theopenoceanandits representationin models.Theseincludeseveralfield experiments

aswell aslaboratoryandnumericalmodelingefforts (seeMarshallandSchott,1999,for a review).

During thepastyearsintenseobservationsof oceanconvectionwerecarriedout in theGreenland

andLabradorSeas,far exceedingpreviousefforts (GSPGroup,1990;TheLabSeaGroup,1998).
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Basedon multi–yearobservationsof themixed layerdevelopmentandthe three–dimensional

flow field in theLabradorSeabetween1994and1999andin theGreenlandSeabetween1988and

1995,two major tasksareaddressedin this study: First, the interannualvariability of convection

activity in the respective regions is describedand linked to the prevailing boundaryconditions.

Second,thephysicsof theconvectionprocessitself areanalyzed.Theoreticalscalinglawsderived

from numericalandlaboratoryexperimentsaretestedagainsttheobservations.

A descriptionof the measurementsetupis given in Chapter2. Chapter3 summarizesthe

generalmeteorologicalandice conditionsin thecentralGreenlandandLabradorSeas.Chapter4

focuseson theseasonalandinterannualvariability of convectionactivity. Therelative importance

of surfaceforcing, stratification,andseaice is discussedwith regardto the observed depthsand

watermasspropertiesof thewintermixedlayer.

Finally, Chapter5 givesacloserexaminationof theviolentmixing phase,characterizedby en-

hancedverticalvelocity activity. Theobservedspatialandvelocity structureof convective plumes

is discussedaswell astheverticalheatflux associatedwith them.Theobservationsarecompared

to theoreticalscalinglaws,relatingthevelocityandlengthscalesof plumesto externalparameters.

Conclusionsaredrawn ondiffusivitiesadequateto representconvectiveplumesasaverticalmixing

process.



2. OBSERVATIONS

Deepconvection in the openoceantakesplaceduring late winter in remoteandhostileregions.

While shipboardobservationsduring periodsof active convectionwereonly sparselycarriedout

in thepast,mooredstationswith instrumentscapableto measurethethree–dimensionalflow field

provide anidealmeansto aquiredetailedinformationaboutthephysicalprocessesof suchevents.

An overview of the mooringwork in the LabradorandGreenlandSeasis given in the following

sections. For an in–depthcompilationof employed instruments,as well as their accuracy and

calibrationthereaderis referredto AppendixA.

2.1 LabradorSea1994– 1999

The formationof LSW throughdeepconvectionin theLabradorSeais oneof thekey objectives

of theresearchprogramentitledDynamicsof ThermohalineCirculationVariability (SFB460)ini-

tiatedat theInstitut für MeereskundeKiel (IfM Kiel) in 1996.Themajorfield activities startedin

the summerof 1996concurrentlywith the Labrador SeaDeepConvectionExperiment(TheLab

SeaGroup,1998).Besidesthemooringwork, thecomponentsof theobservationalprogramswere

meteorologicalandair–seaflux measurements,hydrographicsurveys,surfacedrifters,anddifferent

typesof floats(PALACEfloats,profiling RAFOSfloats,and3D Lagrangianfloats).

The mooringwork focusedon threeobjectives: point measurementsof convection,observa-

tions in the boundarycurrentregion, andmonitoringof integral quantitiesusingacoustictomo-

graphy. CTD surveys werecarriedout eachsummerduringthemooringdeploymentandrecovery

cruises.The positionsof the mooredstationsareshown in Figure2.1. Additionally, two winter

cruiseswerecarriedoutwith R/V Knorr, onein February/March1997andonein January/February

1998.TheLabrador SeaDeepConvectionExperimentlastedfor a periodof two years,endingin

thesummerof 1998,while theconvectionobservationsin theframework of SFB460werecontin-

ued.In general,themooringswerereplacedevery summerin July/August,andby thetimeof this

writing threeperiods,up to summer1999,werecompleted.

Theobservationof deepconvectionin theLabradorSeaatmooredstationsalreadystartedin the

summerof 1994with a singleUS/Canadian/German(Universityof Washington/BedfordInstitute

of Oceanography/IfMKiel) mooring.Thepositionof thismooringwaschosencloseto theWOCE

AR7W repeathydrographysection(B1226in Figure2.1). It is often calledBravo mooring,due
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to the proximity of its positionto the operationareaof the former oceanweatherstation(OWS)

Bravo.

OWS Bravo waslocatedat 56� 30’N, 51� 00’W, nearthe centerof the LabradorSea.Surface

meteorologicalmeasurementswerecarriedout therefrom 1946to 1974,anddeephydrographic

profilesfrom 1964to 1974(Lazier,1980). Mooring B1226is intendedto serve asa continuation

of the Bravo time series.After the successfullobservation of deepconvectionduring the winter

of 1995 (Lilly et al., 1999), the following deployment period 1995/96suffered a major loss of

instruments.Only threedeepcurrentmetersof thismooringwererecovered.

Themainsiteof convectionobservationswasat mooringK1 (Figure2.1),deployedin August

1996andreplacedby themooringsK11 andK21 for thefollowing winter seasons.Theseconvec-

tion mooringscarriedacousticDopplercurrentprofilers(ADCPs)recordingall threevelocitycom-

ponents,singlepoint currentmetersto measurehorizontalcurrents,andtemperature/conductivity

recorders(SeaCATsandMicroCATs) to follow thedevelopmentof thestratification(Figure2.2).

In addition to the convectionmoorings,a new observational techniquewas introducedwith

the mooredprofiler, designedto climb up anddown the mooringwire while aquiringCTD data

(Dohertyet al., 1999). Newer versionsof this instrumentincludecurrentmeasurements.For the
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FIG. 2.2: Schematicdiagramof theconvectionmooringsin thecentralLabradorSeaasdeployedin thewin-
tersof 1994/95(participationon Univ. Washington/BIOBravomooring),1996/97(K1), 1997/98
(K11), and1998/99(K21).

first year(1996/97),theCTD profiler waspartof mooringK5, locatednortheastward of K1. The

profiler wasintendedto cover theupper2500m, profiling every otherday. Unfortunately, during

the deployment the inducedelectromagneticforce from the instrumentsliding on the wire over-

loadedthe instrument’s driving motor; it never profiled. This misfunctionin the initial designof

theinstrumentwasremovedby themanufacturerbeforethenext deployments.

For thefollowing yearsthepositionof theprofiler mooringwasshiftednorthwestwardof K1,

wherethedeepestmixedlayerwasobservedduringtheR/V Knorr cruisein March1997(moorings

K15, andK20). For thosetwo deploymentsthe instrumentoperatedover thewholeperiod,but in

bothcasesonly thelowerhalf of theprofiling rangewascoveredtowardstheendof thetimeseries,

missingthe part of the watercolumnwhereconvection took place. The profiler mooringswere

additionallyequippedwith a downwardlookingADCPontop.
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Observationsin theboundarycurrentregion wereinitiatedin summer1996with mooringK2,

locatedat the2400m isobath,andmooringK6, locatedat the1200m isobath.Bothmooringswere

equippedwith upward looking ADCPs. Mooring K6 hadtwo additonalcurrentmetersof which

onereturneddata,while mooringK2 wasfully equippedasa convectionmooringto recordeven-

tually happeningconvectionin theboundarycurrentregion assuggestedby Pickartet al. (1997).

MooringK2 wasreplacedby K12,with similarinstrumentation,in summer1997,whileK6 wasnot

continued.For thethird deploymentperiod(K22, 1998/99)thepositionwasshiftedto the2800m

isobath,which is at thecoreof thedeepLabradorCurrent.

Themainpurposeof theremainingmoorings(K3, K4/K14/K24,andL0/K17/K23)wasto carry

theacoustictomographyinstruments.Two of them(K17, K23) hadadditionalADCPsandaminor

numberof currentmetersandSeaCATs. Theanalysisof the tomographydatais ongoingwork at

themomentandnot furtherconsideredhere.

2.2 GreenlandSea1988– 1995

200

200

200

200

20
0

200

50
0

500

10
00

1000

15
00

1500

1500

1500

20
00

20
00

2000

2000

2000

2000

20
00

2000

30
00

3000

3000

3000

30
00

  24oW   20o   16o   12o    8o    4o    0o    4o    8o   12oE 
  72o 

  73o 

  74o 

  75o 

  76o 

  77o 

  78oN 

1990/91 GSM2

1992/93 GSM3

1993/94 GSM4

1994/95 GSM5

G
re

en
la

nd

T5

M319

M250

GSM1/GSM2

T6/GSM3/GSM4/GSM5

1988/89 M250, M319, T5 ,T6

Greenland Sea Moorings

1989/90 GSM1

FIG. 2.3: Positionsof convectionmooringsin theGreenlandSeabetween1988and1995.

Thepositionsof themooringsoperatedin theGreenlandSeabetween1988and1995areshown

in Figure2.3. Theobservationsstartedwithin theframework of theGreenlandSeaproject(GSP),

a major investigationof the circulation,generalhydrography, anddeepwater formation,carried

out between1987 and 1993. An intensefield operationtook placebetweensummer1988 and
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summer1989(GSPGroup,1990). The mooringwork in the centralGreenlandSeaconsistedof

convectionmoorings(Schottetal.,1993)andanacoustictomographyarray(Worcesteretal.,1993;

Pawlowicz et al., 1995;Morawitz et al., 1996). Two of theconvectionmooringswerepartof the

tomographyarray(T5,T6). In summer1989themooringarraywasreplacedbyasinglestationthat

wassubsequentlyreplacedevery summer(with gaps)until 1995.A largenumberof CTD surveys

werecarriedoutover thisperiod(e.g. Budéuset al., 1993,1998;Lherminieret al., 1999).
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FIG. 2.4: Schematicdiagramof theconvectionmooringsin thecentralGreenlandSeaasdeployedin the
wintersof 1988/89(M319),1992/93(GSM3),1993/94(GSM4),and1994/95(GSM5).

Thedistributionof instrumentsin mooringM319isshown in Figure2.4.Theinstrumentationof

thesoutheastwardmooringM250wasvery similar to thatof M319. MooringT6 hadtwo ADCPs,

onelookingdownwardat200m andonelookingupwardat1400m. Additionally T6 wasequipped

with SeaCATs,recordingbothtemperatureandconductivity (Roachetal., 1993).

During the first period of continuedobservations, the winter of 1989/90,a single mooring

wasdeployed at a positioninbetweenthe former M319 andT6 positions(GSM1, not shown in
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Figure2.4).Theinstrumentationwassimilar to mooringM319with oneupwardlookingADCPat

321m, a thermistorstring,andfour currentmeters.After its recovery it turnedout thattheADCP

alreadyhadstoppedworkingduringthedeployment.ThusnoADCPdatawereobtainedduringthe

winterof 1989/90.

Mooring GSM1 wasreplacedby GSM2 in July 1990. It wasequippedwith two ADCPsat

300m depth(oneupwardandonedownwardlooking),two thermistorstrings,four currentmeters,

andtwo SeaCATs. Unfortunatelythis mooringcould never be recovered. All instrumentswere

lost, exceptfor the upward looking ADCP, which wasfoundby theNorwegianNavy in summer

1995. The instrumentstill containeddatafrom the winter of 1990/91. The lossof the mooring

madeit impossibleto continuetheobservationsinto thenext winterof 1991/92,dueto thelack of

instruments.

Theobservationswereresumedin summer1992with mooringGSM3,continuedover thewin-

terof 1993/94(GSM4),andwereterminatedin October1995with therecoveryof mooringGSM5.

All threemooringswerelocatedat about75� N 4� W, andhadvery similar instrumentations(Fig-

ure2.4). Instrumentfailureswerethethermistorstringsin mooringGSM3andtheADCPin moor-

ing GSM4,which returnednodata.

Overall, thenearlycontinuoustime seriesaquiredin thecentralGreenlandSeabetween1988

and1995andin thecentralLabradorSeabetween1994and1999,representoneof themostexten-

sive datasetsevergainedatconvectionsites.



3. SURFACE BOUNDARY CONDITIONS

The deepeningof theoceanicmixed layer, reachinglarge depthsin convectionregions,is driven

by air–seafluxesof momentumandmassassociatedwith the prevailing meteorologicalandsea

surfaceconditions.As densityfluctuationsappearin thegoverningequationsalwaysmultipliedby

thegravitationalacceleration� , it is convenientto introduceanexpressionfor thebuoyancy (e.g.

Niiler andKraus,1977): � ��� � � � ������ � (3.1)

Usinga linearizedequationof state� � �
� �"! �$#&%('��)' �+*�,.- %0/1�./ �+*32 (3.2)

resultsin � � � � #&%('��)' �+* � - %0/1�./ �+*3204 (3.3)

where# and - arethethermalexpansionandhalinecontractioncoefficients,respectively. ' is the

potentialtemperature,/ is thesalinity, and � is thedensity. Thesubscriptzerodenotesreference

values.Valuesof # and - suitablefor wintertimeconditionsin theGreenlandandLabradorSeas

aregivenin Table3.1.

Note that in the GreenlandSeathe thermalexpansioncoefficient is only onethird of that in

the LabradorSea. Thusthe sameheatflux causesa threetimeshighertemperaturechange(and

correspondingbuoyancy flux) in the LabradorSeacomparedto the GreenlandSea. The haline

contractioncoefficient is aboutthesamein bothregions.

With the temperatureandsalinity changescausedby air–seafluxes,the buoyancy flux at the

seasurfacecanbeexpressedin termsof heatandfreshwaterfluxesusingEquation3.3:

5 � � 6 #87� �:9<; � - / � %(=>�)? *0@ � (3.4)

Here 7 is thesurfaceheatflux (negativevaluesmeanflux of heatfromtheoceanto theatmosphere),=A�B? representsthenet freshwaterflux (evaporationminusprecipitation),and 9 ; is thespecific

heatcapacity. Thesurfacebuoyancy flux
5

is thefundamentalquantitydriving convectionin the

ocean. It is typically of the order of 10
�DC

m
�

s
�FE

during periodsof strongwintertimesurface
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TABLE 3.1: Valuesof thermalexpansionG andhalinecontractionH coefficientsasa function of typical
wintertimesurfacetemperatureandsalinity in theGreenlandandLabradorSeas.' � / � ��� # -� C kg m

�FE � 10
�JI

K
��� � 10

�JI
GreenlandSea -1.3 34.7 1027.9 0.3 7.9
LabradorSea 3.2 34.7 1027.6 0.9 7.8

forcing at theconvectionsites.Negative valuesdenotea lossof buoyancy of theocean,causinga

densityincreasein theoceanicmixedlayer.

3.1 AtmosphericForcing

Measurementsof meteorologicalparameters,and in particularair–seafluxes, are not routinely

availablefor the remoteconvectionregions. A notableexceptionis theLabradorSeaDeepCon-

vectionExperimentwheredirectmeasurementsof heatfluxeshave beenobtainedduringa winter

cruiseof R/V Knorr in February/March1997(TheLab SeaGroup,1998). Theavailability of at-

mosphericfieldssuchasfrom theNationalCentersfor EnvironmentalPrediction/NationalCenter

for AtmosphericResearch(NCEP/NCAR)reanalysisprojectis thereforeof greatbenefit.

TheNCEP/NCARreanalysisprojectusesafrozenglobaldataassimilationsystemto producea

globalrecordof analysedatmosphericfields.Thedataassimilationsystemis keptunchangedover

thereanalysisperiod.Thiseliminatesclimatejumpsthatmayotherwisebeassociatedwith changes

in thedataassimilationsystem(Kalnayet al., 1996).

3.1.1 ShipboardObservations

Although it is beyond the scopeof this work to validatethe NCEP/NCARreanalysisdata,some

remarksshouldbemaderegardingtheirreliability comparedto othersources.Directmeasurements

of theturbulentflux of sensibleheatwerecarriedoutduringtheR/V Knorr cruise147.Additionally

a regional atmosphericcirculationmodel(REMO) wassetup for comparison.Measurementsof

evaporationcouldnotbeperformeddueto thepredominantair temperaturesbeingbelow thefreez-

ing point. Thesurfacemeteorologicaldatafrom theKnorr cruisewerenot enteredonto theGTS

(GlobalTelecommunicationSystem),andthereforenotusedin theNCEP/NCARmodelanalysis.

Comparingthedirectestimatesof thesensibleheatflux to fluxesobtainedwith bulk parameter-

izations,thebestagreementwasfoundusingexchangecoefficientsasgivenby IsemerandHasse

(1987),this holdsfor both theKnorr andtheREMO data(K. Bumke, personalcommunication).

Figure3.1 shows a comparisonof basicmeteorologicalquantitiesandflux estimatesbetweenthe

differentsources.Two versionsof theNCEP/NCARflux dataareshown: Oneasprovided in the



3.1. AtmosphericForcing 15

originalfieldsandonecomputedfrom basicatmosphericdatausingtheparameterizationof Isemer

andHasse(1987).Meanvaluesof theflux estimatesarelistedin Table3.2.

Regardingthesensibleheatflux thebulk estimatesfrom theKnorr, REMO,andNCEP/NCAR

meteorologicaldatacompareratherwell, while theoriginalNCEP/NCARflux is about80W m
� �

higherin themean.Thiswouldsuggestto favor fluxescomputedfrom thebasicatmosphericdata.

Ontheotherhand,theoriginalNCEP/NCARlatentheatflux is in goodagreementwith theREMO

data,while thebulk estimatesappearto betoo low.
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FIG. 3.1: Comparisonof daily mean(a) air–seatemperaturedifference,(b) wind speed,(c) latent heat
flux, and(d) sensibleheatflux betweenFebruary4 andMarch3 1997in theLabradorSeafrom
R/V Knorr cruise147shipboardobservations(solid),NCEP/NCARreanalysisdata(dashed),and
resultsof the regional modelREMO (dashdot).NCEP/NCARandREMO datawereextracted
from grid pointscorrespondingto the cruisetrack of the Knorr. Also shown arefluxesrecom-
putedfrom NCEP/NCARbasicatmosphericdata(dotted)usingthe parameterizationof Isemer
andHasse(1987)(REMOandR/V Knorr databy courtesyof K. Bumke).

As thebulk parameterizationof IsemerandHasse(1987)resultsin ratherhighfluxescompared

to exchangecoefficients proposedby otherauthors(e. g. Large and Pond,1982;Smith, 1989),

theevenhighervaluesfrom theoriginal NCEP/NCARdatamight beconsideredunreliable.Ren-

few et al. (1999)comparedthemeteorologicaldataobtainedduring theKnorr cruisewith model

analysisdatafrom the EuropeanCentrefor Medium RangeWeatherForecasting(ECMWF) and

reanalysisdatafrom NCEP/NCAR,usinga bulk algorithmfollowing Smith(1988)andDeCosmo
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TABLE 3.2: Meanvaluesfor theperiodbetweenFebruary4 andMarch3 1997of latentandsensibleheat
flux in theLabradorSeashown in Figure3.1.

LatentHeatFlux SensibleHeatFlux
(W m

� �
) (W m

� �
)

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

et al. (1996). They found that theoverestimationin theNCEP/NCARflux datais mainly related

to discrepanciesin theseasurfacetemperatureor therelative humidity data.They concludedthat

theroughnesslengthformulausedin theNCEP/NCARreanalysisis inappropriatefor situationsof

largeair–seatemperaturedifferencesandhighwind speeds.

On theotherhandit is not clearwhethertheresultsof thedirectmeasurementscouldbegen-

eralizedto otherseasonsandareas(astheGreenlandSea).It remainsanongoingresearchwhich

bulk parameterizationgivesthebestestimatesof surfaceheatfluxesundera wide rangeof atmo-

sphericconditions.ThereforetheNCEP/NCARreanalysisflux data,with theadvantageof being

a consistentdatasetover severaldecades,will beusedunmodifiedin thefollowing. Nevertheless,

theabsoluteflux valueshave to beusedwith caution.

3.1.2 ClimatologicalWintertimeConditions

The availability of the four decadesspanningNCEP/NCARreanalysisdatasetallows to discuss

someclimatologicalaspectsof the surfaceforcing relevant for deepconvection, as its temporal

andspatialdistribution. Figure3.2 shows the meantotal heatflux and10 m wind for the winter

months(DecemberthroughMarch)for theperiodfrom 1958to 1999,coveredby theNCEP/NCAR

reanalysisdata.

Themeanwinter situationis characterizedby high pressureover Greenlandandlow pressure

southwestof IcelandandalongtheNorwegiancoast.Thissituationcausesstrongnortherlywinds

over theGreenlandSeaandnorthwesterlywindsover theLabradorSea,bothbringingcoldanddry

air of arcticorigin over theconvectionregions. Thehigh wind speedsaswell asthe largeair–sea

temperaturecontrastsassociatedwith theseoutbreaksresultin thelargefluxesof sensibleandlatent

heatnecessaryfor deepconvectionto occur.

In theLabradorSeathemaximumaverageheatloss,exceeding350W m
� �

, is locatedin the

northwesternpart along the Labradorcoastjust off the ice edge. The climatological ice edge

appearsasa sharpgradientin the heatflux distribution. Furtherdownstreaminto the region of

weekeststratification,wheredeepconvectionis observed,theheatlossdropsto about250W m
� �

.
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FIG. 3.2: Spatialdistribution of meantotal surfaceheatflux and10–mwind (vectors)from NCEP/NCAR
reanalysisover thewintermonths(DecemberthroughMarch)for theperiod1958–1999.

In theGreenlandSea,themaximumheatlossof about300W m KFL is foundwestof Spitsbergen

in the region wherethe relatively warm waterof Atlantic origin carriedby the WestSpitsbergen

Currentencountersthecoldarcticair. To thecenterof theGreenlandSeagyretheaverageheatloss

dropsto about230W m KFL . As in theLabradorSea,theclimatologicaliceedgeappearsin theheat

flux distribution asa sharpgradient,originatingin thecenterof theFramStrait andreachingthe

Greenlandcoastsouthof theDenmarkStrait.

The meanseasonalcycle of surfaceheatfluxes, air temperature,and wind speedfrom the

NCEP/NCARreanalysisdatais shown in Figure3.3 for a grid point in the convectionregion of

thecentralGreenlandSea.Thecoolingseason,whenthetotal surfaceheatflux dropsbelow zero,

startsby mid–Septemberandendsby theendof April. Theincomingshortwave radiationvanishes

during the polar night (Octoberto February). Peakvaluesof heatflux exceeding300 W m KFL
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even in the long term meanare found during the monthsof Decemberand Januarywith more

thanhalf of it contributedby sensibleheatfluxes. In FebruaryandMarch the typical heatlossis

of about200 W m KFL . The air temperaturereachesthe freezingpoint by the endof September,

afterwardsit dropsnearly linearly to its minimum of about-10 N C in mid–February. From then

on the temperaturerises,againnearlylinearly, andreachesthe freezingpoint by theendof May.

Northerly winds dominateover the whole cooling seasonwith speedsof about5 m sK�O in the

climatologicalmean.Off thecoolingseasonthemeanwind speedsarerathersmall.

The meanseasonalcycle of surfaceforcing in the centralLabradorSea(Figure3.4) is very

similar to theGreenlandSea.Thecoolingseason,startingby mid–Septemberandendingby mid–

April, is only abouttwo weeksshorter. Thetypicalwintertimeheatlossvaluesof 200– 300W m KFL
arethesameasin theGreenlandSea,but maximumvaluesoccuraboutonemonthlater, duringthe

monthsof JanuaryandFebruary. The contribution of the latentheatflux to the total heatflux is

largercomparedto theGreenlandSea,but thesensiblecomponentis still dominant.Thecycle of

theair temperatureis of similar shape,but about7 N C warmer, with minimal temperaturesat the

beginningof February. Westerlywindsdominateover thefirst wintermonths,until Januarywhere

they shift somewhatto morenorthwesterlydirections.Wind speedsof 5 m sK�O andmorearefound

duringthewholecoolingperiodin theclimatologicalmeanvalues.
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FIG. 3.4: SameasFigure3.3at56M 11.4’N,50M 37.5’W in thecentralLabradorSea.

3.1.3 InterannualVariability

The intensity of deepconvection in the Greenlandand LabradorSeasshows great interannual

and interdecadalvariability, and evidencewas found that this variability is linked to the North

Atlantic Oscillation(NAO) (Dicksonet al.,1996).TheNAO is thedominantmodeof atmospheric

variability over theAtlantic sectorof thenorthernhemisphere(e. g. vanLoon andRogers,1978;

WallaceandGutzler,1981). The oscillationis presentthroughoutthe yearbut mostpronounced

duringwinter (BarnstonandLivezey, 1987),wheretheNAO accountsfor morethan36%of the

varianceof themeansealevel pressurefield (Hurrell, 1995).BasicallytheNAO is ameasureof the

strengthof thewesterliesover theNorthAtlantic betweentheIcelandicLow andtheAzoresHigh.

Rogers(1984)definedanindex of theNAO asthedifferencebetweennormalizedmeanwinter

(DecemberthroughFebruary)pressureanomaliesatAkureyri, Iceland,andPontaDelgada,Azores.

