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ABSTRACT
Observationsof turbulenceavoidancein zooplanktonarecomparedto estimatesof the

wind-driventurbulencein theupperocean.Turbulenceavoidanceis foundto preventthe
transportof zooplanktonin thesurfaceEkmanlayerat realisticwind speeds.Planktonthat
avoid turbulenceby moving deeperareno longertransportedby thewind-drivenEkman
currentsnearthesurfacebecausethey areno longernearthesurface.Turbulence
avoidanceis shown to leadto near-shoreretentionin wind-drivenupwellingsystems,and
to a reductionof thedelivery of zooplanktonto GeorgesBankfrom thedeeperwatersof
theGulf of Maine.

1. Intr oduction

Somezooplanktonspeciesareobservedleaving thesurfaceoceanto avoid wind-forced

turbulence.Inczeetal. [2001]examinedasinglewind eventandfoundthatcopepodite

stagesof Temora spp.,Oithonaspp.Pseudocalanusspp.andCalanus�nmarchicusall

avoidedwind driventurbulence.Lagadeucetal. [1997]observedsimilar resultsin Temora

longicornisandPseudocalanusspp..andMackasetal. [1993] foundwhatappearedto be

turbulenceavoidancein thefeedingcopepoditestagesof Eucalanusbungii and

Neocalanuscristatus, but not in N. plumchrusor N. �emingeri. Heathetal. [1988]

observedturbulenceavoidancein herringlarvae,andsimilarbehavior hasbeenseenin

larval cod,haddockandhake [Gallego andHeath, 1999;LoughandMountain, 1996;

Reissetal., 2002].

Theorigin of thisbehavior is notunderstood.Thein�uence of turbulenceon

zooplanktonhasbeendebatedsinceRothschild andOsborn[1988]arguedthatturbulence

wouldenhanceencounterrates,andthuswould bene�t zooplanktonfeeding.It hassince

beenpointedout thatathigherlevelsof turbulence,increasedencounterratescouldbe

offsetby decreasedcaptureef�ciency [KiørboeandSaiz, 1995;MacKenzieandKiørboe,

2000;SundbyandFossum, 1990].Othershave pointedout thatincreasedpotential

encounterratesin turbulentwaterscouldbeoffsetby decreasedprey densityin the

turbulentwater, leadingto higherfeedingratesin lessturbulentwater(Franks[2001] and

refs. therein).Observationsin the�eld arecontradictory, with somestudiesshowing

enhancedfeedingsuccessin moreturbulentwaters,andothersshowing a negative

correlation(reviews in MacKenzie[2000]andVisserandStips[2002]). Whetherenhanced

encounterratesarebene�cial to predatorsthatarealsopotentialprey hasbeenlittle

discussed.Regardlessof why turbulenceavoidanceis adaptive, it is crediblyobservedin
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ecologicallyandeconomicallysigni�cant species,soits implicationsfor their transport

shouldbeexplored.

Turbulenceavoidancewill greatlyreducethedirectlywind driventransportof

plankton.Thedirecteffect of wind-forcingis transmittedthroughthesurfaceEkmanlayer

by turbulentmomentum�ux es,andthustheEkmanlayeris turbulent.Turbulence

avoidanceis nearlyequivalentto Ekmanlayeravoidance.Planktonwhich remainsin the

Ekmanlayerwill bemovedto theright (in thenorthernhemisphere)of thewind, andcan

bemoved� ve to tensof kilometersaday. Thosethat�ee turbulenceby moving downward

outof thesurfaceEkmanlayerwill notbetransportedin it.

Turbulenceavoidancewill beshown below to actasa retentionmechanismin

wind-drivencoastalupwellingsystems,keepingzooplanktonfrom moving acrossthe

shelf. It will alsobeshown to alterthetransportof copepodsin theGulf of Maine,helping

to keepplanktonthat�ee turbulenceover thedeeperinteriorbasins,while thosethat

remainin thesurfaceEkmanlayeraremovedto theverydifferentenvironmentsof to

GeorgesBankor thecoast.Turbulenceavoidancewill beimportantanywherethe

wind-driventransportof zooplanktonis important.

In thefollowing sections,thestructureof thesurfaceEkmanlayeris described,andthe

strengthof wind-forcedturbulencein it is given.Theseresultsareusedto quantifythe

wind strengthneededto triggerturbulenceavoidance,andthento describetheeffectsof

turbulenceavoidanceon thetransportof zooplankton.Theimportanceof turbulence

avoidanceis thendescribedfor two regions,thewind drivencoastaloceanandtheGulf of

Maine,followedby adiscussionof its largerimportance.