The normalizationis doneby dividing the winter pressureanomaliesby the long–termstandard

deviationof themeanpressure.Hurrell (1995)selectedStykkisholmur, Iceland,andLisbon,Portu-

gal, in orderto extendtherecordanadditional30years,andusedthemonthsof Decemberthrough

March for the winter means.Joneset al. (1997)extendedthe further index back to 1823using

earlypressurerecordsfrom Gibraltarandsouth–westIceland.Their normalizationwasperformed

on a monthlybasis,with meansandstandarddeviationsproducedfrom the period1951to 1980

(Figure3.5).

During periodsof high NAO index the westerlywinds over the North Atlantic arestronger
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FIG. 3.5: Timeseriesof thewintermean(DecemberthroughMarch)of theJonesetal. (1997)NAO index.
Beginning in 1823andupdatedto thewinter of 1999/2000.Normalizationwasperformedon a
monthlybasis,with meansandstandarddeviationsproducedfrom theperiod1951to 1980.The
heavy solid line is the5–yearlowpassedtimeseries.

thannormal,leadingto warmerandwetterthannormalconditionsovernorthernEuropeandcolder

thannormalconditionsover easternCanada(Hurrell, 1995;Hurrell andvanLoon, 1997). Cayan

(1992)analyzedthetemporalandspatialvariability of monthlymeanlatentandsensibleheatfluxes

derivedfromtheComprehensiveOcean–AtmosphereDataSet(COADS)andfoundlargecovarying

patternsin associationwith theNAO in theNorthAtlantic. In thesubpolarNorthAtlantic, theheat

fluxesshow apositivecorrelationwith theNAO duringthewintermonths.However, theGreenland

Seaareawasnot includedin thatanalysis.

The NAO index shows both high frequency variability from year to yearandlow frequency

variability whereanomalouscirculationpatternspersistedover several winters. The laterpart of

therecordshowsatrendfrom low valuesduringthe1960sto highvaluesin the1990s.Therelation

betweentheNAO index andthetotalwintersurfacebuoyancy loss,derivedfrom theNCEP/NCAR

reanalysisdata,in the convection regionsof the LabradorandGreenlandSeasis shown in Fig-

ure3.6.

As to beexpectedfrom theanalysisof Cayan(1992),thereexistsa closerelationbetweenthe

NAO andthewintertimesurfaceforcing in theLabradorSea.TheNAO index accountsfor about

33%of thevariabilityof theNCEP/NCARmeanwinterbuoyancy flux. Theperiodsof weaksurface

forcingduringthe1960sandtheperiodof strongsurfaceforcingduringthe1970sin generalhave

their counterpartsin the NAO index. An exceptionis the winter of 1971/72,wherethe highest

buoyancy loss is found in the NCEP/NCARdata,but only a moderateNAO situationprevailed.
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of thetotalwintertimebuoyancy loss(December– March)derivedfrom NCEP/NCARreanalysis
datain thecentralLabradorandGreenlandSeasfrom 1959– 1999.

Theperiodof weaksurfaceforcingduringthe1980sdoesnotshow acorrespondinglow NAO,but

duringthelate1980sandearly1990sstrongsurfaceforcingcoincideswith highvaluesof theNAO

index. In the GreenlandSea,however, sucha relationbetweenthe NAO andthe NCEP/NCAR

surfaceflux dataduringwintertimedoesnotexist.

Consideringthewinterswheretheobservationsat themooredstationswerecarriedout in the

convectionregionsof theGreenlandSea(1989– 1995)andtheLabradorSea(1995– 1999),the

NAO index washighduringtheperiodof observationsin theGreenlandSea,exceptfor thewinter

of 1990/91.Thewinterof 1994/95,wheretheobservationsstartedin theLabradorSea,wasthelast

of asequenceof highNAO index winters.In thefollowing winter theindex droppedto anunprece-

dentedminimum. During thewinter of 1996/97the index waspositive again,andsubsequentlyit

increasedfrom winter to winter.

Themeanwintertimesurfaceforcingconditions,asthey resultfrom theNCEP/NCARreanaly-

sisdata,for theobservationalwintersaresummerizedin Table3.3,andtimeseriesof theintegrated

surfacebuoyancy flux areshown in Figure3.7 togetherwith the41–yearmeansandstandardde-

viations. The meanheatfluxesandtheir variability arevery similar in both areas,aswell asthe

freshwaterflux andthecorrespondinghalinecomponentof thebuoyancy flux. Thethermalcompo-
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nentof thebuoyancy flux in theLabradorSeais morethantwiceasmuchasthatof theGreenland

Seadueto thelargerthermalexpansioncoefficient asdiscussedabove. Theinterannualvariability

of the buoyancy flux againis nearly the samein both regions. In the GreenlandSeaadditional

freshwaterflux mayoccurthroughice formationor melting. Theice conditionswill bediscussed

in thefollowing section.

TABLE 3.3: Meansurfacefluxesasderivedfrom theNCEP/NCARreanalysisdataat singlegrid pointsin
thecentralGreenlandandLabradorSeasfor thewintersbetween1988/89and1998/99.Means
are taken for the monthsof DecemberthroughMarch. Also shown are the 41–yearwinter
meansandstandarddeviations.

Heat Freshwater Buoyancy Flux
Flux Flux Thermal Haline Total

(W m KFL ) (mm) (mL sKFL ) (mL sKFL ) (mL sKFL )
GreenlandSea,75N 14.1’ N, 1N 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 P 90 P 91 P 0.11 P 0.02 P 0.13

LabradorSea,56N 11.4’ N, 50N 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 P 60 P 85 P 0.13 P 0.02 P 0.14

Although the temporalevolution of surface forcing differs from year to year in the central

GreenlandSea(Figure3.7), the total buoyancy lossby theendof winter is alwaysrathersimilar.

During mostof thewintersof theobservationalperiodthesurfaceforcing wasslightly below av-

erage.Theweakestforcing occurredduringthewinter of 1989/90,andthestrongestforcing was

duringthewinterof 1992/93.Thewinterof 1991/92shows evenhigherbuoyancy loss(only listed

in Table3.3),but no mooringdataareavailablefor this winter. Thevariability of surfaceforcing

wasmuchlargerduringtheobservationsin theLabradorSeathanin theGreenlandSea.Duringthe

first winter (1994/95)thebuoyancy flux followedcloselythemeancurve betweenNovemberand
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April. Thewinter of 1996/97denotesa ratherextremesituation,asseverecoolingsetin by mid–

January, leadingto a netbuoyancy losswell above average.Thefollowing winterwasrathermild,

andin 1998/99strongsurfaceforcing occurredduringJanuarybut ceasedsubsequently, resulting

in a totalbuoyancy lossbelow average.

3.2 IceCover

Seaiceplaysanimportantrolefor thefreshwaterbudgetof theconvectionregionsin theGreenland

andLabradorSeas.It providesabuoyancy lossthroughbrinereleasewhennew iceis formed,while

freshwaterinput throughice meltinghasa stabilizingeffect. In theGreenlandSea,ice cover may

insulatetheconvectionareafrom theatmosphere,resultingin reducedthermalbuoyancy fluxes.

GreenlandSea

In theGreenlandSeaaspecialfeatureinteractsdirectlywith theconvectionprocess.A largetongue

of seaice begins to develop in earlywinter which wasknown to whalersandsealersasIs Odden

or simplyOdden;thebightof openwaterbetweenthemarginal icezone(MIZ) andtheIs Oddenis

beingknown asNordbukta(Wadhams,1986).TheOddengrowseastwardfrom theEastGreenland

iceedgeandcurvesnortheastwardinto thecentralGreenlandSea.GenerallytheIs Oddencontinues

to bepresentuntil April.

Ice conditionsare observed throughsatellitepassive microwave measurementssinceOcto-

ber 1978. First with the scanningmultichannelmicrowave radiometer(SMMR) on boardof the

NIMBUS–7satellitethatoperatedsuccessfullyuntil thesummerof 1987. Fromthenon with the

specialsensormicrowave/imager(SSM/I) carriedby satellitesof the US DefenceMeteorologi-

cal SatelliteProgram(DMSP). Ice concentrationsfor the antennafootprint arederived from the

satellitemeasuredbrightnesstemperaturedata(Toudal,1999).

Figure3.8 shows snapshotsof ice concentrationfor the yearsof convection observationsat

mooredstationsin the centralGreenlandSea. A time seriesof ice concentrationalong75 N N is

shown in Figure3.9.Thesatelliteobservationsshow thattheIs Odden–Nordbuktasystemis subject

to largeintra-andinterannualvariability. Theedgeof theOddencanrapidlyexpandorcontractover

hundredsof kilometerswithin severaldays.Shuchmanetal. (1998)relatedtheIs Oddenvariability

to meteorologicaldata. They found that at air temperaturesbelow -8.7 N C andmoderatewinds

from thenorthwestsignificantgrowth occurs,while the Oddendecaysduringwarmerconditions

with strongnortherlywinds.

During November1988theMIZ propagatedrapidly eastward,andreachedthepositionof the

convectionmooringM319 by theendof themonth. Theconvectionregion remainedice covered

until mid–January, whenthe Nordbukta opened.The ice formationin the convectionregion was

a substantialmechanismto remove buoyancy from thewatercolumnthroughbrinereleaseduring
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FIG. 3.8: Ice concentrationderivedfrom SSM/Idatain theGreenlandSeabetweenthewintersof 1988/89
and1994/95.The40%contourline is marked(dashed)andthemooringpositionsareshown as
dots(datacourtesyof L. Toudal).
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thepreconditioningperiodof thiswinter(Roachetal.,1993;Visbecketal.,1995;Pawlowicz etal.,

1995). The following winter (1989/90)begansimilarly with ice at themooring(GSM1) location

in early December, but a quick retreatof the MIZ occurredafterwardsand ice was found only

occasionallyover theconvectionmooringfor theremainingwinter. During thewinter of 1990/91

considerableice cover did not appearat themooring(GSM2) locationbeforemid–February, and

remainedthereuntil theendof April.

Thewintersfrom 1991/92to 1994/95showedsubstantiallylessice comparedto theprevious

twelve yearsof satelliteobservations(Toudal,1999). Themooringlocationswerealmostperma-

nently ice free,exceptfor a shortperiodin February1993. Thedevelopmentof the1993Odden

ice tonguewasobserved througha combinationof remotesensinganddirectfield measurements

(Wadhamsetal.,1996;Toudaletal.,1999).A comparisonof SSM/IretrievalsandERS1 synthetic

apertureradar(SAR) imageryshowedgoodagreementfor thepositionof the1993ice edge.The

shipboardobservationsin the areashowed that the Oddenconsistedalmostentirely of frazil and

pancake ice, ratherthanolder ice typesadvectedeastward from thepackice. During thewinters

1993/94and1994/95noicewasformedin theGreenlandSea.Theseobservationswereverifiedby

two airbornecampaings,oneon5–6March1994andoneon24March1995(Toudalet al., 1999).

LabradorSea

TheLabradorSeaconvectionsiteis generallyice freeduringthewholewinter (Figure3.10).One

exceptionduringtheperiodof convectionobservationsat themooredstations(1994–1999)wasthe

winter of 1995/96wherethesatelliteobservationsshow ice appearingsporadicallyin the interior

of theLabradorSea,but no mooringobservationsareavailablefor this winter. Thefreezingstarts

usually in Octoberand,advancingfrom north to south,a stretchof seaice is formedalongthe

LabradorandNewfoundlandshelf(e.g.Wangetal.,1994).Themooringsdeployedin theLabrador

Seaboundarycurrentregionweregenerallyicecoveredduringthemonthsof FebruaryandMarch.

Typical ice concentrationswere40 – 60%. Lessice occursalongthewestcoastof Greenlanddue

to thepresenceof therelatively warmWestGreenlandCurrent.



28 3. SurfaceBoundaryConditions

55o

60o

15−Nov−1994 15−Dec−1994 15−Jan−1995 15−Feb−1995 15−Mar−1995 15−Apr−1995

55o

60o

15−Nov−1995 15−Dec−1995 15−Jan−1996 15−Feb−1996 15−Mar−1996 15−Apr−1996

55o

60o

15−Nov−1996 16−Dec−1996 15−Jan−1997 15−Feb−1997 15−Mar−1997 15−Apr−1997

55o

60o

15−Nov−1997 15−Dec−1997 15−Jan−1998 15−Feb−1998 15−Mar−1998 15−Apr−1998

55o 50o

55o

60o

15−Nov−1998

55o 50o

15−Dec−1998

55o 50o

15−Jan−1999

55o 50o

15−Feb−1999

55o 50o

15−Mar−1999

55o 50o

15−Apr−1999

0 10 20 30 40 50 60 70 80 90 100
Ice Concentration (%)

FIG. 3.10: NCEPOMB iceconcentrationderivedfrom SSM/Idatain theLabradorSeabetweenthewinters
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4. INTERANNUAL VARIABILITY OF DEEPCONVECTION

Convectionactivity in the LabradorandGreenlandSeasis known to be subjectto considerable

interannualvariability, rangingfrom deepoverturningof thewatercolumnto winter mixedlayers

of only a few hundredmetersthickness. In this chapterthe observationsof the seasonalcycle

andthe convectionvariability at the mooredstationsarediscussed,andrelatedto the prevailing

hydrographic,meteorological,andseaiceconditions.

4.1 Developmentof Stratification

4.1.1 LabradorSea

GeneralWintertimeEvolution

Thetemperatureevolutionobservedduringthewinterof 1994/95andthethreeconsecutive winters

between1996and1999at the centralLabradorSeamooringsis shown in Figure4.1. Between

1996and1999complementarymeasurementswereobtainedat additionalmoorings,usingboth

traditionalpointmeasurementsandamooredCTD profiler (Figure4.2).Althoughtheprofilerdata

areincomplete,especiallyduringtheconvectionperiods,they areshown herefor thesake of com-

pleteness.Further, theprofilesobtainedat K20 by theendof March indicatethat theconvection

wassomewhatdeeperthanobservedat mooringK21. Themostprominentfeaturesof thetemper-

aturetime seriesarethecontinuouslydecreasingconvectionandthegeneralwarmingof thewater

column.

First signsof cooling generallyappearat the near–surface sensorsduring January. Subse-

quently, it takesseveral weeksof cooling to overcomethe densitycontrastbetweenthe surface

layerandthewarmerbut saltierIrmingerSeaWater(ISW) below, dueto theextremelylow salin-

ity of thesurfacelayer. Themixed layerdepthdoesnot increasesignificantlyduring this period.

Convectionto largeor intermediatedepthstakesplacetowardstheendof thecoolingseasonduring

FebruaryandMarch.After theconvection,temperaturefluctuationsincreaseandthehomogeneity

quickly disappears,denotinglateralmixing of theconvective patch.

Themaximumdepthof convectionreducedconsiderableover theyearsof observations.While

in 1995the maximumdepthof convectionwasof about1800m, only 1300m werereachedat

themooringlocationin 1997.Themixedpatchof thewinter 1997wasmappedduringthewinter

cruiseof the Knorr in February/March,showing that the mooringwaslocatedtowardsits south-
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FIG. 4.1: Meandaily potentialtemperatureat the convectionmooringsin the centralLabradorSea. (a)
Bravo1994/95(courtesyof J. LazierandP. Rhines.),(b) K1 1996/97,(c) K11 1997/98,and(d)
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FIG. 4.2: SameasFigure4.1atmooringBravo1996/97(courtesyof J.LazierandP. Rhines)(a),andfrom
dataof themooredCTD profileratK15 1997/98(b) andK20 1998/99(c).

easternedge(The Lab SeaGroup,1998). Thus,somewhat deepermixing might have occurred

northwestward of mooring K1. The convection activity decreasedfurther during the winter of

1997/98,wherethe maximummixed layer depthwasonly about600 m. The shallowestwinter

mixedlayerwasfoundduringthewinter of 1998/99at mooringK21. Here,only mixing to about



32 4. InterannualVariability of DeepConvection

500m wasobservedfor afew days.However, someCTD profilesobtainedwith themooredprofiler

atmooringK20 by theendof Marchindicatedeepermixing down to 800– 900m depthnorthwest

of K21.

PreconvectionColdEvents

During thewinter of 1996/97cold waterappearedbetween500 and1000m at mooringK1 long

beforedeepconvectionsetin. Oneeventoccurredat thebeginningof Decemberandoneduring

thesecondhalf of January. Both eventslastedfor about5 days.Theminimumtemperatureswere

below 2.7 N C. Sincetemperaturesthatlow in theLSW layercouldonly begeneratedby convective

activity, it is feasiblethatthis waterwasformedin a precedingwinterandsubsequentlytrappedin

a mesoscaleeddyfor at leastoneyear. Threesimilareventsoccurredat thenearbyBravomooring

(distance25km), two of themshortlybeforethey appearedatK1. However, acorrelationbetween

theeventsat BravoandK1 wasnot found,andit is not clearwhetherthe temperatureanomalies

belongto asingleeddyor differentonessubsequentlypassingthemoorings.

During the following winter of 1997/98two cold eventswereobserved at mooringK11, with

minimumtemperaturesbelow 2.8 N C at about1500m depth.Oneat theendof Decemberandone

duringmid–January. No similar eventswerefoundat thenorthwestward mooringK15. A strong

warmingeventoccurredduringOctober/November1998in theupper1000m at mooringK21, but

againno correspondingsignalappearedat the profiler mooringK20. Generallytheseadvective

eventsappearto have minor impactson thestratificationat themooringsites,insteadthey areof a

moretransientnatureandthestratificationreturnsmostlyto its previousconditionafterthey passed

by.

In April 1997, cold water appearedover the whole instrumentrangeat mooring K1. This

eventwasmostlikely not relatedto active convectionat themooringlocation(discussedin more

detailin Section5.1.2).Instead,it possiblybelongedto amesoscaleeddythattrappedconvectively

generatedwaterin its center. No correspondingfeaturewasobservedat thenearbyBravomooring.

GeneralHydrography

Duringthemooringdeploymentandrecoverycruises,CTD stationswereoccupiedalongthewest-

ernpartof theWOCEAR7W line eachsummerbetween1996and1999(Figure4.3). Dueto the

mooringwork, thesectionsarecompositeandnotnecessarilysynoptic.Thedensitysurfacesshown

in Figure4.3separatethewatermassesof theLabradorSea.

The deepestwatermassis the DenmarkStrait Overflow Water (DSOW) below a densityofQDRTSVU W
XZY�Y , characterizedby the lowesttemperaturesin the deepwater. The salinity maximum

betweenQFR[S\U W
XZY�]_^`U W
XZY�Y belongsto Iceland–ScotlandOverflow Water(ISOW) that entered

thewesternNorth Atlantic throughtheCharlieGibbsFractureZone. LabradorSeaWater(LSW)
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FIG. 4.3: Salinityandtemperaturesectionsalongthewesternpartof theWOCEAR7Wlineobtainedduring
consecutive summerscruisesbetween1996and1999. The salinity contourinterval is 0.01and
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occupiedthe densityrangeQFRaSbU W
XcW�d_^eU W
XZY�] in summer1996. Over theobservationalperiod

the QFRfSgU W
XcW�d surfacedeepenedfrom about500m in 1996to about1000m in 1999,dueto the

decreasingconvectionactivity. The characteristicsof the watermassesbelow the LSW andthe

depthof their boundingdensitysurfacesstayednearlyunaffectedbetweenthe repeatedsurveys,

while the warmingof LSW found in the mooringtime seriesoccupiesthe whole sectionand is

accompaniedby increasingsalinity.

During thesummermonthsthesurfacelayerof theLabradorSeais characterizedby relatively

hightemperatureandlow salinity. Thewarmingarisesfrom insolation,while thefresheningresults

from ice melting in theboundarycurrentregion andprobablyprecipitationandriver runoff. The

thicknessof this low densitylayerwastypically of about25m by thetimeof thesummersurveys,

too shallow to besensedby themoorings.Dueto its low densitythesurfacelayercontainsmuch

of thebuoyancy thathasto beremovedduringthepreconditioningto exposetheweaker stratified

watersbelow to thesurfaceforcingandallow for deepconvection.
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FIG. 4.4: (a) Trajectorywith color codedtime informationand(b) salinity in theupper300m versustime
sincedeploymentfrom PALACE float 8637in theLabradorSeabetweenJuly 1997andAugust
1999.Thetrajectoryincludessurfaceanddeepdrifts at1500m.

Figure 4.4 shows the trajectoryof a profiling float (PALACE) in the LabradorSeaand the

correspondingtime seriesof salinity in theupper300m. This float wasoneof 15 deployed in the
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boundarycurrentregion duringspringandsummer1997(FischerandSchott,2000).Thesefloats

wereballastedto drift at a depthof 1500m in the deepLabradorCurrent. The float shown here

followedtheboundarycurrentuntil May 1998andrecirculatedoffshorefrom theboundarycurrent

into theLabradorSea.In January1999it hadnearlyreturnedto its deploymentpositioncloseto

theWOCE AR7W line, whereit reenteredthe boundarycurrentandagaindrifted southeastward

until summer1999.

AlthoughPALACE float profilesarea mixture in spaceandtime, they illustratetheseasonal

cycle of the watercolumn,especiallynearthe surfacewheremooringtime seriesaredifficult to

obtain. The salinity time seriesin Figure4.4bshows that the surfacefreshwater layer generally

startsto form in April. During mostof thesummerits depthis limited to the upper50 m, while

its salinity decreasescontinuously. Deepeningof this surfacelayer startsin Septemberdue to

increasedwind mixing. By the endof Decemberthe maximumdepthof 80 – 100 m is reached.

Afterwardsthe low salinitiesdisappear, as the surfacelayer is mixed with the moresalineISW

below. In autumn1997,thesalinitiesweremuchlowercomparedto autumn1998.Thisis probably

dueto thefactthatthefloatwascloserto theshelfin 1997thanin 1998.

Initial Conditionsfor Convection

Whencomparingthemaximumdepthsof convectionobservedduringtheindividualwintersto the

correspondingsurfaceforcing (Figure3.7,Table3.3), it caneasilybeseenthatno straightforward

relation betweenthesequantitiesexists. During the winter of 1996/97the surfaceforcing was

strongest,while theconvectionwasdeeperduringthewinterof 1994/95with lessintenseforcing.

Further, larger buoyancy lossoccurredduring the winter 1998/99comparedto 1997/98,but the

convection activity was lessintense. Although the NCEP/NCARreanalysisfluxes arepossibly

biased(Section3.1.1), the relative changesof the fluxes appearto be reliable. A more likely

candidateto resolve thediscrepancy betweensurfacefluxesandmixing deptharechangesof the

stratificationof thewatercolumn.

The relationbetweenthe propertiesof the convectively modifiedwatercolumnandthe sum-

mer stratificationcanbe exploredby one–dimensionalbudgetsof temperatureandsalinity. The

temperatureandsalinitychangesleadingto thewintertimemixedlayerpropertiesaregivenby the

differencebetweensummerandwinterconditions:hji Slkm[npoqsr i r(t�u ^ i�vxw uzy
t S{km[npoq i r(t�uzy|t ^ i}v&w�~
(4.1)

hT� S km n oq r � r(t
u ^ ��v&w uzy|t S km n oq � r(t
uzy
t ^ ��vxw X (4.2)

Here
m

is the maximummixed layer depthin winter,
i�vxw

and
��v&w

arethe correspondingmixed

layertemperatureandsalinity, and
i r(t�u and

� r(t
u arethesummertemperatureandsalinityprofiles.
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Neglectinglateraladvectionandassuminga linearequationof state(Equation3.2), theobserved

temperatureandsalinity changescanbe relatedto the surfaceheatandfreshwaterfluxes,or the

correspondingbuoyancy flux (seealsoChapter3):

np�o�� y � S`� np�o����� o:�z� y|� ^�� np�os�
� o r(� ^$� uzy � S`� �

m hai ^�� �
m h_� X (4.3)

With Equations4.1and4.2this resultsin

np�o�� y � S`� n oq r �
i r(t�u ^ �

� r(t�u�uzy|t ^�� m r �
i�vxw ^ �

��v&w u S n oq r���r(t
u ^ � v&w uzy|t (4.4)

For anonpenetrative convectionprocessthis relationcanalsobeusedto estimatethemixing depth

from thetime integral of thesurfacebuoyancy flux anda givenCTD profile (e.g. SendandKäse,

1998). At the baseof the winter mixed layer, stepsaregenerallyfound in the temperatureand

salinity profileswhich arecompensatedin density, indicatingthat deepmixing is, to zeroorder,

nonpenetrative (MarshallandSchott,1999).

Theshallow, warm,andfreshsurfacelayerduringsummeris of majorimportancefor thetotal

buoyancy budgetof thewatercolumn,but poorlysampledby themoorings.Figure4.5showsmean

CTD profilesobtainedduringthesummermonthsin theinterior LabradorSea,aswell asthecor-

respondingbuoyancy frequency andthevertically integratedbuoyancy accordingto Equation4.4.

Theupper200m areshown onanexpandedscale,andtheintegratedbuoyancy is shown relative to

thesurfaceandrelative to 100m to separatethecontributionsof thesurfaceandthedeeperlayers.

In summer1996,the surfacelayer showed an exceptionallow salinity andhigh temperature.

While thehigh temperaturesarelimited to theupper30 – 60 m, low salinitiesarefounddown to

about300m. Thecorrespondinglow densityof thesurfacelayerresultsin thehigheststability in

thepycnoclineof theyearsof observations.Theadditionalbuoyancy flux necessaryto erodethis

low densitylayerduringthepreconditioningis of about0.15– 0.25mL sKFL comparedto theother

summers,which is 20– 50%of typical totalwintertimebuoyancy fluxes.

The low surfacetemperatureand densityof the 1994profilespartially resultsfrom the fact

that they wereobtainedearlier in the year. Between1997and1999, the summerconditionsat

thesurfacewererathersimilar, but in summer1997thewatercolumnbetween50 and75 m was

warmerandlesssaline,resultingin anadditionalbuoyancy flux of about0.1mL sKFL to erodethis

layercomparedto summer1998.

The summer1996 profiles not only show the highestbuoyancy contentin the near–surface

layer, but alsoover a largepartof theLSW layer. Thishighbuoyancy contentof thewatercolumn

is anadditionalreasonfor thelessdeepconvectioncomparedto thewinter of 1994/95.Theweak

stratificationof summer1994in thedeeperlayerswasprobablyaresultof intenseconvectiontaking

placeduringthepreviouswinter.
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Thestrongstratificationof summer1996wascompletelyremovedin theupper1000m through

theconvectionin winter1996/97.Below 1500m thestratificationincreasedcontinuouslyover the

years,dueto theabsenceof convectionbelow this level after1995. After 1997,thestratification

increasedalsobetween1000and1500m, becauseof thereducedconvectionintensity. Generally,

thesummerCTD profilesshow warmingandincreasingsalinitybetween1000and2000m, except

for summer1997wherecold andlesssalinewaterwasmixeddown by convection. Between300

and1000m thedensitydecreasedcontinuously, partly dueto warmingbut alsodueto decreasing

salinitybecauseof convection.

Regardingtherestratificationof thewatercolumn,Lilly etal. (1999)alreadyfoundacontinuous

supplyof heatbelow themixedlayerin theone–yearBravodataof 1994/95.Figure4.6shows the

temperatureanomalies(relative to 3 N C) at the convectionmooringsbetweensummer1996and

summer1999,averagedover500m layers.

Computingtheaveragedtemperaturesfrom thetimeseriesof themooredinstrumentsrequires

to assumethat eachsensorrepresentsa layerof the thicknessgiven by the instrumentalspacing.

This impliesthatthetopmostsensoris alwaysrepresentative for thesurfacelayer, which doesnot

holdduringthesummermonthswhenthemixedlayeris shallower.

Thetemperaturetimeseriesshow ageneralwarmingof theupper2000m of thewatercolumn

over the threeyearsof observations. The largestwarmingoccurredin the upper500 m with the

annualcycle superimposed.A linear trend fitted to the temperaturetime seriesshows that the

warmingdecreasestowardsthe lower layers. The annualwarmingrateresultingfrom the linear

fits rangesfrom 0.16 N C/yr in the upper500 m to 0.09 N C/yr for the 1500– 2000m layer. The

heatfluxesequivalentto the increasingtemperaturerangefrom 10.3W m KFL in theupperlayer to

5.8 W m KFL in the lowest layer. The meanannualwarmingrateover the 2000m watercolumn

resultsto 0.13 N C/yr with acorrespondingnetheatflux of 34.1W m KFL .
As theannualmeanof theair–seaheatflux in thecentralLabradorSeais generallynegative

(-61 W m KFL for 1996to 1999in theNCEP/NCARreanalysisdata),both thenetsurfaceheatloss

aswell astheobservedwarminghave to besuppliedby lateraladvection.This resultsin a totalad-

vectionof heatof 95W m KFL , whichis mostlikely anupperlimit dueto thepossibleoverestimation

of heatlossin theNCEP/NCARdata.

One–DimensionalBudgets

An interestingquestionis to whatextentconvectioncanbedescribedby one–dimensionalvertical

mixing driven by surfaceheatand freshwater fluxes. In fact, the Equations4.1 – 4.4 represent

the simplestpossiblemixed layer model,wherethe watercolumnis convectively overturnedby

prescribedsurfacefluxes. Insteadof runningit forward to predict the mixed layer development

from thesurfacefluxes,this modelcanbeusedto directly estimatethefluxesnecessaryto reach

the mixed layer conditionsobserved in winter. A comparisonof the summerCTD profileswith
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FIG. 4.6: Potentialtemperatureanomaly(3 � C subtracted)averagedover500m layersat theLabradorSea
convectionmooringsK1 (1996/97),K11 (1997/98),andK21 (1998/99).A linear trendfitted to
thetemperaturetimeseriesis shown asadashedline. Eachcurveis labeledwith thewarmingrate
andtheequivalentheatflux (for that particularlayer) resultingfrom the fit. Meanandstandard
deviationsfrom CTD profilesareshown asdotsanderrorbars.

the mixed layer conditionsby the time of deepestconvectionis shown in Figure4.7. The fluxes

resultfrom thetemperatureandsalinity differencesbetweenthewinter mixed layerandthemean

temperatureandsalinityof summerprofilesoverthewintermixedlayerdepth.An evaluationof the

termsin Equations4.1 – 4.4 is given in Table4.1, comparedto the correspondingNCEP/NCAR

reanalysisfluxes. Figure4.8 shows the total fluxesof heat,freshwater, andbuoyancy estimated

from thehydrographicconditions,comparedto therespective NCEP/NCARfluxes.

Togetherwith the decreasingdepthof convection over the years,the watermassproperties

of thewinter mixed layershow increasingtemperatureanddecreasingsalinity. Consequentlythe
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TABLE 4.1: Propertiesof the winter mixed layer observed at the mooringsin the centralLabradorSea
comparedwith conditionsfound during summerCTD surveys andthe resultingnet fluxesas
well asthecorrespondingNCEP/NCARreanalysisfluxes.

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

Observations
Mixedlayerdepth(m) ¥ 1760 1290 560 550
Mixedlayertemperature( ¦ C) §�¨x© 2.65 2.68 2.81 2.95
Mixedlayersalinity ª�¨x© 34.82 34.82 34.80 34.77
Mixedlayerdensity «D¬<¨x© 27.78 27.77 27.74 27.70
Timedifference(days) ­j® 295 209 252 237
Temperatureintegral ( ¦ C) ¯° ��±° §D²(³
´zµ|³ 2.78 3.24 3.65 3.49
Temperaturechange( ¦ C) ­a§ -0.13 -0.56 -0.84 -0.54
Heatflux (W m ¶F· ) ¯¸º¹�» ±½¼<¾ ¥D­j§ -38 -164 -88 -59
Salinity integral ¯° ��±° ª¿²(³
´zµ|³ 34.82 34.80 34.78 34.79
Salinitychange ­Tª 0.01 0.01 0.01 -0.02
Freshwaterflux (mm) ÀÁ¥F­_ªÃÂ�ª ± -260 -491 -211 307
Thermalbuoyancy flux (m· s¶F· ) Ä£Å�Æ`Ç�Èº¥D­j§ -0.24 -0.82 -0.55 -0.36
Halinebuoyancy flux (m· s¶F· ) Ä�É_ÆÊÀ�Ç|ËÌ¥D­_ª -0.07 -0.13 -0.06 0.08
Totalbuoyancy flux (m· s¶F· ) ÄÍÆÎÄ ÅÐÏ Ä�É -0.31 -0.95 -0.61 -0.27

NCEP/NCARReanalysis
Heatflux (W m ¶F· ) Ñ -70 -200 -105 -118
Temperaturechange( ¦ C) ­a§�ÆÒÑ�­Ó®ÔÂÕ² » ±:¼<¾ ¥�´ -0.25 -0.68 -1.00 -1.07
Evaporation(mm) Ö 600 701 589 602
Precipitation(mm) × 590 570 616 691
Freshwaterflux (mm) Ø�Æ�Àf²(ÖÙÀ)×f´ -10 -131 27 90
Salinitychange ­Tª�Æ�ÀÁª ± Ø£Â�¥ 0.00 0.00 0.00 -0.01
Thermalbuoyancy flux (m· s¶F· ) Ä Å Æ`Ç�Èº­j§ -0.26 -0.82 -0.48 -0.52
Halinebuoyancy flux (m· s¶F· ) Ä�É_ÆÊÀ�Ç|ËÌ­_ª 0.00 -0.03 0.01 0.02
Totalbuoyancy flux (m· s¶F· ) ÄÍÆÎÄ ÅÐÏ Ä�É -0.27 -0.85 -0.47 -0.50

maximumdensityreachedby theconvectiondecreasedfrom yearto year. While it is self–evident

that cooling is necessaryto arrive at the observed mixed layer temperature,all winters except

1998/99needa ratherlargesupplyof saltto explain theobservedmixedlayersalinity. Themixed

layerof thewinter 1998/99waslesssalinethanthemeansummersalinity, indicatinga necessary

freshwaterinput to explain themixedlayersalinity. TheNCEP/NCARdatado indeedshow a net

freshwatergainover thewinter, but of muchsmallermagnitude.

Themagnitudeof theNCEP/NCARfreshwaterfluxesis generallytoo small. Theevaporation

waslarger thantheobserved increaseof themixedlayersalinity, but compensatedby theprecipi-
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foundduringsummerCTD surveysandthewatermasspropertiesof thedeepestmixedlayerat the
LabradorSeaconvectionmoorings(squares).ThecorrespondingNCEP/NCARreanalysisfluxes
areshown astriangles.

tation. Thus,eithertheprecipitationis too large(respectively evaporationtoo small)or salthasto

besuppliedadvectively. However, anadvective trendin thesalinity time series,comparableto the

advectionof heatin thetemperatureevolution(Figure4.6),cannotbeidentified.Theheatfluxesof

theNCEP/NCARdataaretypically 20 – 50%larger thantheobservedheatlossbetweensummer

andwinter, but it cannotbeseparatedto whatdegreethis imbalanceis dueto overestimationsof

theheatfluxesor thelateraladvectionof heat.

Relationto NAO

The observationsof convection at the mooringsin the centralLabradorSeashow a decreasing

intensity of convection. The water masspropertiesof the winter mixed layer show increasing

temperatureanddensityanddecreasingsalinity. Regardingthe relationbetweenthe convection

intensityandtheNAO,assuggestedby Dicksonetal. (1996),thereis clearlynodirectlink between

the convection intensity during a particularwinter and the winter meanNAO index, making it

impossibleto deducetheconvectionintensityfrom theknowledgeof the index alone. While the

convectionintensitydecreasedover theobservationperiod,thewintermeanNAO index increased

continuouslybetween1996and1999(Figure3.6).

In 1994/95theindex washigh andthemaximumdepthof convectionwaslargest,but thecor-

respondingsurfaceforcingwasweaker thanin 1996/97.Thedeepconvectionin 1994/95wasmore

a resultof theprevailing weakstratification,which wasmostlikely a resultof intenseconvection

during thepreviouswinters. Thewinter of 1996/97wasoneof ratherstrongsurfaceforcing, but

moderateNAO index. Thebuoyancy contentof thewatercolumnobserved duringsummer1996

wasthehighestfrom all years.Thiswaspartly dueto thewarmandlow salinity surfacelayer, but

alsothedeeperlayershowedrelatively highstability.

The relation betweenthe NAO and the convection intensity in the LabradorSeashouldbe
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consideredon a longertime scalethanyearto yearchanges.Regardingtheobservationsbetween

1996and1999,themeanNAOindex wasmoderateandconvectionwasmoreor lessto intermediate

depths.Further, arelationbetweentheNAO index andthewintertimesurfaceforcingdoesexist, as

about30%of thevariability of thebuoyancy flux areexplainedby theindex. Thus,severalyearsof

highNAO index, asduringthelate1980sandearly1990s,increasethelikelyhoodthatawinterof

strongsurfaceforcingoccuredwith substantialweakeningof thestratificationby deepconvection.

Duringsubsequentwinters,convectioncouldmoreeasilyreachto largedepths.Ontheotherhand,

during a several–yearperiodof low or moderateNAO index, strongconvectionmay occuronly

sporadically, asin thewinterof 1996/97,andhasto counteracttherestratification.
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4.1.2 GreenlandSea

During summer, thestratificationof theupperwatercolumnin thecentralGreenlandSeais char-

acterizedby a shallow surfacemixedlayerwith low salinitydueto ice meltingandrelatively high

temperatures.The highesttemperaturesand lowest salinitiesof the surfacelayer are generally

found during August/September, by the time of leastseaice coverage(Pawlowicz, 1995). The

moresalinewaterat intermediatedepthsis usuallyclassifiedasArctic IntermediateWater(AIW).

Thefreshwatercontentof thenear–surfacelayercanmake it far too light to reachthedensity

of the deeperwatereven whencooledto the freezingpoint. Severalmechanismswereproposed

in thepastto overcomethis problem.Motivatedby the lack of observationalevidencefor a deep

homogeneouswatercolumn,both double–diffusive convectionandcabbelingweresuggestedas

responsiblefor theformationof GreenlandSeaDeepWater(GSDW) (CarmackandAagaard,1973;

McDougall, 1983). Häkkinen(1987)put forward the possibility that upwelling at the ice edge

might beimportantto triggerdeepmixing. However, theADCP measurementsfrom thewinter of

1988/89showed no indicationsof vertical velocity eventsassociatedwith the passageof the ice

edge(Schottetal., 1993).

The first direct observation of a 1200 m deepmixed layer in the centralGreenlandSeain

February1988(Rudelset al., 1989)led to the ideaof halineconvection,drivenby freezingat the

seasurface(Rudels,1990).Finally, theextensively observedconvectionto about1500m in March

1989wasfoundto bethermallydrivenastheconvectionsitewasicefreeduringthisperiod(Schott

etal., 1993;Pawlowicz etal., 1995).Thetemperaturedevelopmentat oneof theconvectionmoor-

ingsin thecentralGreenlandSeafrom thewinterof 1988/89is shown in Figure4.9,in comparison

to temperaturetime seriesobtainedduring later winters. Figure4.10shows contourplots of the

temperatureevolutionobservedduringthewintersof 1993/94(GSM4)and1994/95(GSM5).

Although the centralGreenlandSeawas ice free during the convection in March 1989, ice

formationplayedan importantrole in preconditioningthe watercolumn. From the observations

of thewinter of 1988/89anda mixed layermodelsimulationVisbecket al. (1995)developedthe

following preconditioningscenario:themixedlayertemperatureis reducedto thefreezingpointby

cooling in earlywinter. Subsequentbrinereleasethroughice formationandentrainmentincrease

themixedlayersalinity/density. Themajorfindingwasthatatthistimewind–drivensouthwestward

iceexport is important,becauseit reducestheinsulationof thesurfacewatersfrom theatmosphere

and removes freshwater (i. e. buoyancy) out of the system. Oncea critical salinity/densityis

reached,entrainmentof AIW keepsthemixedlayerabove thefreezingpoint andpreventsfurther

ice formation.Fromthenon,surfacecoolingcaninitiatedeepermixing.

The temperaturedevelopmentat mooringM319 (Figure4.9a)resemblesthis scenario.Rapid

coolingof thesurfacelayerto temperaturesnearthefreezingpointoccurredby theendof Novem-

ber1988. Thecoolingcoincidedwith ice appearingat themooringlocation(Figure3.9). During

theperiodof ice coverage,thenearsurfacetemperatureremainedcloseto the freezingpoint and
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FIG. 4.9: 40–hlowpassedpotentialtemperaturetime seriesfor selecteddepthsat theconvectionmoorings
(a)M3191988/89,(b) GSM11989/90,and(c) GSM31992/93in thecentralGreenlandSea.

themixed layerdeepenedgraduallywith a rateof about1 m d ¶ ¯ (Visbecket al., 1995). The ice

coverageendedby mid–Januaryandentrainmentof AIW resultedin awarmingof themixedlayer.

Themixedlayerdeepenedmorerapidly in thefollowing andverticalmixing to about1500m was

observedin March(Schottet al., 1993).

The temperaturetime seriesobtainedduring the following deployment period (1989/90)at

mooringGSM1 showed ratherhomogeneousconditionsthroughoutmostof the summerandau-

tumn asa resultof the convectionduring the previous winter. Cooling of the nearsurfacelayer

beganin November, but wasslower thanin 1988andthefreezingpointwasreachedseveralweeks

later in early December. Seaice wasobserved for a shortperiodat the mooring location (Fig-

ure 3.9). In contrastto the previous winter, warm waterappearedin the upperpart of the water

columnby mid–December, slowing down thepreconditioning.Thesurfacelayerhadto becooled

to thefreezingpoint for a secondtime andnew ice appearedat themooringlocationby thebegin-

ningof January.

For theremainingwinter themixedlayertemperaturestayednearthefreezingpoint, indicating

thatnoconsiderableentrainmentof AIW tookplace.Thedeeperlevelsweresubsequentlyincorpo-

ratedinto themixedlayer, but aboutonemonthlater thanduringtheprecedingwinter. Overall, it

appearsthatthemaximumwinter mixedlayerdepthdid not far exceed200m, which is supported

by CTD measurementsfrom summer1990(Budéuset al., 1993). They showed no indicationof

mixing deeperthan250m in theGreenlandSeagyre.

Theweakconvectionactivity during thewinter of 1989/90hasprobablythreereasons:First,
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this winter hadtheweakestsurfaceforcing of all from theobservationalperiod(Figure3.7). Sec-

ond,only little icewasformedin thecentralGreenlandSea,resultingin a slower preconditioning,

andthird, a resetof thepreconditioningoccurredin Decemberby theadvectionof warmerwater.

Thewinter of 1992/93(GSM3)showedthelargestbuoyancy lossof theobservationalperiod,

but alsoeventsof ratherwarmwaterin thesurfacelayerduringautumnandearlywinteraswell as

little seaiceformationat themooringlocation.Thecoolingof themixedlayerto temperaturesnear

thefreezingpoint tookuntil February, muchlaterthanduringthepreviouswinters.Theremaining

wintermonthshowedonly little evidenceof mixing activity, althoughCTD measurementsrevealed

convectionto 600– 1000m depthin thevicinity of themooring(Lherminieretal.,1999).Thecold

temperaturesat intermediatedepthsfoundat mooringGSM4duringSeptember1993areprobably

remnantsfrom theconvectionof theprecedingwinter.

Comparedto the earlierobservations,the situationwasratherdifferentduring the wintersof

1993/94and1994/95.ThecentralGreenlandSearemainedicefreeduringbothwinters(Figure3.9)

andthenearsurfacetemperaturestayedwell above thefreezingpoint (Figure4.11).Nevertheless,

convectionto intermediatedepthsoccurred.In 1994thedeepestmixing observed wasto a depth
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FIG. 4.11: 4–day meannear surface temperatureand salinity at the GreenlandSeamooringsGSM4
(1993/94)andGSM5(1994/95)between1 Decemberand15May of therespectivewinters.

of about800m, while in 1995about1000m werereached.In contrastto thescenariodeveloped

from theobservationsof thewinter 1988/89by Visbecket al. (1995),theconvectionin 1994and

1995waspurelydrivenby air–seafluxeswithoutseaice interaction.

Duringthewinterof 1993/94thecoolingstartedatthe170m level by theendof Decemberand

lasteduntil mid–January, wherethelowesttemperatureof about-1.3 ¦ C wasreached(Figure4.11).

Thecoolingwasaccompaniedby decreasingsalinity dueto thedownwardmixing of low–salinity

surfacewater. For theremainingwinter, entrainmentof warmerandsaltierAIW causedthe tem-

peratureto staynearlyconstant,while thesalinityof themixedlayerincreased.

In 1994/95the topmostinstrumentwascloserto thesurfaceandshowed relatively high tem-

peraturesthroughoutmostof thesummerandearlyautumn.Coolingof thesurfacelayerstartedin

Novemberandalreadyin earlyJanuarythetemperaturesensorsshowedhomogeneousconditions

in the upper400 m (Figure4.10). Seriouswarmingoccurredduring the secondhalf of January,

reestablishingthe stratification. Continuingsurfaceforcing erodedthe stratificationfor a second

time(discussedin moredetailin Section5.1.1).
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4.2 VerticalVelocities

Thefirst observationsof verticalcurrentsin a convectionregimewereobtainedwith rotatingdeep

floats during the classicalMEDOC experimentsin the westernMediterranean(e. g. MEDOC

Group,1970),showing motionsof several centimetersper secondat 800 m depth(Voorhisand

Webb,1970).In theLabradorSea,earlyrotatingfloatmeasurementsshoweddownwardvelocities

of up to 9 cms¶ ¯ (GascardandClarke, 1983). The utilization of mooredADCPsallowed more

detailedstudiesof small–scaleprocessesduringdeepconvection,revealingshortdownwardpulses

exceeding10 cms¶ ¯ on horizontalscalesof lessthan1 km, andslow upward motion inbetween

theconvective plumes(SchottandLeaman,1991).

ADCPswereconstituentsin all GreenlandandLabradorSeaconvectionmooringsdeployed

between1988and1999with the purposeof observingthe three–dimensionalvelocity structure

duringconvective eventsandespeciallytheverticalvelocity associatedwith them. Resultsof the

first deploymentperiodin theGreenlandSea(1988/89)arediscussedin Schottet al. (1993),and

Lilly et al. (1999)analyzedthemeasurementsobtainedduringthewinter of 1994/95at theBravo

mooring in the centralLabradorSea. No ADCP measurementswere obtainedfor the winters

of 1989/90(GSM1) and 1993/94(GSM4) in the GreenlandSea,due to instrumentfailures. A

summaryof theinstrumentsetupandtheimpliedaccuracy for all ADCPmeasurementsis givenin

AppendixA.2. Monthly timeseriesof unfilteredverticalvelocity dataat 300m depth,a level that

all instrumentshave in common,from all experimentsareshown in Figure4.12for theGreenland

SeaandFigure4.13for theLabradorSea.

During winterswheredeepmixing hasbeenobserved, the vertical velocity time seriesshow

distinctburstsof downwardmotion,but thesearenot themostobvioussignalsin thevelocity time

series.TheGreenlandSeaverticalvelocity recordsalsoshow severalperiodsof fairly symmetri-

cal up anddownwardmotionswith amplitudesup to Ú 5 cms¶ ¯ , generallyduringNovemberand

December, i. e. long beforeconvectionreachedthe300m level. Examplesarethesecondhalf of

November1988,thefirst half of December1990,or theperiodof mid–December1992. Consis-

tency testappliedto thespectraandcrossspectraof theverticalandhorizontalcurrentfluctuations

suggest,that they mostprobablyarecausedby internalwaves(Visbeck,1993).A possiblegener-

ationmechanismwould beturbulencein theupperlayer, whereenhancedwind mixing in autumn

causespressurefluctuationsin thestratifiedwaterunderneath.Suchinternalwavevariancein strat-

ified layershasalsobeenfoundin theconvectionregionof thenorthwesternMediterranean(Schott

etal.,1996).However, in theverticalvelocity timeseriesfrom theLabradorSeasuchsymmetrical

fluctuationsappearto bemuchlesspronounced.

Anothernoisecomponentfor thepurposeof observingconvective plumesis theconspicuous

diurnalcycleof upwardanddownwardmotion,showing uppreferablyduringthesummermonths.

This well known signaldoesnot reflectwatervelocity but the vertical migrationof zooplankton
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FIG. 4.12: ADCPtimeseriesof verticalvelocityat300m depthin thecentralGreenlandSeafor thewinters
of (a)1988/89,(b) 1990/91,(c) 1992/93,and(d) 1994/95.
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FIG. 4.13: ADCPtimeseriesof verticalvelocityat300m depthin thecentralLabradorSeafor thewinters
of (a)1994/95,(b) 1996/97,(c) 1997/98,and(d) 1998/99.
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(FischerandVisbeck,1993). Themeanmigrationvelocity is of about Ú 1.5 cms¶ ¯ ; peakvalues

exceedÚ 3 cms¶ ¯ . Contouringtheverticalvelocity versustime of dayandseasonshows thatthe

periodsof downwardmotioncorrespondto the time of sunriseandupwardmotion to the time of

sunset(Figure4.14).Duringthewintermonthsthemigrationsignalvanishesin theGreenlandSea,

andis lessobviousin theLabradorSeaprobablybecausetheplankterchangetheir restinghorizon

to shallower levels(FischerandVisbeck,1993).
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FIG. 4.14: Evolutionof thediurnalcycleof verticalzooplanktonmigrationat300m depthattwo Greenland
Seaandtwo LabradorSeastations.Upwardmotionis shown assolid lines,downwardmotionas
dashedlines.Thecontourinterval is 0.5cmsÛ � ; zerocontouris notshown. Thetimesof sunrise
andsunsetareindicatedasbold lines.

In theGreenlandSeaverticalvelocity records,signalsof convective plumesarerathersparse,

asdeepmixing at the mooring locationtook placeonly in the wintersof 1988/89and1994/95.



52 4. InterannualVariability of DeepConvection

It hasto be rememberedthat during the winter of 1993/94,wheremixing went down to a depth

of about800 m, the ADCP did not returnany data. Enhancedvertical velocity fluctuationswere

observedduringthis winter with rotatingfloatsbetween12 Marchand1 April (Lherminieret al.,

1999),a periodduringwhich mixed layer deepeningoccurredat the locationof mooringGSM4

(Figure 4.10). Eventsof active vertical mixing in the 1988/89recordappearat the beginning

of February, in mid–February, and againat the beginning of March. The observed downward

velocitiesareof about3 – 5 cms¶ ¯ . A furthereventhasbeenfoundaroundMarch6 at themore

eastwardmooringT6 (Schottetal., 1993).
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FIG. 4.15: 12-h runningmeanof varianceof high–passedvertical velocity (periodslonger than6 hours
eleminated)for selectedADCPbinsover thefour observationalperiodsin thecentralGreenland
Sea.Icecoveragefrom SSM/Idatais indicatedby bargraphs(courtesyL. Toudal).

Convectionactivity is characterizedby enhancedhigh–frequency varianceof thehorizontaland

verticalvelocities.Statisticsof ADCPvelocitymeasurementsduringperiodsof convectionactivity

aregivenin Table4.2 in comparisonto thefirst weekof Septemberwhichwasaquietperiodin all

time series.Figure4.15shows the12–hourrunningmeanof varianceof the6–hourhigh–passed

vertical velocity. Also indicatedis the correspondingSSM/I seaice concentration,revealingthe

minimal vertical velocity varianceduring the period of well establishedice coveragefrom late

November1988until lateJanuary1989. Regardingtheoccurrenceof verticalmixing, ice did not

playanimportantrole in thefollowing years.Thelargestvariancein the1988/89recordsis found

in November, probablycausedby internalwavesasdiscussedabove. Similar increasedvariance
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TABLE 4.2: Meansandvariancesof ADCP currentmeasurements(horizontal,vertical,anderrorvelocity)
at300mduringconvectionperiodscomparedto thefirstweekof September, aquietperiodin all
timeseries.Variancesarecomputedfrom the6–hhigh–passedtimeseries(HFKE = horizontal
fluctuatingkineticenergy).

Mean(cms¶ ¯ ) Variance(cm· s¶F· )
Mooring Time Ü Ý Þ Ý�ß HFKE Þáà · Ý|à ·ß

GreenlandSea
M319 1988/09/01– 1988/09/06 -3.3 -0.1 0.0 -0.5 4.7 0.6 0.4
M319 1989/02/10– 1989/02/16 0.9 0.2 -0.1 -0.5 7.8 1.7 0.4
M319 1989/03/03– 1989/03/09 -11.5 -2.4 0.0 -0.5 6.8 1.7 0.5

GSM2 1990/09/01– 1990/09/06 -3.3 -2.7 -0.5 -0.5 2.9 0.6 0.3
GSM2 1991/02/14– 1991/02/19 -0.5 -2.1 -0.5 -0.5 4.1 0.9 0.3

GSM3 1992/09/01– 1993/09/06 0.3 -3.3 -0.1 -0.4 3.3 0.8 0.1
GSM3 1993/02/21– 1993/02/26 4.2 -5.3 -0.1 -0.4 6.3 1.1 0.1

GSM5 1994/09/01– 1994/09/06 -1.4 -1.3 0.2 -0.5 3.5 0.8 0.2
GSM5 1995/02/04– 1995/02/10 4.5 3.5 -0.2 -0.4 8.2 2.5 0.5

LabradorSea
Bravo 1994/09/01– 1994/09/06 -7.9 0.0 -0.1 -0.4 4.1 0.9 0.3
Bravo 1995/02/24– 1995/03/02 -4.1 5.4 -0.3 -0.5 7.9 1.3 0.4
Bravo 1995/03/04– 1995/03/10 -5.9 9.6 -0.1 -0.4 7.1 1.5 0.3

K1 1996/09/01– 1996/09/06 -0.8 -1.6 -0.1 -0.4 2.5 0.6 0.1
K1 1997/02/18– 1997/02/24 -7.3 -9.5 0.0 -0.4 12.1 2.1 0.7
K1 1997/03/03– 1997/03/09 -12.7 -6.6 0.0 -0.4 15.0 3.5 0.8

K11 1997/09/01– 1997/09/06 -7.0 15.7 0.0 -0.4 2.4 0.8 0.1
K11 1998/03/15– 1998/03/21 -6.2 23.4 -0.2 -0.5 6.1 1.0 0.3

K21 1998/09/01– 1998/09/06 -3.5 28.1 -0.1 -0.4 3.7 0.6 0.3
K21 1999/02/22– 1999/02/28 -2.4 1.2 0.0 -0.4 4.0 3.6 0.3

appearsin the late autumnperiodsof the two following winters1990/91and1992/93. After the

openingof theNordbuktaat thebeginningof February1989,severalperiodsof increasedvertical

velocityvariance,correspondingto verticalmixing, show up in thetimeseries.

During the following yearsconvectionactivity was lessintense. The 1990/91recordsshow

only slightly increasedvariancein mid–Januaryandmid–February, andthe1992/93recordsshow

somemixing activity in mid–Januaryandby theendof February. Theverticalvelocity timeseries

obtainedover the last observation periodin the GreenlandSea,the winter of 1994/95,is noisier

comparedto thepreviousones,a resultof thecontinuoussamplingmodeusedin thesetupof this

ADCP (AppendixA.2). Prevailing downward motion occurredat the beginning of February, in

mid–March,at theendof March,andfor ashortperiodin mid–April.
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Convection activity is more pronouncedin the vertical velocity time seriesobtainedin the

LabradorSea.Thenumberof individual eventsobservedexceedsby far thenumberof eventsob-

servedin theGreenlandSea.During thefirst deploymentperiod,thewinterof 1994/95,thelargest

downwardmotionsoccurredbetweenmid–Februaryandmid–March,with verticalvelocitiesof up

to 8 cms¶ ¯ . Thetime seriesof thehigh–frequency varianceof theverticalvelocity (Figure4.16)

show increasedvaluesover thisperiod.
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FIG. 4.16: SameasFigure4.15for thecentralLabradorSea.

Themostintensemixing activity of the four yearsof observationstook placein thewinter of

1996/97,againbetweenmid–Februaryandmid–March.Herepeakvaluesof theverticalvelocity

exceeded10 cms¶ ¯ . In the context of the Labrador SeaDeepConvectionExperimentvertical

velocitieswerealsomeasuredusingboth profiling vertical currentmeterfloats(VCM) anddeep

Lagrangianfloats.Themagnitudeof theirobservedverticalvelocitycorrespondsto theADCPmea-

surements.During theconvectionperiodof 1997theVCMs recordedseveraloccurrencesof verti-

calflow of 5 cms¶ ¯ andpeakvelocitiesof 10cms¶ ¯ . Thewaterparcelfollowing Lagrangianfloats

cycled betweenthe surfaceand500 – 800 m, with vertical velocitiesoftenexceeding10 cms¶ ¯
(TheLabSeaGroup,1998).
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4.3 LabradorSeaBoundaryCurrentRegion

Thepresenceof a coreof low salinity andhigh tracerconcentrationsin theupperpartof theDeep

WesternBoundaryCurrent(DWBC) southof the LabradorSealed to a distinctionbetweenthis

waterandtheunderlyingLSW (FineandMolinari, 1988;Pickart,1992).FineandMolinari (1988)

consideredthiswaterto beawarmertypeof LSW formedduringrathermild winters,while Pickart

(1992)arguedthat theupperwatersin thecentralLabradorSeaaregenerallytoo denseandsug-

gesteda formationin thesouthernLabradorSea.

In late winter 1991, a small lense(20 km radius)of newly ventilatedwater (termedupper

LSW) embeddedin the LabradorCurrentwasobserved northeastward of FlemishCap (Pickart

et al., 1996). It hadthecorrectdensity( «F¬jÆãâ ä
åZæ�çÓÀèâ ä
åcä�â ) to be thesourceof thehigh–tracer

layerof theupperDWBC observed furthersouth. Thecoretemperatureandsalinity of the lense

were2.9 ¦ C and34.87,respectively. From a mixed layer modelsimulationPickartet al. (1997)

deducedthepossibilityof this watermassbeingformedby convectionin themainbranchof the

LabradorCurrent.

Besidesthe convectionmooringsin the centralLabradorSea,the mooringsin the boundary

currentregion(Figure2.1)werealsoequippedwith ADCPsandanumberof temperaturesensorsto

registereventuallyhappeningconvection.Comparedto thecentralLabradorSea,wherea gradual

deepeningof the surfacemixed layer wasobserved in eachwinter, the temperaturedevelopment

in the boundarycurrentregion wascompletelydifferent(Figure4.17). In February1997,nearly

instantaneouscooling of the upper1000m wasobserved at mooringK2. Thereafter, increased

fluctuationsbetweencold and warm conditionsoccurred,againover the upper1000 m. Such

coolingeventsovera largeverticalrangecannotbeattributedto convectionactivity at themooring

location.Instead,it appearsmorelikely thatthetemperatureanomalieswerelaterallyadvected.A

furtherindicationfor theabsenceof localconvectionis thatthetemperaturefluctuationscontinued

into May/June,while thecoolingseasonendedalreadyby thebeginningof April.

Figure 4.18 shows temperatureand salinity sectionsalong the westernpart of the WOCE

AR7W line occupiedbetween4 and6 March1997by theKnorr, duringaperiodof intenseconvec-

tion at mooringK1. Thepool of convectively generatedlow temperatureandlow salinity wateris

clearlyvisible in theinteriorLabradorSea,while at thelocationof theboundarycurrentmoorings

thestratificationremainedintact. Nevertheless,thefront betweenstratifiedandunstratifiedwater

waslocatedcloseto mooringK2.

Thefollowing twoobservationalperiods(1997/98and1998/99)show similarenhancedtemper-

aturefluctuationsoccurringsimultaneouslyovertheupperpartof thewatercolumnattheboundary

currentmooringsK12 andK22. Here,thetopmostsensorsalsoshow somecoolingthatmight be

attributedto localmixedlayerdeepening,but it waslimited to theupperfew hundredmeters.The

temperaturefluctuationsin thedeeperlayerswerelessintensethanin 1997andtheperiodof inten-
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sifiedtemperaturevariability wasshorter. Further, thelowesttemperaturesdid not reachthevalues

observedduringthefirst winter.

Theverticalvelocitiesmeasuredat 300m depthat theboundarycurrentmooringsK2 andK6

over thewinter of 1996/97andat mooringK12 in 1997/98areshown in Figure4.19. At mooring

K22 (1998/99)no vertical velocity recordswereobtained.Figure4.20shows the time seriesof

the high–frequency varianceof the vertical velocity. The vertical velocity varianceat mooring

K6 by far exceedsthevaluesobserved at theotherboundarycurrentmoorings(especiallyduring

August/September)aswell asthe vertical velocity variancein the interior LabradorSea. This is

probablybecausetheADCP waslocatedcloserto thesurfacecomparedto theotherinstruments.

Therecordfrom about300m depthis rathercomparableto theotherobservations.

The K2 andK6 vertical velocity measurementsboth show increasedvariability over several

daysby the endof December1996,but theseweresymmetricalfluctuationsindicatingthe gen-

erationof internalwavesin thestratifiedwatercolumnandnot associatedwith local convection.

Duringtheremainingwintermonthsof 1997severalperiodsof enhancedverticalvelocityvariance

occurredat K2 andK6. The amplitudeswerecomparableto the observationsduring periodsof

active convectionin thecentralLabradorSea,but no periodof prevailing downwardmotioncould

beidentified.Instead,someof theenhancedverticalvelocityvarianceatmooringK2 resultedfrom

spuriousupward motion. Moreover, if the peaksin the variancewould have beencausedin fact

by convective plumes,they shouldbeidentifiableasdistinctdownwardburstsin theverticalveloc-

ity records,becauseof the characteristicstrongdownward motion of the plumesandthe weaker

upwardmotioninbetween(asseenin typicalconvectiontimeseries,e.g. Figure4.13).

The vertical velocity recordsobtainedduring the winter of 1997/98at the boundarycurrent



58 4. InterannualVariability of DeepConvection

a

1 6 11 16 21 26 31

−5
 0
 5

−5
 0
 5

−5
 0
 5

−5
 0
 5

−5
 0
 5

−5
 0
 5

−5
 0
 5

−5
 0
 5

−5
 0
 5

Day of Month

V
er

tic
al

 V
el

oc
ity

 (
cm

 s
−

1 )
Sep

Oct

Nov

Dec

Jan

Feb

Mar

Apr

May

K2 1996/97

b

1 6 11 16 21 26 31

−5
 0
 5

−5
 0
 5

−5
 0
 5

−5
 0
 5

−5
 0
 5

−5
 0
 5

−5
 0
 5

−5
 0
 5

−5
 0
 5

Day of Month

V
er

tic
al

 V
el

oc
ity

 (
cm

 s
−

1 )

Sep

Oct

Nov

Dec

Jan

Feb

Mar

Apr

May

K6 1996/97

c

1 6 11 16 21 26 31

−5
 0
 5

−5
 0
 5

−5
 0
 5

−5
 0
 5

−5
 0
 5

−5
 0
 5

−5
 0
 5

−5
 0
 5

−5
 0
 5

Day of Month

V
er

tic
al

 V
el

oc
ity

 (
cm

 s
−

1 )

Sep

Oct

Nov

Dec

Jan

Feb

Mar

Apr

May

K12 1997/98

FIG. 4.19: ADCP time seriesof vertical velocity at 300 m depthin the LabradorSeaboundarycurrent
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mooring K12 show similar enhancedhigh–frequency varianceduring the early winter months

NovemberthroughJanuary. As in theobservationsfrom thepreviouswinter, thefluctuationswere

symmetrical.They coincidedwith thedevelopmentof ashallow mixedlayer. Duringthefollowing

winter monthsthe vertical velocity variancedecreasedand it is clearly visible that no eventsof

downwardmotionassociatedwith plumesoccurred.

A comparisonbetweenthewatermasspropertiesobservedatthecentralLabradorSeamoorings

andat theboundarycurrentmooringsis shown in Figure4.21,for theperiodsbetween1 January

and1 June. Although the scatteris ratherlarge, it is visible that the coldesttemperaturesin the

boundarycurrentareaccompaniedby lowestsalinities.Further, thelow temperaturesandsalinities

in theboundarycurrentshow atendency towardsthemixedlayerpropertiesobservedin theinterior

LabradorSeaduringconvection.Thereforeit appearsplausiblethatthecoldanomaliesobservedat

theboundarycurrentmooringsduringwinter area mixing productbetweenthewarmerandmore

salinewater in the boundarycurrentandthe colderandfresherwater from the interior. This is

supportedby thecloseproximity of themixedpatchto theboundarycurrent,asobserved during

earlyMarch1997(Figure4.18).

In summary, it canbe said that over the threeyearsof observationsin the boundarycurrent

region,noevidencefor locally occuringconvectionwasfound.Theverticalvelocitymeasurements

revealedonly symmetricalfluctuationscorrespondingto internalwaves in conjunctionwith the
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developmentof a rathershallow mixed layer. Distinct burstof downwardmotionassociatedwith

convective plumesasin thecentralLabradorSeawerenotobserved. Insteadof acontinuousmixed

layerdeepening,anearlyinstantaneouscoolingover a largeverticalrangewasobservedduringall

wintersandindicationswerefoundthatthiscoldandlow salinitywatercanbearesultof horizontal

mixing with theinterior.

Regardingthe formationregion of thesocalledupperLSW, it shouldbenotedthat thewater

masspropertiesof the mixed layer observed in March 1999at mooringK21 correspondto the

propertiesof thelenseof newly ventilatedwaterobservedin theLabradorCurrentby Pickartetal.

(1996),indicatingthe possibility of its formationin the centralLabradorSeaduring rathermild

winters.



5. THE VIOLENT MIXING PHASE

Theviolent mixing phaseof deepconvectionin theopenoceanoccursduringlatewinter, usually

betweenFebruaryandMarch. In this chaptertheobservationsof convection,from thosewinters

in the GreenlandandLabradorSeaswheresuccessfullADCP measurementswereobtained,are

analyzed.A particularfocuswill be on the velocity structuresduring periodsof strongvertical

mixing.

5.1 ObservedConvectionPeriods

5.1.1 GreenlandSea

Winter1988/89

Theobservationsof deepconvectionat themooredstationsin thecentralGreenlandSeaduringthe

winter of 1988/89werediscussedin detailby Schottet al. (1993). They aresummarizedherefor

thesake of completenessandcomparisonwith theobservationsobtainedin thefollowing winters.

Figure5.1 shows time seriesof potentialtemperatureand vertical velocity from Januaryto

April 1989andthecorrespondingtotalsurfacebuoyancy flux (NCEP/NCARreanalysis).Thefirm

ice coveragein thecentralGreenlandSeaendedon about23 – 25 Januarywith theopeningof the

icefreebay, Nordbukta,andthemixedlayerwassubjectto uninsulatedatmosphericforcingfor the

remainingwinter. By then,themixedlayerdepthwasof about120m thicknessandits temperature

wascloseto thefreezingpoint. After February1 thenearsurfacetemperatureroseto about-1.4 ¦ C
andatthe347m level thetemperaturevariability increased.Someenhancedvarianceof thevertical

velocityappearedduringthisperiod,but withoutdominantdownwardmotion.

Thenext phaseof intensifiedmixing occurredbetween10 and16 February. It wasassociated

with slight warmingat the60 m level andincreasedtemperaturefluctuationsat 347m. Themost

intensedownwardmotionof this recordtookplace,with verticalvelocitiesof upto 8 cms¶ ¯ . Dur-

ing thefollowing periodof intensifiedsurfaceforcingandverticalvelocityfluctuations,between2

and9 March,thetemperaturerecordedat 1345m decreasedsignificantlyfor two shortperiodson

6 and8 – 9 March,but no total homogenizationcouldbeobserved. Thenearsurfacetemperature

stayedcolderduring andafter theseevents. On 16 March a further event of downward motion

exceeding3 cms¶ ¯ tookplace,associatedwith a temperaturedropat the347m sensor.
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Winter1990/91

During the winter of 1990/91an Is Oddendevelopedin the secondhalf of January(Figure3.9),

but the locationof mooringGSM2 stayednearly ice free until the beginning of February. The

only instrumentrecoveredfrom this mooringwastheADCPat 320m, thusonly little temperature

observationsareavailablefrom thiswinter (Figure5.2).
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FIG. 5.2: (a)NCEP/NCARreanalysisdaily totalsurfacebuoyancy flux, (b) SSM/I iceconcentration(cour-
tesyL. Toudal),(c) potentialtemperatureat 320m, and(d) verticalvelocity at selecteddepthsat
GreenlandSeamooringGSM2from mid–Januaryto mid–May1991.

Until mid–Februarythetemperatureat 320m stayedrelatively constantat about-0.9 ¦ C, indi-

catingashallow mixedlayer. An eventof strongsurfaceforcingoccurredbetween14and17Febru-

ary. It wasaccompaniedby slightly enhancedverticalvelocityfluctuations,thedownwardmotions

reached3 – 4 cms¶ ¯ . Theice concentrationwasratherlow duringthis period,but not zero,thus

local ice formationhasprobablyoccurred.
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A coupleof dayslater, around22February, thetemperaturedecreasedrapidlyby about0.7 ¦ C
to nearfreezingpointvaluesandits variability increasedoverafew days.Theiceconcentrationin-

creasedslightly. As neitherenhancedvariabilityappearedin theverticalvelocityrecordsnorstrong

surfaceforcing tookplace,theincreasedtemperaturevariability reflectslateralinhomogeneities.

Theremainingwintershowedtwo furthercyclesof iceformation,correspondingwith increased

surfaceforcing, andsubsequentmelting,aswell asperiodsof increasedtemperaturefluctuations.

Furtherperiodsof enhancedverticalvelocityfluctuationsarenot identifiable.

Winter1992/93

The measurementsobtainedduring the winter of 1992/93at mooringGSM3 (Figure5.3), show

similar sparsemixing activity asthosefrom thepreviouswinter. By mid–Januarythetemperature

at 58 m wasat about-1.3 ¦ , well above thefreezingpoint. Thesatelliteobservationsshow low ice

concentrationsin thearea.Thusthebaseof themixedlayermusthavebeenwell abovethetopmost

sensor, if icewasformedlocally.

Towardstheendof Januarythenear–surfacetemperaturedroppedbelow -1.8 ¦ C andits vari-

ability increased,indicatingtheincorporationof the58 m level into themixedlayer. An Is Odden

developedduringthis period,but theNordbukta remainedopenwith low ice concentrations.The

lowestmixedlayertemperaturewasfoundon 18 Februaryat thebeginningof a periodof slightly

enhancedice concentration.Considerablevertical velocity fluctuationcorrespondingto vertical

mixing wasfound only between22 and26 Februaryduring this winter. The downward motion

wasof 3 – 4 cms¶ ¯ in theupperADCP records.During this periodthemixed layer temperature

increasedfrom nearfreezingpoint valuesto about-1.2 ¦ C andthetemperatureat 346m dropped

to slightly highervalues.The ice in theareaof themooringlocationnearlyvanished.A possible

reasonfor the weakvertical velocity activity is that the ADCP waslocatedat a depthof 570 m,

while themixing eventsoccurredonly in theupper350m, thusbarelyin theinstrumentrange.

After thisshorteventof verticalmixing, thetemperaturedecreasedagainuntil 17Marchwhere

it returnedto valuesof about-1.8 ¦ C. This coolingperiodwasonly interruptedby a shortwarm-

ing and nearlyhomogeneousconditionsin the upper350 m around5 March. The temperature

fluctuationsat 346m werehighduringthisperiod,showing theincompletemixing aslateralinho-

mogeneitiespassthemooring.

From 17 March onwards,the near–surfacetemperatureincreasedagainto about-1.2 ¦ C on

22 March. Afterwardsit returnedto low valuesof about-1.7 ¦ C by 28 March. At theendof the

time seriesthe lowesttemperatureof therecordwasobservedat the346m level, collapsingwith

the58 m recordfor a shortperiod.At thesametimeweakindicationsof verticalmixing appeared

at the 572 m level. A CTD survey along75 ¦ N showed deepmixing to 600 and1000m at two

stations,oneeastandonewestof themooring,in earlyApril (Lherminieretal., 1999).
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FIG. 5.3: (a)NCEP/NCARreanalysisdaily totalsurfacebuoyancy flux, (b) SSM/I iceconcentration(cour-
tesyL. Toudal),(c) potentialtemperatureat selecteddepths,and(d) verticalvelocity at selected
depthsatGreenlandSeamooringGSM3from mid–Januaryto thebeginningof April 1993.

Winter1994/95

A strikingcharacteristicof thewinterof 1994/95wasthecompleteabsenceof seaice in thecentral

part of the GreenlandSea. Further, the surfacebuoyancy loss showed exceptionalhigh values

of nearly1 é 10¶Dê m· s¶Fë , comparedto the typical 0.5 é 10¶Dê m· s¶Fë of the previous winters

(Figure5.4). Enhanceddownward motion anda deepeningof the mixed layer to below 600 m

occurredalreadyin earlyFebruary.

An expandedview of theverticalvelocityandtemperatureobservationsbetween4 and9 Febru-

ary is shown for selecteddepthsin Figure5.5,togetherwith thecorrespondingmeansandstandard

deviations.Theuppertemperaturerecordsshow thatconvectionreachedthe687m level, while the
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underlyinglevel at 993m wasnotaffectedandstayedrelatively warmduringthisperiod.

Between16 Februaryand11 March thesurfaceforcing wasweakandthe temperaturein the

upper600 m stayednearlyconstant. Large temperaturefluctuationsas in the previous winters

werenot observed,indicatingthattheearlymixing of theupperwatercolumnwasprobablymore

complete,leaving only smallhorizontalinhomogeneities.

Thenext periodof strongsurfaceforcingwasduring11– 16March.Extremlyhighfluctuations

of vertical velocity occurred,but they may partly result from the continuoussamplingmodeof

the ADCP (AppendixA.2). Considerablecooling or deepeningof the mixed layer did not take

place. Furthercooling of the mixed layer below -1 ì C occurredduring the last forcing period

from 23 to 27 March. Subsequentlythe temperaturevariability at the 993 m level increasedand

the temperaturereachedmixed layervaluesby theendof April. The verticalvelocity variability

increasedslightly between16and22April, althoughthesurfaceforcingwasratherweak.
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5.1.2 LabradorSea

Winter1994/95

Thecycleof preconditioning,deepconvection,andrestratificationasobservedat theLabradorSea

mooringBravo in combinationwith PALACEfloat dataduringthewinter of 1994/95is discussed

at lengthin Lilly etal. (1999).Theperiodof deepmixing is summerizedherefor comparisonwith

thelaterobservationsfrom 1997to 1999.

Time seriesof total surfacebuoyancy flux (NCEP/NCARreanalysis),potentialtemperature,

andvertical velocity from Januaryto April 1995at mooringBravo areshown in Figure5.6 (the

figuresdealingwith theobservationsin thefollowing wintersareall shown on thesamesscalefor

comparison).Two periodsof intenseverticalmixing (24Februaryto 1 Marchand4 – 9 March)are

shown asanexpandedview in Figure5.7.

Cold mixedlayerwaterappearedat thetopmostsensorby 8 Januaryduringa periodof strong

cooling,but themixedlayerdepthremainedfairly constantuntil theendof January. High frequency

temperaturefluctuationsoccurredat the260m level between18 and22 Januaryandbetween23

and27 January. Afterwardsthe temperaturereturnedto its early Januarylevel. Between1 and

8 Februarythetemperaturevariability at260m increasedagainandthetemperatureoftendropped

below 2.4 ì C. During thesameperiodthe temperatureat thenext deepersensor(510m) risedto

about3.2 ì C, which is thevaluepreviously foundat 260m. This slight warmingis alsovisible at

thedeeperlevelsdown to 1260m.

First signsof downward motionappearedaround9 Februaryin the vertical velocity records.

Thiscoincidedwith coolingat510m andwarmingat210m throughentrainmentof warmerwater

from below. Temperaturefluctuationswerehigh at 510 m between10 and23 Februarydenoting

the incorporationof this level into themixed layer. Smalleventsof downwardmotionarevisible

on 17 and18 February. After the homogenizationof the upper500 m the numberof captured

verticalvelocity eventsincreaseddrasticallybetween24 Februaryand1 March(Figure5.7a).On

27 Februarythe mixed layer temperatureincreasedrapidly from 2.6 ì C to 3 ì C, probablydue

to horizontalinhomogeneties.Immediatelyafterwardsthe 260 m temperaturestarteddecreasing

again,but towardsvaluesbelow the previous mixed layer temperature,while at the 510 m level

thetemperatureremainedhigh. Theactive mixing continuedduringthis restratificationperiod,as

visible in the vertical velocity andtemperaturefluctuations(Figure5.7a,b). The restratification

periodlasteduntil 2 March.

Between3 and9 Marchthemixed layerrapidly deepenedto the1260m level andits temper-

aturereached2.67 ì C. The highestvertical velocitiesof this winter occurredduring this period.

After 10 March againsomerestratificationoccurred,but only at the deeperlevels. Throughout

the restof Marchsporadiceventsof verticalmixing occurred.The deepestmixed layerof about

1800m wasfoundaround24 March. Afterwardsthe mixed patchcollapsedrapidly, manifested
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FIG. 5.7: Time seriesof verticalvelocity (a, c) andpotentialtemperature(b, d) at LabradorSeamooring
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datacourtesyof J.LazierandP. Rhines).
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throughincreasedtemperaturevariability atall instrumentlevels.

Winter1996/97

The meteorologicalconditionsduring the winter of 1996/97showed a dramatictransitionof the

flow regime over the North Atlantic which resultedin a significantchangein the magnitudeof

surfaceforcing in the LabradorSearegion. Until mid–Januarythe presenceof a blocking high

over Europeandanomalouslyhigh pressureover Greenlandcauseda significantwestwardshift of

cyclonicactivity with theeffectof ratherlow heatlossover theLabradorSea.In contrast,February

1997wasamonthin whichthecirculationpatternovertheNorthAtlanticwassignificantlystronger

thanaverage,resultingin strongheatlossover theLabradorSea(TheLab SeaGroup,1998). As

a consequence,the buoyancy flux droppedfrom even positive valuesin early Januaryto large

negativevaluesatthebeginningof February(Figure5.8a).Theremainingwinterwascharacterized

by thehighestbuoyancy fluxesoccurringover thewholeobservationperiod.

With thesurfaceforcingincreasingfrom mid–Januaryonwards,thetemperatureat75m started

to decreasefrom about3 ì C to 2.6 ì C at the beginning of February(Figure 5.8c). The large

temperaturefluctuationsaround24 Februarydenotethepassageof a cold–coreeddy, causingthe

mooringto betoweddown whichbroughtthetopmostsensorsporadicallyinto thewarmerIrminger

SeaWaterbelow the mixed layer. After 2 February, the temperaturevariability increasedat the

425 m level anda few dayslater alsoat the 869 m level, both temperaturesoscillatedbetween

warmervaluesandthebackgroundtemperature.

The first plume activity appearedin the vertical velocity recordsaround10 February(Fig-

ure 5.8d), coincidingwith the incorporationof the 425 m level into the mixed layer. A 14–day

periodof intenseverticalmixing followed,duringwhich themixed layerdeepenedto 770m. An

expandedview of theperiodfrom 18– 24Februaryis shown in Figure5.9a,b. During this period

thetemperatureat theupper500m stayedfairly homogeneous,while largevariability occurredat

thethreetemperaturesensorsbelow, showing thedeepeningof themixedlayer.

On 22 Februarythe surfaceforcing weakenedand arrived at an intermediateminimum on

24 February. Therestill occurredsporadiceventsof downward motion, but the homogeneityof

themixed layerdown to 770m lastedonly for a few hours. Although thesurfacebuoyancy loss

increasedfromdayto dayimmediatelyafter24February, warmingoccurredatthemooringlocation

throughhorizontalmixing until 1 March.

The first nine daysof March show reinforcedsurfacefluxes, which (althoughweaker than

during the event in February)causednumerousplumeevents,the most impressive sequenceof

downwardmotionof all records(Figure5.9c). Themixed layerdeepenedrapidly from 770m to

1080m, andfor a few hourson7 Marchlow temperaturesof about2.6 ì C appearedat the1280m

sensor.

Between4 and20 April, low temperaturesappearedover the whole instrumentrange,much
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FIG. 5.8: SameasFigure5.6atLabradorSeamooringK1 from Januaryto April 1997.

deeperthan the convection observed at the mooring location and deeperthan the mixed patch

mappedduring the R/V Knorr cruise(TheLab SeaGroup,1998). Theevent occurredin several

pulses,clearly not relatedto active convection at the mooring location. Neitherdo the vertical

velocity recordsshow any intensedownwardmotion,nordid any significantsurfacecoolingoccur,
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FIG. 5.9: Sameas Figure 5.7 for the periodsof 18–23Februaryand 3–8 March 1997 at LabradorSea
mooringK1.
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as the cooling seasonhadalreadyended. The coldesttemperatures(below 2.6 ì C) were found

between750and1750m. Thehigh–resolutiontemperaturetimeseries(Figure5.8c)show thatthe

watercolumnwaslesshomogeneousduringtheseeventsthanduringtheperiodof activeconvection

at thebeginningof March.

A possibleexplanationcouldbe,thatconvectionto below 1300m might have occurredin the

cold–coreeddiesobservedin earlywinter, assuggestedby Leggetal. (1998).Thereducedvertical

stability in the interior of suchan eddywould allow deeperconvectionandits cyclonic rotation

wouldefficiently trapthecoldwaterinside,subsequentlybeingadvectedpastthemooring.

Winter1997/98

At thebeginningof January1998,thenear–surfacetemperaturesat mooringK11 wererelatively

high comparedto thepreviouswinters,but droppedsharplyaround8 January, indicatingthat the

warmwaterwasadvectedaway from themooringlocation(Figure5.10).Anotheradvective event

wasobservedbetween17and22February, this timeacold–coreeddywith minimumtemperatures

below 2.8 ì C at1300m depth.

Severaleventsof surfacecoolingoccurredduringthelastweekof Januarybut thetemperature

at 76 m decreasedonly slowly. Thenext eventof strongsurfaceforcing occurredbetween4 and

13 February. During this period the mixed layer deepenedbelow 300 m, while its temperature

stayedrelatively constantat about2.9 ì C. For the following 13 daysthe temperaturesat 76 and

300 m overlaid eachother, with somewarmingbetween14 and16 February. The next cooling

periodwas from 17 to 26 Februaryanda numberof downward motion eventsis visible in the

verticalvelocity records(Figure5.10c).

This first periodof moderatemixing activity was followed by two weeksof relatively calm

conditionsuntil 14 March. The temperaturefluctuationsat 300 m increaseddrasticallyduring

thisperiod,andalsothedeeperlevelsshow warmingandhigh–frequency temperaturefluctuations.

Although the cooling weakened,the lowest near–surface temperatures(below 2.8 ì C) occurred

duringthisperiod.Thehigh–frequency fluctuationsquickly ceasedafterstrongsurfaceforcingset

in on14March.

The periodof intensesurfaceforcing lastedfor nine daysuntil 22 March, with two daysof

relatively calmconditionsinbetween.After a numberof shorteventswhereincreasingcold tem-

peraturesappearedat550m, themixedlayerdeepenedbelow this level on20March(Figure5.11),

while thenext deeperlevel stayedunaffected.Althoughweaker thanduringthepreviouswinters,a

numberof downwardvelocityevents,of typically 3 – 4 cmsí�î , weremeasuredduringthisperiod.

From26 Marchonwards,stronghorizontalmixing setin asindicatedby thetemperaturefluc-

tuations.On 6 and9 April convectively generatedwaterappearedfor shortperiodsat the814 m

sensor, but no correspondingvertical velocity wasobserved andthe buoyancy flux waspositive.

Thereforedeeperconvectionhadprobablyoccurredin thevicinity of themooring.
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FIG. 5.10: SameasFigure5.6atLabradorSeamooringK11 from Januaryto April 1998.

Winter1998/99

During thewinter of 1998/99,strongsurfaceforcing occurredin earlyJanuary, andmixing below

290 m took placeat the locationof mooringK21 by 18 January(Figure 5.12). Thereafterthe

stratificationwaspartlyrestoredthroughmajoradvectionof warmwater. After theadvective event
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FIG. 5.11: SameasFigure5.7for theperiodof 15–20March1998atLabradorSeamooringK11.

hadpassed,themixed layerwasabout0.1 ì C warmerandwith 250m depthalsoshallower than

before.

Large buoyancy lossbetween25 Januaryand4 Februarydeepenedthe mixed layer againto

about300m andits temperaturedecreasedbelow 3 ì C.Duringthefollowing weeks,until 1 March,

themixedlayerdepthoscillatedbetween200and300m. Thenear–surfacetemperaturedecreased

slowly to about2.8 ì C, while several warmingeventswereobserved at the deeperinstruments.

Although the vertical velocity recordsaremuchnoisier comparedto the previous deployments,

a numberof downward motion eventscould be identifiedby the endof February(Figure5.13).

Sporadiceventsof decreasingtemperatureat the560m sensor, but withoutcorrespondingvelocity

signals,show thatconvectionhappenedto mix thewatercolumnsomewhatdeeperin thevicinity

of the mooring,asduring the previous winter. Indeed,someprofilesobtainedwith the moored

CTD profiler at mooringK20 by theendof Marchindicateverticalmixing to 800– 900m depth

(Figure4.2).

The restratificationin April 1999wasthe mostintenseof all observations,aswarm waterof

about4 ì C invadedtheupper500m. As aconsequenceof themainlybarotropicflow, themooring

wastowed down several timesby hundredsof meters. On 2 April the top of the mooringwent

down to about800m.
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FIG. 5.12: SameasFigure5.6atLabradorSeamooringK21 from Januaryto April 1999.

5.1.3 Summary

In the GreenlandSea,convectiontogetherwith substantialdownward motion wasobserved only

during the winters of 1988/89and 1994/95. In March 1989vertical mixing occurredto below

1300m andin April 1995a maximummixed layer depthof about1000m wasobserved. The
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FIG. 5.13: SameasFigure5.7for theperiodof 22–27February1999atLabradorSeamooringK21.

winters of 1990/91and 1992/93showed only minor eventsof enhanceddownward motion. A

fundamentaldifferencebetweenthewintersof 1988/89and1994/95wasthetotalabsenceof seaice

in thecentralGreenlandSeaduringwinter. While in 1988/89brinereleasethroughice formation

andsubsequentice export contributedto thebuoyancy loss(Visbecket al., 1995),theconvection

in winter1995waspurelydrivenby air–seafluxes.

In theLabradorSea,theconvectionwasdeepestduringthewinter of 1995,while thesurface

buoyancy loss and the intensity of the vertical velocity eventswas largestduring the winter of

1997.Theconvectionactivity waslessintenseduringthelasttwo winters,but still asmallnumber

of downwardmotioneventswerefoundin theverticalvelocity records.

Coolinganddeepeningof themixedlayeroftenoccurredconcurrentlyto warmingandincreas-

ing temperaturefluctuationsat thedeeperinstruments.This maybeanindicationof squeezingof

the watercolumnandthe generationof anticyclonic vorticity below the deepeningmixed layer.

Nothingsimilarwasobservedin theGreenlandSeatemperaturerecords.

Violent mixing andlateralexchangebetweenthe convectionsite andthe surroundingsoften

occurredconcurrently, but neverthelesshorizontalmixing is most pronouncedafter the vertical

mixing ceased.
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5.2 IndividualPlumesEvents

To determinethephysicalproperties,like verticalvelocity andhorizontalscale,of individual con-

vectioncells, theADCP verticalvelocity recordsobtainedat theconvectionmooringswerecare-

fully inspectedfor theperiodsof plumeeventsby eye. Examplesof verticalvelocity patternsthat

couldbeaddressedto plumeeventsareshown in Figure5.14for someof theconvectionmoorings.
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FIG. 5.14: Exampleverticalvelocitycontourplotsof individualplumeeventsobservedat themooringsin
theGreenland(a,b) andLabradorSeas(c, d). Thecontourinterval is 2 cmsïñð andtheshading
is proportionalto the currentspeed. Downward velocity is contouredsolid, upward velocity
dashed,andzerocontouris dotted.

Basedonpreviousstudiesonthesignatureof plumesin ADCPtimeseries(SchottandLeaman,

1991;Schottet al., 1993;Visbeck,1993),severalcriteriawereappliedto identify verticalvelocity

eventsthataremostlikely associatedwith convection: Eventsshouldappearsimultaneouslyover

severalbinsof gooddata;themagnitudeof theverticalvelocityshouldexceedthemagnitudeof the

errorvelocity; theerrorvelocityshouldnotshow anorganizedpattern;symmetricaloscillationsof

comparableamplitudeshouldnot occur(internalwaves);andeventsthatoccurredduringthetwo

hoursjust beforesunrisewerenot consideredbecauseof possiblecontaminationthroughplankton

migration. Furtherit hasbeenverified that no significantvertical excursionsof the instruments

occurredduring the convection periods(AppendixA.2). The approximatelocationof the zero

verticalvelocitycontourswerethenselectedasboundariesfor theindividualplumeevents.
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Althoughthisselectionprocessis somewhatsubjective, it waschosenbecauseattemptsto apply

automatedselectioncriteriafailedto deliver reliableresults.Automatedprocedures,involving the

increasedvarianceand skewnessof the vertical velocity distribution during convection periods

(Figure5.15),alwaysresultedin the selectionof eventsthat wereobviously not associatedwith

convectionactivity whenthechosencriteriawereto weak,or failedto detectplumeeventsunder

to strongcriteria.
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FIG. 5.15: Probabilitydistribution of verticalvelocity at 300m depthduring6–dayconvectionperiodsin
theGreenland(M319andGSM5)andLabradorSeas(Bravo,K1, K11,K21). Thecorresponding
normal distribution (solid line) is computedfrom meanand varianceof the vertical velocity
distribution. Mean,variance,skewness,kurtosis,andthe numberof measurementsis listed in
eachpanel.

As alreadydiscussedabove, convectionactivity is characterizedby enhancedhigh–frequency

variability of theverticalvelocity (Figure4.15andFigure4.16). In additionto thevariance,Vis-

beck(1993)alsodiscussedhighermomentsof the vertical velocity distributionsobtainedin the

GreenlandSea(winter 1989)andthewesternMediterranean(winters1987and1992),andfound

negative skewnessand increasedkurtosisduring periodsof convection activity. The skewness
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characterizesthedegreeof asymmetryof adistributionaroundits mean.Thekurtosismeasuresthe

relativepeakednessor flatnessof adistribution. Bothquantitiesarenondimensional,characterizing

theshapeof a distribution comparedto a normaldistribution. Increasedskewnessof thevertical

velocitydistribution is to beexpectedbecauseof theintensedownwardmotionin theplumes,that

is compensatedby moderateupwardmotioninbetween.Thekurtosisof theverticalvelocitydistri-

bution is ameasureof thefrequentnessof plumesin thetimeseries.A largenumberdenotesmany

plumeswith highdownwardvelocity.

Thedurationof theverticalvelocity eventsselectedfrom theADCP time series,i. e. thetime

it tookfor theeventsto passthemooringswith thebackgroundflow, is shown in Figure5.16a.The

typical transittimeswerebetweenoneandtwo hours.Only a smallnumberof eventsappearedin

theverticalvelocity recordsfor threehoursor more. Eventsshorterthan40 minutescouldnot be

resolved,dueto theADCP samplingratesof 20 to 40 minutes:at leasttwo samplesarenecessary

to gain confidenceabouta plumeevent. In the GreenlandSeathe passagetimesaresomewhat

longercomparedto theLabradorSea,dueto theweaker backgroundcurrents.
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FIG. 5.16: (a) Transit time of plume eventsobserved in the vertical velocity recordsat the convection
mooringsin theGreenlandandLabradorSeas.The transittime is setby thehorizontalsizeof
theplumesandthestrengthof thebackgroundcurrents,advectingtheplumespastthemooring.

The cumulative numberof observed plumeeventsfor the monthsof FebruarythroughApril

is shown in Figure5.17for the individual convectionmoorings.In generalthenumberof plumes

observed in theLabradorSeawasmuchgreaterthanin theGreenlandSea.This resultsfrom the

intenseconvectionactivity observed at the LabradorSeamooringsBravo (1995)andK1 (1997).

Thenumberof plumesobservedduringthefollowing wintersof moderateconvectionactivity atthe

LabradorSeamooringsK11 (1998)andK21 (1999)is comparableto thenumberof eventsfound

in theverticalvelocity timesseriesobtainedat themooringsM319(1989)andGSM5(1995)in the

GreenlandSea.Only two, respectively oneeventwasfoundat theGreenlandSeamooringsGSM2
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FIG. 5.17: Cumulativenumberof plumeeventsobservedat theGreenlandSeaconvectionmooringsM319
(1989),GSM2(1991),GSM3(1993),andGSM5(1994)(upperpanel),andat theLabradorSea
convectionmooringsBravo (1995),K1 (1997),K11 (1998),andK21 (1999)(lowerpanel).

(1991)andGSM3(1993).

5.2.1 VerticalVelocityandHorizontalScale

The maximumdownward velocity is easilydiagnosedfrom the ADCP measurementsduring the

plume events. It is shown in Figure 5.18, plotted versusdepth, for the individual observation

periods.In theGreenlandSeavaluesof 6 – 8 cmsí�î arefoundduringthewinters1988/89(M319)

and1994/95(GSM5).Schottetal. (1993)discussedtheobservationsfrom thewinter1988/89more

thoroughly. They alsodetecteddownwardvelocity eventsexceeding3 cmsí�î at a depthof about

1400m at mooringT6 (nearbyM319). Theverticalvelocity recordsobtainedat mooringGSM5

show even highervaluesthanthoseshown in Figure5.18,but theseeventscould not be clearly

identifiedasplumes. In the velocity recordswith sparseconvectionactivity, obtainedduring the

wintersof 1990/91(GSM2)and1992/93(GSM3),themaximumvelocitieswereonly 3 – 4 cmsí�î .
In theLabradorSeathehighestverticalvelocityof up to 11cmsí�î occurredduringthewinter

of mostintenseplumeactivity 1996/97at mooringK1. During theotherobservation periodsthe

downwardmotionreachedvelocity valuesof typically 6 – 8 cmsí�î . Lilly et al. (1999)discussed

a plumeevent with a maximumvelocity of 8 cmsí�î in the Bravo time seriesof 1994/95. This
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FIG. 5.18: Maximum downward velocity of the plumesobserved in the GreenlandSea(a) and in the
LabradorSea(b) for theindividualobservationperiods,asfunctionof depth.

eventdoesnotappearin Figure5.18,becauseit occurredshortlybeforesunriseandis thereforenot

consideredheredueto thepossiblecontaminationthroughplanktonmigration.

Figure 5.19 shows the frequency distribution of maximumdownward velocity of all plume

events.Theobservationsobtainedin theLabradorSeashow asmoothdistribution betweenveloci-

tiesof 3and9cmsí�î . Verticalvelocitiesbelow 3 cmsí�î couldhardlybeidentifiedasplumeevents

in theADCPmeasurements.Mostof theeventsshow verticalvelocitiesbetween3 – 5 cmsí�î but

alsoa largenumberof plumeswith downwardmotionof 5 – 9 cmsí�î wasfound.In theGreenland

Seathedistribution of maximumverticalvelocity observationsis moreirregular, probablydueto

thesmallernumberof eventsobserved.Heremostof theeventsshow maximumverticalvelocities

of typically 4 – 5 cmsí�î , with only asmallnumberof plumeswith highervelocities.

Assumingtheobservedverticalvelocityfield to bequasi–stationarywhile beingadvectedpast

the mooringwith the backgroundflow allows to estimatethe horizontalscaleof the individual

convectioncells (SchottandLeaman,1991). If indeedthepassageof thecenterof theplumehas

beenobserved, then the meanadvection speedtimes the durationof the event gives the plume

diameter.

Visbeck(1993) developedmore sophisticatedschemesto determinethe physicalproperties

of convective plumesfrom ADCP measurements.The methodswereappliedto theobservations
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FIG. 5.19: Maximumdownwardvelocityof individualplumesobservedin theLabradorandGreenlandSea
in binsof 0.5cmsïñð .

obtainedin theGreenlandSeaduringthewinterof 1988/89,andto theobservationsobtainedin the

westernMediterraneanfrom 1992. Oneof theseschemeswasto usethespreadingof theADCP

beamswith increasingdistancefrom the transducer. At a distanceof 300 m from the transducer

thebeamsarehorizontallyseparatedby about220m (with 20ì transducerangle).Thehorizontal

scalewasestimatedfrom the increasingdecorrelationof velocity measurementswith increasing

distancefrom the transducer, for caseswherethe plumediameterwasof the sameorderas the

beamseparation.The secondmethodwasto fit an idealizedthree–dimensionalvelocity field to

theADCPmeasurements.Thefreeparametersof thiskinematicplumemodelwere,amongothers:

thebackgroundvelocity, thehorizontaldistanceof theADCP sectionthroughtheplumefrom its

center, therotation,themaximumverticalvelocity, andtheplumediameter. However, it turnedout

that theresultsof bothmethodswereconsistentwith the frozenstructureassumption,which will

beusedhereto estimatehorizontalplumescales,becauseof its easeof use.

To separatethe backgroundcurrentsfrom the high–frequency oscillationsthat contain the

plume signals,the spectraof horizontalcurrentvelocitiesin the Greenlandand LabradorSeas

areanalyzed(Figure5.20). In bothregions,thespectrashow a bandof relatively low energy be-

tweenperiodsof 5 to 10 hours,separatingthe tidal currentsfrom thehigh–frequency oscillation.

Thereforethe 9–hourlowpassedhorizontalvelocity meanfrom all ADCP bins is assumedto be

a goodestimateof thebackgroundflow. Integratingthebackgroundvelocity over theperiodof a

plumepassageresultsin anestimateof theplumediameter.

Fromthefirst observationsof convective plumeswith mooredADCPsin thewesternMediter-

raneanSchottandLeaman(1991)estimatedthehorizontalplumescaleto beof order1 km. The

subsequentmeasurementscarriedout in theGreenlandSeasuggesteda horizontalscaleof about

300m (Schottetal.,1993).Duringthewinterof 1991/92asmall–scaletriangleof 2 km sidelength

with four ADCPs(oneof the mooringscarriedtwo instruments)wasdeployed in theconvection



5.2. IndividualPlumesEvents 85

10
−2

10
−1

10
0

0

10

20

30

40

50

60

70

80

M
2

Frequency (cph)

(c
m

2  s
−

2 )

10
0

10
1

10
2

Period (h)

FIG. 5.20: Variance–preservingspectraof unfilteredhorizontalcurrentvelocity at 300 m depthfrom the
Labrador(solid) andthe GreenlandSea(dashed)convectionmooringsfor the periodbetween
1 Februaryand1 May. Thespectrawerecomputedusing3–daysegmentswith 50%overlapand
Hanning–window tapering.

region of thewesternMediterranean(Schottet al., 1996). An interestingresultswasthat thehor-

izontal currentson the timescaleof the observed plumeswerenot correlatedamongthe stations.

Therefore,thehorizontalplumescalesagainhadto beestimatedfrom individualstationdata.Typ-

ical valuesobtainedwere300– 600 m. In thecentralLabradorSeaLilly et al. (1999)found the

ADCP measurementsobtainedduringthewinter 1994/95to beconsistentwith convective plumes

of width 200to 1000m.

Thenumberof observationsof individualplumediametersin theGreenlandandLabradorSeas

is shown in Figure5.21. In theGreenlandSea,mostof theestimatesfall between200and600m.

Only threeeventsof largerplumescalehavebeenfound,whichmaybeconsideredasoutliers.The

meanhorizontalplumesizeis of about400m. Largerhorizontalscalesoccurin theLabradorSea,

rangingfrom 200 to 1200m, againwith someoutliersat larger sizes. Herethe meanhorizontal

sizeis about700m.

Themaximumverticalvelocitiesaswell asthehorizontalscalesof convective plumesderived

heregenerallyconfirm the earlierobservationswith mooredADCPsin convection regions,sup-

porting themwith a broaderobservationalbase.The large numberof plumesfound in thenewer

observationsmotivatedto test theoreticalscalingargumentsof the velocity and lengthscalesof

plumesasdiscussedin section5.3.
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FIG. 5.21: Numberof observationsof plume diametersat the Labradorand GreenlandSeaconvection
mooringsin 100m bins.

5.2.2 Three–dimensionalFlow Field

Thequestionof whetherthereis ahorizontalcirculationassociatedwith plumeshasbeenaddressed

in all previousstudiesdealingwith ADCP measurementsin theconvectionregionsof thewestern

Mediterranean,thecentralGreenlandSea,andthecentralLabradorSea.Consideringaconvection

cell with inflow in the upperregion andoutflow in the lower region, cyclonic circulationon top

andanticyclonic circulationat thebottomof theplumewouldbeexplainableby potentialvorticity

conservationof a watercolumnstretchedin theupperpartandsqueezedin thelowerpart.

During their observation in February1987in thewesternMediterranean,SchottandLeaman

(1991)foundonly oneeventwherea clearhorizontalcurrentanomalywasdetectable,but it could

not be explainedconsistentlywith eithercyclonic or anticyclonic rotation. Indicationsof a hori-

zontalcirculationwerealsofoundin thecentralGreenlandSeaduringa plumeeventobservedon

16March1989atmooringT6. In theupperlayercurrentsrotatedanticlockwisewith thearrival of

theplume,correspondingto cyclonic motion. In thedeeplayerclockwiserotationof thecurrents

wasobserved, which correspondsto anticyclonic motion. An oppositerotationof the horizontal

currentsonthebacksideof theplumewasnotobserved(Schottetal.,1993).As thehorizontalcur-

rentsobservedat thetriangulararrayin thewesternMediterranean(1991/92)decorrelatedamong

thestations,meaningfulvorticity calculationscouldnot becarriedout (Schottet al., 1996).Rota-

tion wasanalyzedfor two casesusingthekinematicplumemodelof Visbeck(1993).Thefirst case

yieldedno detectablerotation,while thesecondwasconsistentwith cyclonic rotation.Lilly et al.

(1999) interpretedthe horizontalcurrentfluctuationsassociatedwith plumeeventsin the Bravo

1994/95timeseriesascyclonicvorticity.

It can be concludedthat the evidencefor a well organizedhorizontalcirculationassociated

with individual convective plumesis sparse.A carefulinspectionof theplumeeventsobserved in

theGreenlandandLabradorSeasduringthesubsequentexperimentsbroughtno new evidencefor



5.2. IndividualPlumesEvents 87

consistenthorizontalcirculationassociatedwith them. Thereforea differentapproachis followed

here.

Integratingthe lowfrequency backgroundvelocity with respectto time allows to estimatethe

spatialstructurefrom theEulerianmeasurements,assumingthattheflow field is quasistaticwhile

passingthemooringasdescribedabove. This resultsin oneestimateof thehighfrequency, three–

dimensionalflow field associatedwith eachindividual plume.Thenthevelocity measurementsof

several plumeeventsfrom periodsof intenseconvectionactivity could be averagedto determine

themeanvelocitystructure.

If consistentstructuresof horizontalcurrentsassociatedwith plumeeventsdoexist, thisshould

be revealedin the meanflow fields. Otherwise,if the horizontalcurrentson theseshort time

scalesarerandomstructures,they shouldcanceleachother. Figure5.22shows the meanthree–

dimensionalflow field derivedfor anumberof intenseconvectionperiods,onefrom theGreenland

Seaduring February1995(GSM5) andfive from the LabradorSea(Bravo, K1, andK11). The

horizontalvelocity parallelto thebackgroundflow andtheverticalvelocity areshown asvectors,

while thecomponentperpendicularto thebackgroundflow is shown ascontours.Themagnitude

of the vertical velocity is emphasizedby shading.Cyclonic rotationshouldreveal itself through

positive contourson the lefthandsideof themaximumdownwardvelocity andnegative contours

on therighthandside.This is clearlynot thecasefor theobservationsfrom theLabradorSea,but

couldnotcompletelyberuledout for theGreenlandSeacase.

5.2.3 DiurnalCycleof VerticalVelocity

In thewesternMediterraneanadiurnalcycleof theoccuranceof downwardmotionhasbeenfound,

correspondingto the diurnal cycle of the surfaceforcing (Schottet al., 1996). Plumegeneration

occurreddominantlyat night,at maximumbuoyancy flux. Enhancedverticalmixing, at a level of

about300m, typically setin four hoursafterthecoolingstarted,andendedby thetimethesurface

forcing wasminimal. This setsa lower limit for thelifetime of theplumesthat is at leastnot long

comparedto aninertialperiod.

The meandiurnal cycle of the heatflux over the LabradorSeaconvectionregion (asderived

from R/V Knorr cruise147shipboardmeteorologicalobservations)for theconvectionperiodfrom

10 Februaryto 9 March 1997 is shown in Figure5.23a. Although thereis no heatgain during

mid–dayasin thewesternMediterranean,theheatlossdropssignificantlybetween10:00UTC and

20:00UTC dueto insolation.Theminimumat 15:00UTC (correspondingto local noon)is about

250W m íFò lower thanthevaluesfoundatnight.

Theverticalvelocitiesat mooringK1 displayedversusthe time of dayshow a predominance

of large downward motion during night andearly morninghours(Figure5.23b). No downward

verticalvelocityexceeding4 cmsí�î wasobservedbetween17:00UTC and21:00UTC atK1. The

correspondingvarianceof thevertical velocity is shown in Figure5.23c. The variancedecreases
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FIG. 5.22: Meanthree–dimensionalflow field associatedwith plumeeventsduringperiodsof intensecon-
vectionin theGreenlandSea(GSM5)andtheLabradorSea(Bravo, K1, K11). Thecurrentvec-
torsdenotetheverticalvelocityandthehorizontalcomponentparallelto thelowfrequency back-
groundflow. Thecontourlinesdenotethehorizontalvelocity perpendicularto thebackground
flow. Positive for flow outof theplane(solid)andnegativefor flow into theplane(dashed).The
shadingis proportionalto theintensityof downwardvelocity. Thecontourinterval is 1 cmsïJð ,
andthezerocontouris notshown.
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FIG. 5.23: (a) Meandiurnalheatflux from R/V Knorr shipboardmeasurementsbetween10 Februaryand
9 March1997in theLabradorSea.(b) VerticalvelocitiesatLabradorSeamooringK1 at440m
versustime of day, aswell astheir hourly meansandstandarddeviationsfor the sameperiod.
(c) Correspondinghourly meanvarianceof theverticalvelocity (dots)andfor a preconvection
periodfrom 1 Octoberto 30November1996(circles).(d) Sameas(c) for thehorizontalvelocity
variance.Thetimebetweensunriseandsunsetis markedby shading.

after12:00UTC whenthesurfaceheatflux reduces,andhasits minimumat 21:00UTC with val-

uescomparableto thepreconvectionvariance(October/November1996). Thehorizontalvelocity

variance(Figure5.23d)shows a similar behavior, althoughmuchlesspronounced.The peakin

theverticalvelocity varianceat 22:00UTC resultsfrom planktonmigration;planktonpeaksalso
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appearin thepreconvectiontimeseriesat09:00UTC and22:00UTC.

Figure5.24showsthenumberof occurancesof downwardmotionexceeding3 cmsí�î at300m

depthversustime of day from the LabradorandGreenlandSeaconvectionmooringsduring the

monthsof FebruaryandMarch.Most remarkableis thattheLabradorSeatimeseriesdonot show

asingleeventof enhanceddownwardmotionbetween20:00UTC and22:00UTC.Thismaypartly

result from upward motion of plankton,occurringat this time andcompensatingthe downward

motion. Thelargestnumberof eventsis foundaround09:00UTC, which is shortlybeforesunrise

andthereforeagaincontaminatedby planktonmigration. Thereafterthe numberof observations

decreasescontinuouslytowardsthe21:00UTC minimum.
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FIG. 5.24: Numberof observationsof downwardmotionexceeding3 cmsïñð versustimeof dayfor 2–hour
intervalsduringthemonthsof FebruaryandMarchat 300m depthfrom four ADCPtimeseries
obtainedin (a) theLabradorSea(Bravo, K1, K11, andK21) and(b) theGreenlandSea(M319,
GSM2,GSM3,andGSM5)respectively. Themeanis shown asheavy line. Theshadingdenotes
thethetimebetweensunriseandsunset.Darkshadingfor 1 February(not in theGreenlandSea
dueto polarnight) andlight shadingfor 1 April.

Although the vertical velocity time seriesare partly contaminatedby planktonmotion, this

could not explain the diurnal cycle of vertical velocity in LabradorSeamooring records. The

planktonmigrationoccursonly during the two hoursbeforesunriseandafter sunset,while the

vertical velocity cycle appearsover the whole day, with extremaduring the periodsof plankton

activity.

In theGreenlandSeathediurnalcycleof insolationrestartsaroundmid–February, with theend

of thepolarnight. Althoughthenumberof verticalvelocity eventsin theGreenlandSeais much

smallercomparedto theLabradorSea,mostof theeventsarelikewisefoundduringnighttime.The

diurnal cycle of vertical velocity intensityis not that pronouncedin the GreenlandandLabrador

Seascomparedto theobservationsobtainedin thewesternMediterraneanin February1992(Schott

et al., 1996).Nevertheless,thereis evidencethat intensedownwardmotionoccurspredominantly
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at night, while it ceaseswhenthesurfaceforcing decreasesdueto insolation(Figure5.24). This

suggestsanupperlimit for thelifetime of plumeswhich would thenbeat leastnot long compared

to theinertial period.

During thepolarnight a diurnalcycle of surfaceforcing doesnot exist in theGreenlandSea.

This arisesthe possibility that plumesexist sufficiently long to be modifiedby the Earth’s rota-

tion andcomeundergeostrophiccontrol. This maybe thecasefor theplumesin earlyFebruary

1995at mooringGSM5 whereslightly consistenthorizontalvelocitiesstructureswereobserved

(Figure5.22). On theotherhand,plumesmaybegeneratedcontinuouslythroughoutthedayand

decaybeforethey comeunderrotationalcontrol. Thiscannotbedistinguishedby theADCP mea-

surements,becausethe plumesareonly slicedfor a rathershortperiodasthey passthemooring

location.Thequestionof whetherplumesarerotationalycontrolledwill befurtherdiscussedin the

context of theoreticalscalingargumentsin section5.3.

5.2.4 VerticalHeatFlux

Thenumberof directmeasurementsof turbulentheatflux in theoceanis sparseandlimited to ob-

servationsof small–scaleturbulence(Moum,1990;YamazakiandOsborn,1993;FleuryandLueck,

1994;GargettandMoum,1995;Sunetal.,1996;MorisonandMcPhee,1998).Estimatingthever-

tical heatflux involves taking the covarianceof the fluctuatingvertical velocity andtemperatureóõô£ö"÷ öùø
, theverticalheatflux by definition,which in generalis difficult to observe. Conventionally

theestimatesarebasedon indirectmethods,wheretheheatflux is inferredfrom theturbulentdis-

sipationratesof temperaturevarianceandkineticenergy (OsbornandCox,1972;Osborn,1980).

In a deepconvectionregimethelargestturbulentscaleoccurringis theplumescale.Thever-

tical velocity fluctuationsassociatedwith plumesareevident in theADCP measurements,but the

vertical densitygradient,driving the plumes,is small. Assumingthat the vertical buoyancy flux

shouldcompensatethesurfacelossandmanifestsitself only in temperaturechanges,themagnitude

of theexpectedtemperaturefluctuationscanbeestimatedasfollows:úÍû`ü
ý8þÿ������ û ô ö�� ö û	� üÿ
� ô ö ÿ ö û`ü
ý ô ö ÷ ö��
(5.1)

where
ú

and þ is thesurfacebuoyancy andheatflux respectively, ÿ � a referencedensity, � � the

specificheat,
ý

the thermalexpansioncoefficient, and
ôáö

,
� ö

, ÿ ö , and
÷�ö

arethe vertical velocity,

buoyancy, density, andtemperaturefluctuations,respectively.

Typicalconditionsduringconvectionin theLabradorSeaare
ú�
�������� í�� mò sí�� (equivalent

to a heatflux of approximately400W m íFò ), ý�
�������� í�� K í�î , and
ôáö 
�������� í�î m sí�î . The

resultingtemperaturefluctuationsareonly
÷ ö 
�� �!��� í�� ì C, detectable,if atall, only with today’s

high–precisioninstruments(SeaCATs andMicroCATs). In the GreenlandSea,where
ý

is only

about0.3
�

10í�� K í�î , a measurablecovarianceof theverticalvelocity andtemperaturefluctua-
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tions is not expected.Salinity fluctuationsandtherewith densityfluctuationarenot detectableat

all with stateof theart instruments,dueto evensmallersignalsandthelargeruncertaintiesof the

conductivity measurements.

At the depthswheremooredSeaCATs of MicroCATs are in the rangeof an ADCP, the cal-

culationof the heatflux term or of the correlationcoefficient ÿ�"$# û óõôáö ÷�öùø&%Õóõôáö ò ø î('<ò ó(÷�ö ò ø î('<ò is

straightforward, but it is importantto know whetherthecalculatedvaluesarestatisticallysignifi-

cant. In orderto testthestatisticalsignificance,two methodsareusedhere:First anF–testfor the

correlationcoefficient duringperiodsof strongverticalmixing at theLabradorSeamooringsK1

(1997)andK11 (1998),andsecond,asa nonparametricapproach,confidencelimits for the heat

flux arecomputedwith thebootstrapmethod(e.g. TichelaarandRuff, 1989).

Thecorrelationcoefficient ÿ�"$# canbeconsideredsignificantif it exceedsacritical valueof

ÿ ò) û * î&+ ,.-/+ 0* î&+ ,1-/+ 0�243Ãò � (5.2)

where * î&+ , - + 0 is the valueof the * distribution with oneand 3Ãò = 365 - 2 degreesof freedomat

100
ý

% confidence.Thenumberof independentobservationsor effective degreesof freedom3 5 is�3 5 û �3 2 73 ò ,89/: î ; 3 �=<
>&? ; <A@�> � (5.3)

where
? ;�B @�>

is theautocorrelationof themeasuredquantityat lag
BDC

, with
C

thesamplinginterval,

and E thenumberof samples(GarrettandPetrie,1981).

All convectionmooringsin thecentralLabradorSeacarriedoneSeaCAT orMicroCAT recorder

within the rangeof the ADCP. The temperaturefluctuationswereobtainedby subtractingthe9–

hourlow-passedtimeseriesfrom themeasurements.Applying Equation5.3to theautocorrelation

functionsof the observed vertical velocity and temperaturefluctuationsresultsin time intervals

betweentwo independentvaluesof 60 minutesfor the vertical velocity and 40 minutesfor the

temperaturefluctuations(thesamplinginterval is 20 minutes).As a conservative estimate,a time

interval of 80 minuteswill be used,correspondingto the typical transit timesof plumesat the

moorings(Figure5.16).

Consideringperiodsof strongmixing activity it turnedout thatat leastthreeto four daysof av-

eragingarenecessaryto comeupwith significantcorrelationcoefficientsfor a few periods.There-

forefive–daysectionsof verticalvelocityandtemperaturedatawereusedto calculatethestatistics.

With thesamplinginterval of 20 minutesthis resultsin 90 independentobservationswithin each

five–dayperiod. Thus,at a 90% confidencelevel, the correlationcoefficentshave to exceedthe

critical valueof F
G = 0.17to differ significantlyfrom zero.

The threeperiodsof vertical velocity and temperaturefluctuationswith highestcorrelation

areshown in Figure5.25. Two periodsarefrom mooringK1 (1997),including the mostintense
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downwardmotioneventsfrom all records,oneduringthesecondhalf of Februaryandoneat the

beginningof March.Thethird periodshown correspondsto thestrongestmixing activity foundby

mid–Marchof thefollowing winteratmooringK11. Thestatisticsfor theseperiodsaresummerized

in Table5.1. The instantaneousheatflux values HJI�K1I show distinct positive spikes in all three

sections,indicatingupward flow of heatto compensatelossesat the surface. The occurrenceof

thesespikescorrespondsto negative verticalvelocityandnegative temperatureanomalies.

TABLE 5.1: Statisticalsummaryof thecorrelationcalculations,for thethreeperiodsshown in Figure5.25.
Mooring L�H I MONQP(R�M LSK ITM�NQP(R�M L�H I K IUN FAVXWY[Z�\�]
^ M`_ba ^ P > Y[Zc\�]
^ Med ?f> Y[Zc\�]
^�g d ? _ha ^ P >
K1 19–24Feb. 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 activeconvectiontheverticalvelocitydistributionshowsincreasedskew-

ness,dueto intensedownward motion in the plumescompensatedby moderateupward motion

inbetween(Figure5.15). Furthermore,the high–frequency temperaturefluctuationsalsodeviate

from anormaldistribution for theperiodsshown in Figure5.25.In orderto increasetheconfidence

in theheatflux estimatesnonparametricmethods,wherenormalityhasnot to beassumed,canbe

usedto testthestatisticalsignificance.

Several authorsemployed a methodapparentlysuggestedby B. Ruddickandfirst published

by YamazakiandOsborn(1993),wheretheobservedcorrelationcoefficientsarecomparedto the

probabilitydensityfunction(pdf) of noise.Thenoisepdf is computedby calculatingthecorrelation

for many randomlyshiftedsegmentsof verticalvelocity andtemperaturedatato assurethat these

two seriesaretotallyuncorrelated.Figure5.26showstheprobabilitydistributionof noiseestimated

from 2000realizationsduringFebruaryandMarch1997atmooringK1. Comparingthecorrelation

coefficientsobserved at K1 (Table5.1) with the noisedistribution revealsthat the probability of

acceptingnoiseis verysmall.

To obtaintime seriesof vertical heatfluxes,5–dayrunningaveragesof HJI�K1I werecomputed

for the monthsof Februaryand March at the convection mooringsin the centralLabradorSea

(Figure5.27). Theconfidencelimits for theheatflux averageswereestimatedwith thebootstrap

method.As anonparametricmethodboostrappingprovidesfreedomfrom theassumptionof anor-

mal datadistribution, but the numberof effective degreesof freedomstill hasto be considered.

Therefore80–minuteaverageswerecomputedbeforeresamplingthedatato ensurethat thesam-

plesarestatisticallyindependent.Sincethemethodof GarrettandPetrie(1981)usedto estimated

thenumberof degreesof freedomis a parametricapproach,andnormalityhasto beassumed,the

confidencelimits might beunderestimatedif thenumberof degreesof freedomhasbeenoveresti-

mated.
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FIG. 5.25: Time seriesof vertical velocity, temperature,andinstantaneousheatflux signalsfor three5–
daysectionsof datafrom themooringsK1 (1997)andK11 (1998)in thecentralLabradorSea,
wherethecorrelationof verticalvelocityandtemperaturefluctuationsis statisticallysignificant.
Positive valuesof instantaneousheatflux indicateupwardflow of heatto compensatelossesat
thesurface.
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FIG. 5.26: Probabilitydistribution of the correlationcoefficient betweenvertical velocity and randomly
shiftedtemperaturefluctuationsfor themonthsof FebruaryandMarchatLabradorSeamooring
K1 (1997).Thecorrespondingnormaldistribution(solid line) is computedfrom meanandvari-
anceof thenoisedistribution. Thedashedlinesindicatethecorrelationcoefficientsobtainedfor
thetimeseriesshown in Figure5.25andlistedin Table5.1.

Thetime seriesof verticalheatflux at theLabradorSeamooringsshow thatmostof the time

the heatflux is not significantlydifferent from zero. The large errorbarsat the beginning of the

Bravo (1995)time seriesareassociatedwith the passageof the baseof the mixed layer. During

this time thetemperaturesensoris, dueto horizontalinhomogeneties,sometimesbelow themixed

layerandsometimesin it, causinglargetemperaturefluctuations.In theremainingtimethreeshort

eventsof slightly significantheatflux occurred.

As alreadydiscussedabove, the mostremarkableeventsof upward heatflux associatedwith

convectionactivity arefound in the time seriesobtainedat mooringK1. The two events,onein

mid–Februaryandoneat thebeginningof March1997,lastedfor severaldayseachandshow mean

heatfluxesof about200W m
^ M . This valuecompareswell with resultsfrom the3D Lagrangian

floatsoperatingin this areaat the sametime (E. Steffen, personalcommunication).During the

periodbetweenmid–Februaryandmid–March,theheatflux observedat depthevenappearsto be

roughlycorrelatedwith thesurfaceforcing.

The event of significantupward heatflux in the time seriesof mooringK11 in mid–March

1998amountsto anaverageof about100W m
^ M . No significantresultswerefoundatK21 (1999),

probablyresultingfrom the lessprecisevertical velocity measurementsduring this deployment

period(dueto lower batterycapacitylesspingswereaveragedinto theensemblemeans,seeAp-

pendixA.2). A similar analysishasbeencarriedout for thetime seriesobtainedin theGreenland

Sea,but nosignificantcorrelationwasfoundin any of them.This is mostlikely dueto thesmaller

temperaturefluctuationscausedby thesameamountof surfaceheatflux, asstatedabove.

Consideringtheheatflux estimateslistedin Table5.1, it is temptingto speculateon thecorre-
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FIG. 5.27: 5–dayrunningaveragesof vertical heatflux ikj/l�mDnporqtsOq�u (solid) andNCEP/NCARreanalysis
surfaceheatflux (dashed)for the monthsof FebruaryandMarch at the convectionmoorings
in the centralLabradorSea. The shadingdenotes90% confidencelimits computedwith the
bootstrapmethod.
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spondingeddydiffusivity v�wyx L�H I K IUNz KA{ zA|r} (5.4)

Estimatesof themeanvertical temperaturegradientcanbegainedfrom CTD profilesobtainedin

the convectionareaduring the winter cruiseof R/V Knorr in 1997(Figure5.28a,b).The Knorr

cruisecarriedout in thefollowing winterof 1998alreadyendedin earlyFebruary, therefornoCTD

profilesfor themixing periodin mid–Marchareavailable.

During the first period of intensemixing in February1997 the Knorr did not operatenear

mooringK1, andtherefortemperatureprofilesobtainedabout130 nm northwestward wereused

(stations45 – 48). For the secondperiodat the beginning of March CTD castwerecarriedout

in thevicinity of mooringK1 (stations99 – 103). Themeanvertical temperaturegradientin the

mixed layer wasestimatedby fitting a straightline to the upper550 m and600 m, respectively.

Theresultingeddydiffusivitiesareshown ascumulativeaveragesin Figure5.28c,d.Thevaluesare

of about1 – 1.5mM ŝ P , largecomparedto typical open–oceanvalues(away from boundaries)of

10̂
�~

mM ŝ P (e.g. Munk andWunsch,1998).Theverticaltemperaturegradientin theupperwater

columnwasrathersurprisingasnothingsimilar wasobserved during convection in the western

Mediterranean(LeamanandSchott,1991;Schottetal.,1996).However, it shouldbenotedthatthe

LabradorSeaCTD profilesshow nocorrespondingdensitygradient.

5.3 Scalingof Plumes

5.3.1 Theory:ScalingArguments

Conventionally, theparameterrangesin whichlaboratoryandnumericalexperimentsof convection

in homogeneousandrotatingfluidswereconductedareclassifiedby theflux Rayleighnumber����� x���� g� M���� (5.5)

andtheTaylornumber � � x \��� M xb� M � g� M � (5.6)

where
�

is thebuoyancy flux,
�

thedepthof theconvective layer, � and � thethermaldiffusivity

andkinematicviscosityrespectively,
�f�

theverticalEkmannumber, and
�

theCoriolisparameter.

Theflux Rayleighnumber
�����

is theratio of thedestabilizingeffect of thebuoyancy flux to the

stabilizingeffect of diffusion. TheTaylornumber

� �
is a measureof theimportanceof rotationto

diffusion.Theratiobetweenkinematicviscosityandthermaldiffusivity is thePrandtlnumber:��� x �� } (5.7)
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FIG. 5.28: (a,b) MeanpotentialtemperatureprofilesfromR/V Knorr cruise147in thecentralLabradorSea
for two periodswhereintensemixing wasobserved. Thefitted vertical temperaturegradientis
shown asdashedline. (c, d) Cumulativemeanof theeddydiffusivity ���������porq�sOq�� sO�[�����(� �¡�O�
estimatedfrom heatflux time seriesat mooringK1 usingthevertical temperaturegradientssO�
from (a, b), respectively (assumedto be constant). The errorbarsare 90% confidencelimits
computedwith thebootstrapmethod.(CTD datacourtesyof R. Pickart)
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Boubnov andGolitsyn(1990,theirFigure2) dividedthe(
���
�

–

� �
) planeinto four regions:(1)

a thermoconductivity regime,in whichdiffusionsuppressestheconvective instability, (2) a regime

of regularcells,(3) a geostrophicturbulenceregime,and(4) a fully turbulent regime. Maxworthy

andNarimousa(1994,their Figure18) expandedthefigure to larger valuesof both
�����

and

� �
,

andaddedregionsappropriateto a numberof laboratoryandnumericalexperiments,aswell as

for someobservationsfrom thewesternMediterraneanandtheArctic, apparentlyusingmolecular

valuesof � and � .

In thecaseof open–oceanconvectiontheflow is certainlyturbulent,andthemolecularvalues

of � and � have to bereplacedwith thecorrespondingeddyviscosityanddiffusivities. Therefore

appropriatevaluesfor
�����

and

� �
arenotknown with any certainty. To characterizetheconvective

processsolely throughexternalparameters,velocity, space,andbuoyancy scalesindependentof

assumptionsconcerningeddyviscosityanddiffusivitiesweredeveloped(JonesandMarshall,1993;

Marshalletal.,1994;MaxworthyandNarimousa,1994;MarshallandSchott,1999).Thesescaling

laws for an unstratifiedfluid, asfar asthey concernthe plumedynamics,aresummerizedin the

following.

Thescalingargumentsarebasedonthepictureof convectiondriveninto ahomogeneousmixed

layer of depth
�

by a surfacebuoyancy flux of magnitude
�

, (illustratedschematicallyin Fig-

ure 5.29),assumingthat thepotentialenergy increasecausedby the buoyancy flux is transferred

into kinetic energy. At earlystagesafter thestartof thesurfaceforcing ( ¢¡£ � ^ P ), isotropictur-

bulencewill developbelow a thermalboundarylayer ¤ at thesurface.Thedevelopingplumesare

sosmall in scalethatthey cannotfeel thefinite depthof themixedlayerandrotationis apparently

unimportant.At this stagethe surfacebuoyancy flux
�

remainsthe only controlling parameter,

andthescalesfor thedepth,velocity, andbuoyancy of theplumescanbeexpressedin termsof the

buoyancy flux
�

andthetime ¢ (JonesandMarshall,1993;MarshallandSchott,1999):¥§¦ Y � ¢©¨�ª P(R�M �« ¦ H ¦ Y � ¢&ª P(R�M �¬­¦ ® � ¢e¯ P(R�M } (5.8)

Evolving in time the turbulent cells grow andbecomeconstrainedeitherby the depthof the

convective layeror theEarth’s rotation.With thedepth
�

asthelimiting lengthscaleof theplumes,

putting
¥ x �

in equation(5.8) resultsin the following scales(e. g. Maxworthy andNarimousa,

1994,andreferencestherein): ¥°¦±¥p²k³©´&³©µ x � �« ¦ « ²k³©´&³©µ x Y ��� ª P(R ¨ �
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zc

FIG. 5.29: Schematicrepresentationof the evolution of a populationof plumesunderrotationalcontrol
sinkingin to a fluid of depth ¶ , triggeredby buoyancy loss · . If thedepthof thefluid exceeds
the critical depth ¸�¹ (asdrawn here)the plumesthat make up the convective layer will come
underrotationalcontrolon thescaleº�»©¼¾½ (modifiedversionof MarshallandSchott,1999,their
Figure19).

¬¿¦À¬ ²k³©´&³©µ x Á�� M�ÃÂ P(R ¨ } (5.9)

The subscriptnorot indicatesthat thesescalesareindependentof rotation. From thesea Rossby

numberof theturbulentfluctuationsin themixedlayercanbeconstructedas(e.g. CoatesandIvey,

1997): ��Ä x «� ¥ ¦ « ²k³©´&³©µ� ¥p²k³©´&³©µ x ® �� ¨ � M ¯ P(R ¨ (5.10)

The rightmostterm is often calledthe convective Rossbynumber
��Ä G (e. g. RaaschandEtling,

1991;Julienetal., 1996).

With furtherprecedingtime theplumesmaybecomesufficiently largefor their turnover time-

scale
¥ { « to arrive at the sameorderas the rotationaltimescale

� ^ P . At the critical depth
| G , a

transitionfrom the three–dimensionalplumesto quasitwo–dimensional,rotationallydominated

motionswill occur. In this casetheoceanhasto besufficiently deep(
| G�Å �

) for the plumesto

comeundergeostrophiccontrolbeforethey reachthebottom.Replacing¢ by
� ^ P in equation(5.8),

theturbulent length,velocityandbuoyancy scalesbecome(Fernandoet al., 1991;Maxworthyand
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Narimousa,1994,andreferencestherein):¥°¦±| G ¦±¥ ´&³(µ x ® �� ¨ ¯ P(R�M �« ¦ « ´&³(µ x ® � � ¯ P(R�M �¬¿¦À¬ ´&³(µ x Y �Æ� ª P(R�M � (5.11)

wherethesubscriptrot denotesthescalesfor turbulencedominatedby rotation.At thesescalesthe

turbulentRossbynumberis invariant:��Ä x «� ¥ ¦ « ´&³©µ� ¥ ´&³©µ x \ } (5.12)

Thetransitionto rotationalcontrolof theturbulence,beneathanupperconvective layer, might

beexpected,if theratiobetweentherotationallengthscale
¥U´&³©µ

andthetotaldepthof theconvective

layer
�

is small.ThenaturalRossbynumber��Ä1Ç x ¥ ´&³©µ� x « ´�³©µ� � x ® �� ¨ � M ¯ P(R�M ¦ | G� (5.13)

is a measureof this ratio (MarshallandSchott,1999). Thecritical depthof theupperconvective

layer
| G is relatedto therotationalscale

¥ ´&³©µ
. ThereforethenaturalRossbynumber

��Ä Ç
at which

thetransitionoccurscanbededucedfrom thecoefficientof proportionalitybetween
| G and

¥ ´�³©µ
and

vice versa.Thusplumescomeunderrotationalcontrol, if thenaturalRossbynumberis lessthan

thereciprocalvalueof thescalingfactorfor
| G .

5.3.2 Resultsfrom LaboratoryandNumericalStudies

The problemof convection in a rotatingfluid hasbeenaddressedin a numberof laboratoryand

numericalexperiments.A wide rangeof aspectsof the convectionproblemhasbeencoveredin

theseexperiments,not limited to the dynamicson the plumescale. Anothermajor subject,for

instance,was the dynamicsof a convectively generatedhomogeneouspatchof densewater. In

thefollowing thefocusis on experimentsthatarrivedat quantitative resultsfor thescalingfactors

in Equations5.9 and5.11. A broadreview of laboratoryandnumericalexperimentsis given in

MarshallandSchott(1999).

Laboratoryandnumericalexperimentsaregenerallyperformedoverawiderangeof buoyancy

fluxesandrotationrates.Theexperimentsof Fernandoet al. (1991)werecarriedout in a bottom–

heated,rotatingtankfilled with a homogeneoussaltsolution. Maxworthy andNarimousa(1994)

useda sourceof densersaltwater releasedinto the underlyingfluid. Coateset al. (1995)again

employed a sourceof bottomheatingandexaminedthe developmentof plumesinto a thermally
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stratifiedfluid. In alaterexperimentthey usedalargerrangeof rotationrates,andcomparedrunsin

stratifiedfluid with unstratifiedruns(CoatesandIvey, 1997).JonesandMarshall(1993)employed

a numericalmodelbasedon thenonhydrostaticBoussinesqequations.Thegrid spacingof 250m

horizontallyand100m in theverticalwassmallenoughto resolve grossaspectsof plumes.

Theresultingscalingfactorsfrom thedifferentexperimentsaresummarizedin Table5.2. All

laboratoryexperimentsagreein the rotationalvelocity scaleof «ÉÈËÊ } Êk« ´�³©µ , confirmingearlier

resultsof Boubnov andGolitsyn(1990).In thenumericalexperimentof JonesandMarshall(1993)

the velocity fluctuationswere of aboutthe sameorder as the rotationalscale. Maxworthy and

Narimousa(1994)alsofoundthatthemaximumvelocity occurringin rotatingplumesscaleswith¥ ´�³©µ
, andestimatedascalingfactorof 4.

TABLE 5.2: Nonrotationalandrotationalscalingfactors,andthecritical depthwherethetransitionto rota-
tionalcontrolledconvectionoccurs.

nonrotational rotatinonalscaling critical depth

Fernandoet al. (1991):bottom–heatedrotatingtank¥ x YÍÌ } ÊJÎ ] } Ì ª ¥ ´&³©µ Ç | G x Y�\ Ê }ÐÏ Î \ } Ì ª ¥ ´&³©µ« x YS] }ÒÑ Î ] } ] Ï ª « ²k³©´&³©µ Ó « x Y Ê }TÔ Î ] } Ê ª « ´&³(µ
JonesandMarshall(1993):250m horizontalresolutionnonhydrostaticmodel«ÕÈ ] }ÒÖ « ´&³©µ ×
MaxworthyandNarimousa(1994):rotatingtank,densewaterreleasedon top¥ x Y�\ Ñ
} ] Î \ }ÒÑ ª ¥ ´&³©µ | G x Y�\ Ê }ÐÏ Î \ }ÒÑ ª ¥ ´&³©µ« x Y Ê } ] Î ] } Ê ª « ´&³(µ«�ØeÙÛÚ x Y ÔÜ} ] Î ] }TÔ ª « ´&³©µ
Coateset al. (1995):bottom–heatedrotatingtank,with thermallystratifiedfluid¥ x YS] } Ì1Ý Î ] } ]DÞ ª ¥ ².³©´�³©µ«!È ] } Ì « ².³©´&³(µ
CoatesandIvey (1997):bottom–heatedrotatingtank« x YS] } Ý Î ] } \ ª « ².³(´&³©µ Ó « x Y Ê } ÊßÎ ] } Ê ª « ´&³(µ | G x YÍÌ Ñ Î \ Ñ ª ¥ ´�³©µ
Thisstudy:observationswith mooredADCPs(seeSection5.3.3)¥ ¦ �« x YS] } Þ Î ] } Ê ª « ².³©´�³©µ« Ø`ÙÛÚ x Y�\ }ÒÑ Î ] } Þ ª « ².³©´&³(µÇ
using

¥ x ] } Ê Ñ | G (Hunt,1984)Ó
runscarriedoutwith rotationswitchedoff (

� x ]
)×

estimatedfrom valuesgivenin theirTable3

Fernandoet al. (1991)andCoatesand Ivey (1997)carriedout a numberof runswith rota-

tion switchedoff (
� x ]

), resultingin nonrotationalscalingfactorsfor the velocity fluctuations
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of 0.5 and0.8, respectively. In their experiments,CoatesandIvey (1997)demonstratedthatwith

increasingrotation the nonrotationalscalingfactor for velocity decreases,thus explaining their

earlierresults(Coateset al., 1995)of a relatively small scalingfactorof about0.3. Both experi-

mentsshowed,thatthenonrotationalscalingstaysvalid in thepresenceof rotation,andalsoin the

presenceof aninitial thermalstratification.

Consideringthecritical depth
| G , wheretheplumescomeunderrotationalcontrol,Maxworthy

andNarimousa(1994)confirmedthe resultsof Fernandoet al. (1991)of a scalingfactorof 12.7

for
| G , but cameto a quitedifferentlengthscalefor therotatingplumes.They foundthatthemean

diameterof theconvective cells is aboutthesameasthedepthof theupperconvective layer. But

while theresultsof Maxworthy andNarimousa(1994)weredrawn from directobservationsin the

tank,theresultof Fernandoet al. (1991)wasderived from earlierresultsof Hunt (1984). Coates

andIvey (1997)did not find a suddentransitionfrom three–dimensionalturbulenceto rotationally

controlledflow, but a rathersmoothasymptoticonefrom onestateto theother. They foundamean

scalingfactorof 35 for the critical depth,anda maximumscalingfactorof 50 below which the

turbulencewasfully rotationallycontrolled.

ThecorrespondingnaturalRossbynumbersfor thescalingfactorsof
| G foundin thelaboratory

experimentsare
��Ä Ç Å \ { \ Ê }ÐÏ x ] } ]DÝ for theresultsof Fernandoetal. (1991)andMaxworthyand

Narimousa(1994),and
��Ä Ç Å \ { Ì Ñ x ] } ]DÌ for theresultsof CoatesandIvey (1997).Thisis much

smallerthanthe valueof about0.7 suggestedby the (apparentlyrathermorediffusive (Marshall

andSchott,1999))numericalexperimentsof JonesandMarshall(1993).

5.3.3 ObservationalResultsComparedwith Theory

Despitethe technicallimitationsof oberserving3-D turbulencein theocean,theattemptis made

in thefollowing to testtheabove scalingargumentswith thefield observations.Consideringthata

naturalRossbynumberof atleastlessthan0.1appearstobenecessaryfor atransitionto rotationally

controlledturbulence,it seemsunlikely that this regime is appropriatefor deepconvectionin the

ocean.With abuoyancy flux of
� È \�Zß\�]
^�à

mM ŝ ¨ andaCoriolisparameterof
� È \�Zß\�]
^�g

ŝ P ,
thedepthof theupperconvective layerhasto exceed3200m in orderfor thenaturalRossbynumber

to belessthan0.1. This is closeto thewaterdepthin theconvectionregionsof theGreenlandand

LabradorSeas.

Figure5.30shows a contourplot of thenaturalRossbynumberasfunctionof buoyancy flux,

mixedlayerdepth,andtheCoriolisparameterin theLabradorSeaandtheGreenlandSea,together

with theconditionsfoundduringtheplumeevents.Thebuoyancy flux duringplumeeventsis taken

from NCEP/NCARreanalysisdataandthe mixed layer depthis estimatedfrom the temperature

recordsobtainedat themoorings.Theuncertaintiesin themixedlayerdepthmaybeup to several

hundredmetersdependingon theactualspacingof temperaturesensorsin themooring. Most of

theeventsoccurredat naturalRossbynumberswell above thecritical valueof 0.1 andonly a few
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of plumesareshown asdotsfor theLabradorSeaandastrianglesfor theGreenlandSea.

eventsshow smallvaluesof
��Ä Ç

, especiallyduringperiodsof weakforcing.

Themaximumdownwardvelocityandthermsverticalvelocityof theindividualplumesnondi-

mensionalizedwith both the nonrotationalscale
Y ��� ª P(R ¨ and the rotationalscale

Y � { � ª P(R�M are

shown in Figure5.31.Thescaledvelocitymeasurementsareplottedagainstthedepth,nondimen-

sionalizedwith the mixed layer depth,wherethe maximumdownward velocity wasfound. The

meansandstandarddeviationsfor depthbinsof
| { � x ] } Ê areshown aserrorbars.

It is evident that for themaximumdownwardvelocity aswell asfor thermsverticalvelocity

the nonrotationalscalingis the betterdescriptionof the observations. The scatterof the velocity

datanondimensionalizedwith therotationalscaleis at leasttwice thatof thenonrotationalscaling.

Thus,therotationclearlydoesnotcontroltheturbulenceandthermsverticalvelocitycanberelated

to thenonrotationalscaleas L�H M N P(R�M x YS] } Þ Î ] } Ê ª Y �Æ� ª P(R ¨ } (5.14)

For themaximumdownwardvelocity theobservationssuggesttherelationH ØeÙÛÚ x Y�\ }ÒÑ Î ] }ÒÑ ª Y ��� ª P(R ¨ } (5.15)
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FIG. 5.31: Maximumdownwardvelocityof individualplumesnondimensionalizedwith thenonrotational
scale�î·ß¶
� é(ê©æ (a),andnondimensionalizedwith therotationalscale�p·ï��åÜ� é(ê©ç (b),plottedagainst
theobservationdepthnondimensionalizedwith themixedlayerdepth.(c) and(d) arethesame
for thermsverticalvelocity. Thedataarefrom theLabradorSeamooringsBravo 1994/95(cir-
cles),K1 1996/97(plus),K11 1997/98(squares),K21 1998/99(diamonds),andtheGreenland
SeamooringGSM5 1994/95(triangles). Meansandstandarddeviationsfor ¸1��¶ = 0.2 inter-
vals areshown assolid dotsanderrorbars.Resultsfrom laboratoryexperimentsof Fernando
etal. (1991)(dashed),MaxworthyandNarimousa(1994)(dashdot),andCoatesandIvey (1997)
(dotted)areshown for comparison.
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With a typical LabradorSeabuoyancy flux of
�

= 1
Z

10̂
�à

mM ŝ ¨ anda mixed layer depthof�
= 1000m this scalingresultsin a verticalvelocity of L�H MkNQP(R�M x YÍÌ Î \ ª cmŝ P andmaximum

valuesof H ØeÙÛÚ x Y Ï ÎðÊ ª cmŝ P .
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FIG. 5.32: Observed plume diameternondimensionalizedwith the mixed layer depth (a), and nondi-
mensionalizedwith the rotationalscale �î·¡��å�æè�(é(ê©ç , plottedagainstthe naturalRossbynumberá âOãñ�Ã�p·¡�Oå�æ/¶�ç/�©é¾ê©ç . Markersarethesameasin Figure5.31.Meansandstandarddeviationsforá âOã`��òAó ô intervalsareshown assolid dotsanderrorbars.Resultsfrom laboratoryexperiments
of Fernandoetal. (1991)(dashed),MaxworthyandNarimousa(1994)(dashdot),andCoatesand
Ivey (1997)(dotted)areshown for comparison.

Figure5.32shows the diameterof individual plumesscaledwith the mixed layer depthand

with therotationalscale
Y � { � ¨ ª P(R�M , plottedagainstthenaturalRossbynumber

��Ä Ç
. In caseof a

transitionto rotationallycontrolledturbulence,onewouldexpectadecreasingscatterof theplume

diametersscaledwith
¥ ´&³©µ

towardssmallnaturalRossbynumbers.This is obviously not thecase.

Insteadthescatterincreasesdramaticallytowardssmallvaluesof
��Ä Ç

.

Comparedto theverticalvelocitymeasurements,whichareveryaccurate,theplumediameters

areonly roughestimatesobtainedfrom contourplotsof vertical velocity. Although thenonrota-

tional scalingof theplumediametersclearlydescribestheobservationsbetterthanthe rotational

scaling,anappropriatescalingfactorcannotbedetermined.At leasttheobservedhorizontalscales

appearto beof thesameorderasthemixedlayerdepth.

Concurrentmeasurementsof three–dimensionalcurrentswerecarriedout in thecontext of the

Labrador SeaDeepConvectionExperimentwith 3–D Lagrangianfloats,employed to track indi-
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vidualwaterparcels.During thefirst winter (1997)thehorizontaltrackingof thefloatsfailed,and

only pressurerecordswereobtained.In FebruaryandMarch1998three–dimensionaltrajectories

wereobtained,androtationwasobserved on the3–7 km scale.Evidencefor rotationon smaller

scaleswasfound,but beyond the trackingaccuracy. A downward spiralingof waterparcelswas

notobserved(E. Steffen,personalcommunication).

Assumingthatthedensityanomaliescausedby buoyancy lossat thesurfacearecarrieddown-

wardby theplumes,it takesa time of order ¢ Ø`õ�Ú ¦ � {�Hñö�÷Òø Ø`ù to bring thedensefluid to thebase

of themixedlayer. Sincein adiffusive systemit takesa timeof order
� M { v�ú to propagateasignal

over adistance
�
, themagnitudeof thediffusivity

v�ú
canbededucedfrom theknowledgeof ¢ Ø`õ�Ú

(SendandMarshall,1995;Klinger etal., 1996;SendandKäse,1998)vûúïx � M¢ Ø`õ�Ú x � Hñö�÷Òø Ø`ù (5.16)

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

mixing timescalecanbedefinedas

¢ Ø`õtÚ x �L�H M N P(R�M x �] } ÞÜY ��� ª P(R ¨ x \] } Þ Á�� M�üÂ P(R ¨ � (5.17)

andthecorrespondingeddydiffusivity resultsinvûú�x � L�H M N P(R�M x ] } ÞÜY ��� g ª P(R ¨ } (5.18)

For thetypicalconditionsof
�

= 1
Z

10̂
�à

mM ŝ ¨ and
�

= 1000m, thisresultsin amixing timescale¢ Ørõ�Ú of about10 hoursanda diffusivity of about30 mM ŝ P . Thesevalues,appropriatefor effects

of plumes,have to becomparedwith the thermaldiffusivity derived from theheatflux estimates

in Section5.2.4. As the diffusivity of

vûw
= 1 mM ŝ P resultedfrom 5–dayvertical heatflux av-

erages,it canbe regardedasanestimateof theeffective mixing carriedout throughanensemble

of plumesover several days. The correspondingmixing timescaleof 11.5daysis thenthe time

it takes to completelyhomogenizea convective patchby a large numberof convective plumes.

The otherway round,the instantaneousheatflux time series(Figure5.25) show peakvaluesof

5 – 15
Z

10̂
�g

K m ŝ P during individual plumeevent,with thevertical temperaturegradientin

thenear–surfacelayerof about0.5
Z

10̂
�g

K m
^ P thisgivesdiffusivities of

v�w
= 10– 30mM ŝ P ,

whichcorrespondswell to thediffusivity resultingfrom theverticalvelocityscaling.

In summary, theobservationsof individual plumeswith mooredADCPsin theGreenlandand

LabradorSeasclearlysupportthenonrotationalregime. This is consistentwith the laboratoryex-

perimentsthatsuggesteda transitionto rotationallycontrolledturbulenceat naturalRossbynum-

bersat leastlessthan0.1,while thenaturalRossbynumberscorrespondingto theobservedplume
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eventsweregenerallylarger. Thescalingfactorfor thermsverticalvelocity is remarkablycloseto

thevaluesobtainedin thetankexperimentswhererotationhasbeenswitchedoff. Oneuncertainty

arisesfrom thefact thatat largemixedlayerdepthsonly theupperpartof theplumesis observed

with themooredADCPs,andonemight arguethata transitionto rotationallycontrolledflow oc-

cursin thedeeperpart. On theotherhandthereis no indicationin theobservedhorizontalscales

of theplumesto follow therotationalscalingat smallnaturalRossbynumbers.



6. SUMMARY AND CONCLUSIONS

In thisstudy, observationsattheknown convectionsitesof thecentralGreenlandandLabradorSeas

wereanalyzed.Themeasurementscarriedoutatmooredstationsin theGreenlandSeacoveredthe

periodfrom June1988to October1995with a gapbetweenApril 1991andAugust1992. In the

LabradorSeathefirst mooringarraywasdeployedin August1996and,while theobservationsare

presentlycontinued,themeasurementsup to summer1999wereanalyzedandcomparedto earlier

observationsfrom thewinter1994/95.

The convection activity observed in the centralLabradorand GreenlandSeasshowed con-

siderableinterannualvariability throughoutthe observational periods. In the LabradorSea,the

maximumdepthof convectiondecreasedfrom about1800m duringthewinterof 1994/95to only

600m in 1999.Thewatermasspropertiesof thewintermixedlayershowedincreasingtemperature

anddensityanddecreasingsalinity. It hasbeenshown thatthevariability of theconvectionactivity

cannotbeattributedto variationsof thesurfaceforcing alone,but that theprevailing stratification

is of similar importance.Themostremarkabledifferencewasbetweenthewintersof 1994/95and

1996/97.Thewinter of 1996/97wasoneof ratherstrongsurfaceforcing,but theinitial buoyancy

contentof thewatercolumnobservedduringsummer1996wasthehighestwithin theobservational

period. A considerableamountof the additionalbuoyancy waslocatedin the near–surfacelayer

andcausedby low salinity. Thustheconvectionin 1996/97waslessdeepthanin 1994/95,where

the stratificationwasweaker andthe lessintensesurfaceforcing could causedeeperconvection.

Nevertheless,probablymorenew LabradorSeaWaterwasformedduring thewinter of 1996/97,

becausea largeramountof waterwastransformedto thetypicalLSW densityclass.

One–dimensionalbudgetsof heatandfreshwaterwereevaluatedat theLabradorSeaconvec-

tion mooringsandcomparedto theNCEP/NCARreanalysissurfacefluxes.Themagnitudeof the

NCEP/NCARfreshwaterfluxesturnedout to be too small to explain theobserved salinity of the

winter mixedlayer. Theheatfluxesof theNCEP/NCARdataweretypically 20 – 50%larger than

theobservedheatlossof thewatercolumnbetweensummerandwinter, but it cannotbeseparated

to which degreethis imbalanceis dueto overestimationsof theheatfluxesor thelateraladvection

of heat. Betweensummer1996andsummer1999the temperaturetime seriesshowed a general

warmingof theupper2000m. Themeanannualwarmingratewasof 0.13 d C/yr, corresponding

to a netheatflux of about34 W m
^ M . Theannualmeanair–seaheatlossin thecentralLabrador

Seawasof 60 W m
^ M for this period,resultingin 95 W m

^ M that have to be suppliedby lateral
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advection.This is mostlikely anupperlimit, becauseof thepossibleoverestimationof heatlossin

theNCEP/NCARdata.

In theGreenlandSea,ongoingconvectionto theoceanbottomhasnotbeendirectlyobservedat

present,althoughit is suspectedto occurat leastoccasionally. Duringtheperiodof observationsat

mooredstations,convectionwasonly observedto reachintermediatedepths.Yet, theobservations

revealedan interestingdifferencebetweenthe convection during the winter of 1988/89and the

wintersof 1993/94and1994/95. In 1988/89,ice formationandits subsequentexport out of the

convection region contributed substantiallyto the buoyancy lossof the surfacelayer during the

preconditioning(Visbecket al., 1995),while during the later winters the centralGreenlandSea

remainedice freeandtheconvectionwaspurelydrivenby air–seafluxes.

Regardingthe impact of NAO variability on the convection intensity in the Greenlandand

LabradorSeasassuggestedby Dicksonetal. (1996),thereis noobviousrelationbetweenthecon-

vectionintensityduringaparticularwinterandthewintermeanNAO index. While theconvection

intensitydecreasedin theLabradorSeaover theobservationalperiod,thewintermeanNAO index

increasedbetween1996and1999.However, sucha directlink waspresumablynot impliedby the

authors,andtherelationbetweentheNAO andtheconvectionintensityshouldbeconsideredon a

longertimescalethanyearto yearchanges.

At leastin the LabradorSea,whereabout30% of the variability of the winter time surface

buoyancy lossareexplainedby theNAO index, several yearsof positive NAO, asduring the late

1980sandearly1990s,increasethe likelyhoodthatdeepconvectionhastaken placeduringsuch

a period. If therestratificationoccurson time scaleslongerthanoneyear, convectioncouldmore

easilyreachlarger depthsduring subsequentwinters. This wasprobablythe casefor the winter

of 1994/95.On theotherhand,duringa multi–yearperiodof negative or moderateNAO, intense

convection probablyoccursonly sporadically. The restratificationof the watercolumnthrough

lateraladvection,indicatedby thewarmingtrendobservedin theLabradorSeatemperaturerecords,

thenpreventsdeepconvectionduringa subsequentmild winter. This waslikely the casefor the

winterof 1996/97andalsofor thewinterof 1971/72,whichshowedthelargestbuoyancy lossin the

NCEP/NCARreanalysisdata,but whereconvectionreachedto only 1500m depthat OSWBravo

dueto thelow salinityof thenearsurfacelayer(Lazier,1980).

In theGreenlandSea,thesituationis morecomplicateddueto the interactionwith seaice. A

relationbetweenthe winter meanNAO index andthe buoyancy lossto the atmospheredoesnot

exist, at leastin theNCEP/NCARreanalysisdata.Further, convectionto largedepthsappearsto be

a rareevent,while convectionto intermediatedepthsoccursmoreregularlyandeitherwith seaice

interactionor purelydrivenby theatmosphere.

In additionto theobservationsin thecentralLabradorSea,mooringswerealsodeployedin the

boundarycurrentregion. They wereequippedasconvectionmooringsin orderto registereven-

tually happeningconvectionin the LabradorCurrentassuggestedby Pickartet al. (1997). Both
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theverticalvelocity measurementsaswell asthetemperaturedevelopmentover thewinter period

showednoevidenceof convectionactivity atthesemooringlocations.Instead,ratherinstantaneous

coolingoverseveralhundredmeterswasobservedduringwinter, followedby increasedfluctuations

betweencold andwarmconditions.The large vertical rangeof the temperaturefluctuationssug-

gestsa lateraladvectionof the anomalies.The temperatureandsalinity time seriesindicatethat

thecold andfreshwaterin theboundarycurrentregion canbea resultof horizontalmixing with

convectively generatedwaterfrom theinteriorLabradorSea.

Interestingly, thewatermasspropertiesof thewintermixedlayerobservedin 1999atthecentral

convection mooringcorrespondedto the sourcepropertiesof the so calledupperLSW (Pickart

et al., 1996), indicatingthe possibilityof its formationin the centralLabradorSeaduring rather

mild winters. This is in contrastto the suggestionby Pickartet al. (1997)of upperLSW being

formedby convectionin themainbranchof theLabradorCurrent.

Theverticalvelocitymeasurementsfrom theLabradorandGreenlandSeaswerecarefullyana-

lyzedfor individualplumeevents.Theresultingnumberof observedeventsby farexceedsthoseof

previousstudies,thusallowing thefirst thoroughlytestof theoreticalscalinglaws,developedfrom

numericalandlaboratoryexperiments,againstfield observations.

Thespatialandvelocitystructureof theconvectiveplumesobservedin theLabradorandGreen-

land Seasgenerallyconfirm the earlierobservationswith mooredADCPsin convectionregions,

supportingthemwith a broaderobservationalbase. The plumesobserved in the GreenlandSea

showedhorizontalscalesof typically 200– 600m, basedon thehorizontalbackgroundflow and

assumingthatplumesareadvectedasfrozenstructures.Themaximumdownwardvelocitieswere

of 4 – 5 cmŝ P with peakvaluesof up to 9 cmŝ P . In the LabradorSea,plumeswith larger

diametersof 200– 1200m werediagnosed.Theaveragehorizontalsizewasof about700m and

theverticalvelocitiesrangedbetween3 and9 cmŝ P . Duringthewinterof 1996/97it waspossible

to directly measuretheverticalheatflux associatedwith plumesover two periodsof intensecon-

vection.Botheventslastedfor severaldaysandshowedstatisticallysignificantmeanheatfluxesof

about200W m
^ M atadepthof 430m. A furtherperiodof significantheatflux of about100W m

^ M
wasobservedduringthefollowing winter in mid–March1998.

A majorquestionaddressedwaswhetherconvective plumescomeunderrotationalcontrol,and

henceif their growth is constrainedby theEarth’s rotation.Theobservedmaximumandrmsver-

tical velocitiesagreewith thescalingargumentsfor thenonrotationalregime,andthedetermined

scalingfactorfor the rms vertical velocity is remarkablycloseto the valuesobtainedin tank ex-

perimentswhererotationhasbeenswitchedoff. ThenaturalRossbynumberscorrespondingto the

observedplumeeventsweregenerallylargerthen0.1,whichisconsistentwith thelaboratoryexper-

imentsthatsuggesta transitionto rotationallycontrolledturbulencefor smallerRossbynumbers.

Theresultsfor thehorizontalplumescalearelessclear, but still thenonrotationalscalingdescribes

theobservationsbetterthantherotationalscaling,andtheobservedhorizontalscalesappearto be
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of thesameorderasthemixedlayerdepth.

Previousstudiesbroughtno clearevidencefor a well organizedhorizontalcirculationassoci-

atedwith convective plumesandthe larger numberof eventsanalyzedherealsoshowedno con-

sistenthorizontalcurrents,even whenseveral eventswhereaveraged. Instead,it seemsthat the

horizontalcurrentsonshorttimescalesarerandomstructures,at leastin theLabradorSea.For the

GreenlandSea,dueto the fewer observations,it cannotbe ruled out that sporadicallyconvective

plumesbecomerotationallycontrolled.Further, thebuoyancy flux in theGreenlandSeais gener-

ally weaker thanin theLabradorSeaandconvectionwasobservedonly to intermediatedepths.A

weaksurfaceforcing of
� x ] } \�Zð\�] ^�à mM ŝ ¨ anda deepmixed layerof about3000m gives

a naturalRossbynumberof about0.02andthuswould resultin rotationallycontrolledturbulence,

accordingto the resultsof CoatesandIvey (1997). Nevertheless,theseauthorsshowed that the

nonrotationalscaling,which was found to be consistentwith the observations,staysvalid even

in a stateof transitionwherethe rotationaffectsbut doesnot control the turbulence.Thusit can

be concludedthat the nonrotationalscalingappliesfor the majority of oceanicconditions,while

rotationallycontrolledconvectionoccursonly rarelyin theocean.

Regardingthe net effect of individual plumesand their representationin numericalmodels,

Klinger et al. (1996) showed that the grosspropertiesof plumesseenin their nonhydrostatic,

plume–resolvingmodelareadequatelyrepresentedby a slow convective adjustmentscheme.A

slow adjustmentschemeis equivalentto employing a large verticaldiffusion for staticallyunsta-

ble conditions.Theverticalvelocityscalingderivedfrom theobservationsindicatesthata vertical

diffusivity of

v�ú4x ] } ÞÜY ��� g ªQP(R ¨ is appropriatefor the effectsof convective plumes. The cor-

respondingmixing time scaleis typically of the orderof several hours. On the larger scale,the

measurementsof theverticalheatflux suggestthat it takesseveraldaysfor theplumesto homog-

enizea convective patch. An appropriatediffusivity to representtheneteffect of anensembleof

plumesis probablyoneorderof magnitudesmallerthanon theplumescale.
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A. MOORINGSAND DATA QUALITY

A.1 MooredInstruments

Throughouttheyearsof convectionobservationsin theGreenlandandLabradorSeas,a multitude

of different instrumentswasdeployed in the moorings. A listing of the instrumentsdeployed in

the GreenlandSeamooringsis given in TableA.1 (including the mooredarrayfrom the winter

of 1988/89for completeness),andthe instrumentsdeployed in theLabradorSeaarelisted in Ta-

ble A.2. The three–dimensionalflow field wasrecordedusingRD instrumentsacousticDoppler

currentprofilers(ADCPs),discussedin moredetail in AppendixA.2. Horizontalcurrentswere

measuredwith Aanderaarotorcurrentmeters(RCMs)andin theLabradorSeaalsowith FSIacous-

tic currentmeters(ACMs). TheACMswereinitially intendedto measureall threevelocitycompo-

nents,but theverticalvelocityturnedoutto beunreliable.All currentmeterswerefurtherequipped

with temperaturesensors.

Additionaltemperaturerecordsfromfour typesof instrumentswereusedtomeasurethechanges

of thethermalstratification:Aanderaathermistorstringswith a thermistorspacingof 20m for the

200 m long stringsand40 m spacingfor the400 m strings,FSI temperaturerecorders,tempera-

ture/pressurerecordersdevelopedattheIfM Kiel, andSea–Birdtemperature/conductivity recorders

(SeaCATs,MicroCATs). Thetemperaturemeasurementswerecomparedto CTD castsobtainedin

the vicinity of the mooringsand most of the instrumentsneededoffset correctionsof typically

0.02– 0.20 d C, exceptfor thehigh–precisionSeaCATs andMicroCATs andthe IfM Kiel instru-

ments.Theaccuracy of thetemperature/conductivity recorderswasfurther improvedby lowering

theinstrumentstogetherwith theCTD probebeforedeploymentandafterrecovery. Thermsdiffer-

encesweretypically0.001d C and0.003mS/cm.TheIfM Kiel recorderswerelaboratorycalibrated

andhave anominalaccuracy of 0.005– 0.010 d C.

The determinationof salinity and densityfrom conductivity and temperaturemeasurements

with SeaCATs andMicroCATs may be considerablyaffectedif a constantpressureis used(i. e.

thenominalinstrumentdepth).An increaseof pressureof 100dbar, dueto verticalexcursionsof

theinstruments,resultsin a decreaseof 0.05in salinity and0.04in density. Theerroron thecom-

putationof potentialtemperatureis aboutoneorderof magnitudesmaller. In orderto accountfor

theverticalexcursionsof sometimesseveralhundredmetersin thecentralLabradorSea,pressure

recordswereconstructedusinga mooringmodel.Themodeldeterminestheequilibriumresponse
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TABLE A.1: GreenlandSeamoorings
InstrumentType Depth Duration SamplingRate Remarks

(m) (days) (minutes)

Mooring: M250,73d 21.5’ N 0d 48.0’ W, WaterDepth: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: M319,74d 57.0’ N 4d 59.0’ W, WaterDepth:3554m

1988/06/1719:50– 1989/05/2806:06
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: T5,75d 34.0’ N 6d 7.0’ W, WaterDepth:3374m
1988/09/1413:42– 1989/08/30

Tomo 97 (SIO/WHOI)
ADCP(downward) 141 344 30

Mooring: T6,75d 3.0’ N 2d 58.0’ W, WaterDepth:3624m
1988/09/2014:05– 1989/08/20

RCM/SeaCAT 60 (NOAA/PMEL)
Tomo 88 (SIO/WHOI)
RCM/SeaCAT 197 (NOAA/PMEL)
ADCP(downward) 200 333 60
ADCP(upward) 1400 333 60
RCM/SeaCAT 1402 (NOAA/PMEL)

Mooring: GSM1,75d 0.1’ N 4d 0.0’ W, WaterDepth: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

Instrumenttypesare:ADCP, RDI acousticDopplercurrentprofiler;RCM,Aanderaacurrentmeter;
THS,Aanderaathermistorstring;SeaCAT, Sea–Birdtemperature/conductivity recorder.
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TABLE A.1:(continued)
InstrumentType Depth Duration SamplingRate Remarks

(m) (days) (minutes)

Mooring: GSM2,75d 1.2’ N 4d 4.9’ W, WaterDepth:3600m

1990/07/1318:18– mooringlost
ADCP(upward) 324 264 30 foundin summer1995

Mooring: GSM3,74d 59.3’ N 3d 3.6’ W, WaterDepth:3520m
1992/08/2001:22– 1993/04/0907:38

SeaCAT 58 232 20/5
Ç

badconductivity
RCM-4 79 232 120 (IfM Hamburg)
THS(200m) 100 0 120 nodata
RCM-4 324 232 120 (IfM Hamburg)
SeaCAT 346 232 20/5

Ç
badconductivity

THS(400m) 568 0 120 nodata
ADCP(upward) 570 232 20
SeaCAT 572 232 20/5

Ç
RCM-5 1101 232 120 (IfM Hamburg)
SeaCAT 1408 232 20/5

Ç
RCM-5 2456 232 120 (IfM Hamburg)

Mooring: GSM4,74d 59.4’ N 2d 53.9’ W, WaterDepth:3630m
1993/05/2121:52– 1994/07/3012:48

SeaCAT 170 434 20/5
Ç

RCM-8 195 434 120
THS(200m) 216 434 120
SeaCAT 442 434 20/5

Ç
THS(400m) 463 434 120
ADCP(upward) 869 0 20 nodata
SeaCAT 874 434 20/5

Ç
RCM-8 1076 434 120
SeaCAT 1477 434 20/5

Ç
RCM-8 2548 434 120

Mooring: GSM5,75d 2.3’ N 2d 54.8’ W, WaterDepth:3563m
1994/07/3017:58– 1995/10/1712:07

SeaCAT 45 443 20/5
Ç

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

Ç
SeaCAT 444 443 20/5

Ç
ADCP(upward) 500 443 20
SeaCAT 687 443 20/5

Ç
SeaCAT 993 443 20/5

Ç
RCM-7 1390 443 60Ç

highersamplingrateduringwintermonths
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TABLE A.2: LabradorSeamoorings
InstrumentType Depth Duration SamplingRate Remarks

(m) (days) (minutes)

MooringK1, 56d 33.6’ N 52d 39.5’ W, WaterDepth:3492m
1996/08/1022:20– 1997/05/2515:16

SeaCAT 75 288 10
Tomo 132
THS(200m) 182 288 60
SeaCAT 425 288 10
ADCP(upward) 487 288 20
MiniT 596 288 10
MiniT 677 288 10
MiniT 768 288 10
SeaCAT 869 288 10 1996/11/22temp./cond.jump
MiniT 972 288 10 until 1996/10/23
ACM 1074 288 30
SeaCAT 1281 288 10 noconductivity
MiniT 1595 288 10 from 1996/10/22
MiniT 1739 288 10 only 1996/10/20– 1996/11/10
ACM 1790 288 30
SeaCAT 2096 288 10

MooringK2, 55d 19.5’ N 53d 53.6’ W, WaterDepth:2385m

1996/08/0915:35– 1997/08/0720:40
SeaCAT 110 363 10
THS(200m) 135 363 180
SeaCAT 388 363 10
ADCP(upward) 440 363 20
THS(400m) 476 363 180
CurrentMeter 880 363 17 (SIO) temperatureonly
SeaCAT 985 363 10
ACM 1149 363 30
RCM-8 1385 363 60
SeaCAT 1761 363 10
ACM 1762 363 30
ACM 2118 363 30

MooringK3, 56d 15.1’ N 48d 42.0’ W, WaterDepth:3690m
1996/08/1321:06– 1997/07/1210:05

Tomo 120

Instrumenttypesare:ADCP, RDI acousticDopplercurrentprofiler;RCM,Aanderaacurrentmeter;
ACM, FSIacousticcurrentmeter;THS,Aanderaathermistorstring;SeaCAT/MicroCAT, Sea–Bird
temperature/conductivity recorder;MiniT, FSI temperaturerecorder;MiniTD, IfM Kiel tempera-
ture/pressurerecorder.
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TABLE A.2:(continued)
InstrumentType Depth Duration SamplingRate Remarks

(m) (days) (minutes)

MooringK4, 58d 30.0’ N 50d 34.2’ W, WaterDepth:3530m
1996/08/1215:05– 1997/07/1021:28

Tomo 130
ACM 590 332 30

MooringK5, 57d 29.8’ N 51d 39.6’ W, WaterDepth:3539m
1996/08/1118:07– 1997/05/2710:00

ADCP(downward) 80 289 30
CTD Profiler 100 0 2880 nodata

MooringK6, 55d 09.1’ N 54d 06.9’ W, WaterDepth:1220m
1996/08/0822:32– 1997/07/0818:31

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

MooringK11,56d 33.6’ N 52d 39.5’ W, WaterDepth:3490m

1997/07/2223:39– 1998/07/1010:47
MiniTD 56 352 20
SeaCAT 71 352 10
ADCP(downward) 192 352 20
SeaCAT 295 352 10
ACM 550 352 30
SeaCAT 809 352 10
MiniTD 1150 0 20 nodata
SeaCAT 1370 352 10
ACM 1371 352 30
SeaCAT 1980 352 10
RCM-8 2590 352 60

MooringK12,55d 19.5’ N 53d 53.6’ W, WaterDepth: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
SeaCAT 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)

MooringK14,58d 30.0’ N 50d 34.2’ W, WaterDepth:3530m

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

MooringK15,57d 06.1’ N 54d 40.0’ W, WaterDepth:3231m
1997/07/2009:44– 1998/07/0918:00

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

MooringK17,57d 24.8’ N 55d 40.0’ W, WaterDepth: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 nodata
ACM 1380 0 30 nodata

MooringK20,56d 58.8’ N 54d 34.8’ W, WaterDepth: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

MooringK21,56d 33.6’ N 52d 39.5’ W, WaterDepth:3490m
1998/08/0620:50– 1999/07/1810:22

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
SeaCAT 1074 346 15
SeaCAT 1481 346 15
RCM-8 1482 346 60
SeaCAT 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)

MooringK22,55d 27.2’ N 53d 43.3’ W, WaterDepth: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
SeaCAT 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 nodata
MiniT 1353 0 10 nodata
SeaCAT 1517 352 15
RCM-8 1518 352 60
RCM-8 1916 352 60
RCM-8 2565 352 60
SeaCAT 2751 352 15
ACM 2752 352 30

MooringK23,57d 24.8’ N 56d 34.3’ W, WaterDepth:2770m
1998/08/0400:23– 1999/07/2211:05

MiniTD 65 352 20
Tomo 136
ADCP(downward) 209 352 30
SeaCAT 1329 352 15
RCM-8 1328 352 60

of the mooringto a given velocity profile, from the dragcoefficientsand the buoyancy of each

mooringcomponent.The resultswerefurther improved by fitting themto pressurerecordsand

ADCP surfacedistancemeasurements.However, uncertaintiesof up to 100dbarremainedduring

periodsof extremeverticalexcursions.

A.2 ADCPCurrentMeasurements

All ADCPsoperatedat 153.6kHz andhada 20d beamangleconfiguration.Thesetupparameters

have beenchangedover theyearsdependingon datastoragecapacityandbatterypower available.

The observational rangeof the instrumentsand the depthsof the individual vertical depthcells

(bins)areshown in FigureA.1. TheADCPverticalvelocity recordsall show ameanbiasbetween
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0.2and0.8cmŝ P , that is alwaysnegative andprobablyresultsfrom theinternaldataprocessing.

Assumingthat themeanvertical velocity shouldvanishover thedeploymentperiod,thebiashas

beenremovedfrom eachtimeseries.
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FIG. A.1: Observationalrangeandthedepthsof the individual bins for all ADCPsin the Greenlandand
LabradorSeas.

For thefirst deploymentsin theGreenlandSea,up to theGSM2mooring,binsof 8.6m length

wereused,with 125pingstransmittedevery 30 minutesat 1 secondintervalsvectoraveragedinto

ensembles(burst sampling). According to the manufacturerthe randomerror of the horizontal

velocitycomponents,using20d transducers,is approximately:ý x \þ�ÿ Ê }TÔ Z \�] ~� � (A.1)

whereý is thestandarddeviation(m ŝ P ), þ is thefrequency (Hz),
ÿ

is thebin length(m), and
�

is thenumberof pingsaveraged(RD Instruments,1989). For theverticalvelocity componentthe

errorreducesby a factorof a�� E Ê ] d {�� Ä a Ê ] d È ] } Ì1Þ . Theabove parametersettingsyield a nominal

accuracy of 1.7 cmŝ P for the horizontalensemblevelocity and of 0.6 cmŝ P for the vertical

velocity. Theparametersettingsfor all ADCPsandthe implied nominalaccuracy is summarized

in TableA.3.

DuringthelaterGreenlandSeaADCPdeployments(GSM3,GSM5)theemsembleinterval was

reducedto 20minutesandtheinstrumentsoperatedwith 17.4m bin length.TheGSM3instrument
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TABLE A.3: ADCPparametersettingsfor all instrumentsandtheimpliednominalaccuracy of thehorizon-
tal andverticalvelocitycomponents.

Mooring Bin Pingsper Ping Ensemble Horizontal Vertical
Length Ensemble Interval Interval Accuracy Accuracy

(m) (sec) (min) (cmŝ P ) (cm ŝ P )
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

LabradorSea
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
K12 1997/98 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
K23 1998/99 17.4 30 54.00 30 1.8 0.6

usedaveragingof 60 pingsat 1.5 secondintervals, thuscompensatingthe tradeoff dueto fewer

pingsperensembleby increasingthebin length.This givesa nominalaccuracy of 1.3cmŝ P for

thehorizontaland0.4cmŝ P for theverticalvelocities.Dueto lessbatterycapacityonly 34pings

per ensemblewerepossiblefor the GSM5 instrument,giving a nominalaccuracy comparableto

theearlierdeployments.TheGSM5instrumentwasnot operatingin theburstsamplingmode,but

usedpingsevenlydistributedover theensembleinterval.

TheADCPsdeployedin theLabradorSeaall usedabin lengthof 17.4m. Theensembleinter-

valsrangefrom 20 to 40 minutes.In thewinter of 1994/95,35 pingsweretransmittedat 2 second

intervals, giving an accuracy comparableto the early GreenlandSeameasurements.During the

following two LabradorSeadeploymentperiodsthe convectionmooringshadADCPsaveraging

60(K1, K2) and70(K11) pingsperensembleat1 secondintervals.For theremaininginstruments

only 18 to 30 pingswereuseddueto lower batterycapacity. The last deploymentperiodso far

wasthewinterof 1998/99.HerethreeADCPswereemployed,all with anensembleinterval of 30

minutesin continuoussamplingmode.



124 A. MooringsandDataQuality

Measuringvertical velocity associatedwith convectioneventswasone of the main tasksof

themooredADCPs. As the LabradorSeamooringsweresubjectto large horizontalandvertical

excursions,theverticalvelocityof theinstrumentitself throughthewaterhasto beconsidered(the

effect of verticalexcursionson thevelocitymeasurementsin theGreenlandSeacanbeneglected).

FigureA.2 shows therateof changeof the instrumentdepthsasdeterminedfrom thesurfacedis-

tancemeasurementsof theupward–lookingADCPs(VisbeckandFischer, 1995)or, in thecaseof

mooringsK11 andK21, from pressurerecordsof thesensorsmountedon theuppermostfloat.
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FIG. A.2: Vertical velocity throughthe water of ADCPs due to mooring excursionsfor the convection
mooringsin the LabradorSea. The rate of changeof the instrumentdepthswas determined
from thesurfacedistancemeasurementsof theupward–lookingADCPsor from pressuresensors
mountedon theuppermostfloat (K11 andK21).

During mostof the time the vertical velocity of the ADCPsthroughthe wateris vanishingly

small,but someperiodsexist wherevelocitiesof morethan1 cmŝ P occurred.TheBravorecord

from 1994/95shows considerableverticalexcursionsbetween1 and14 March1995thatcoincide

with convectionactivity, but theinstrumentvelocitydid notexceed0.5cmŝ P while thedownward

motionin theobservedplumeswasof severalcentimeterspersecond.TheADCPrecordfrom the

winterof 1996/97shows very small instrumentvelocities,but for someperiodstheADCP lost the

contactto theseasurfacemakingit impossibleto determinethevelocity. Oneof thisperiodswasat

thebeginningof Marchwherestrongplumeactivity occurred.Fortunatelythesegapswererather

shortcomparedto the larger onesat the endof Januaryandat the beginning of April. As large
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vertical excursionstypically occurover several daysandthe instrumentvelocity is small before

andafterthegaps,it appearsunlikely thatmajorverticalexcursionsoccurred.

A periodof larger disturbanceof the vertical velocity measurementswas around16 March

1998at mooringK11. This periodcoincidedwith convectionactivity at themooringlocation,but

althoughthevelocity of the instrumentwasof up to 1 cmŝ P this is still rathersmall compared

to themeasuredverticalvelocitiesof 4 – 5 cmŝ P . During thewinter of 1998/99no considerable

instrumentexcursionoccurredduringtheconvectionperiod.
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