2. Method

Strati�cation andtheDepthof theEkmanLayer– Thedepthof wind drivencurrentsis set

by thestrengthof theearth's rotationandby thestrengthof theverticalturbulentmixing

of momentum[Ekman, 1905].Thestrengthof theverticalmixing is, in turn,setby the

strengthof thewind andby strati�cation.

In theabsenceof strati�cation,wind driventransportis largely con�ned above adepth

of �u � f � 1 wheref is theCoriolisparameter, � is vonKarmen's constant0.41,andu � is

thevelocityscaleof theturbulence,givenby u � =
�
� � � 1

0

� � 1
2 where� is thewind stress

and� 0 is themeanwaterdensity[Madsen, 1977].Thevelocity turbulencescaleu � is

aboutone-thousandthof thewind speed.TheMadsen[1977]solutionis recreatedin
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�gure 1 with theGeneralOceanTurbulenceModel [Burchard etal., 1999]usingthe

Mellor-Yamadalevel 2.5turbulenceclosurewith theGalperinetal. [1988] lengthscale

limitationsandstability functions.This turbulenceclosureschemeis well tested,andis

capableof calculatingnotonly diffusivity andcurrents,but alsothepro�le of turbulence

intensity. At depthsbelow �u � f � 1, boththeEkmancurrentsandthedissipationof

turbulentkinetic energy � , anindicatorof thestrengthof turbulence,becomesmallvery

quickly.

If thewaterbelow thesurfacemixedlayeris strati�ed evenafterwind hasbeen

blowing for aninertialperiod,thestrati�cation will trapturbulencein thesurfacewell

mixedregion [Pollard etal., 1973;Priceetal., 1986].Thiscanbeseenin left handsideof

�gure 1, in whichstrongstrati�cation hasbeeninsertedbelow themixedlayeratadepth

lessthan�u � f � 1. Thisstrati�cation arreststheturbulenceandcurrentsat thebaseof the

mixedlayer, sothatthereis little of eitherin thestrati�ed waters.In observations,there

areindicationsthatasigni�cant fractionof theEkmantransportextendsbelow themixed

layer[Lentz, 1992],but usuallymosttransportlieswithin it. Thusit is thelesserof thetwo

depths,themixedlayerdepthor �u � f � 1, thatmarksthelower limit � Ek of mostof the

wind-drivenEkmancurrents.

TheMagnitudeof � in theSurfaceEkmanLayer– Many zooplanktonareableto sense

Kolmogorov scaleshearin theirenvironment(e.g.FieldsandYen[1997]),andsomost

studiesof theinteractionof zooplanktonandturbulencehave focusedon � , thedissipation

of turbulentkineticenergy by viscousprocesses,for it scalesasthesquareof the

Kolmogorov scaleshear[Oakey, 1985].An entirelygeneralestimateof � in thesurface

oceancanonly bemadewith complex andsomewhatempiricalnumericalturbulence

closureschemes.However, asimplescalingfor � canbemadein theunstrati�edsurface

mixedlayerin areaswheretheonly sourceof energy is thewind andby assumingthatthe

�o w in themixedlayercanbetreatedasanirrotationalturbulentboundarylayer(e.g.

Oakey [1985]):

� =
u� 3

�z
(1)

wherez is thedistancefrom thesurface.MacKenzieandLeggett [1993]comparedthis

estimateto directmeasurementsof � , andfoundthatit predictedthemagnitudeof the

turbulencewell, andexplained58%of thevariacein � in locationswherewind forcing

dominatedtheturbulenceproduction(asopposedto, e.g.surfacecooling).They did not
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�nd wave breakingenhancedturbulencelevelsoutsideof thetop few metersof theocean

(c.f. Craig andBanner[1994]). AnisandMoum[1995]discusscaseswherewave

breakingandsurfaceheat�ux esbecomesigni�cant.

Theboundarylayerscalingsdonot includetheeffectsof rotationandtheentrainment

of buoyancy from beneaththemixedlayer, bothof whichwould reducetheturbulence.To

estimatethis reduction,� wascalculatedwith theGeneralOceanTurbulenceModel

(GOTM) [Burchard etal., 1999]andtheturbulenceclosuredescribedabove. TheGOTM

modelwasrunwith awindstresswhichvariedfrom 0.005to 0.2Pa,aCoriolisparameters

representative of either30� or 60� N, andstrati�cationsof N 2 = 0, 10� 4 and4 � 10� 4, for

a total of 240modelruns.Themodelwasstartedfrom rest,andthewind appliedin two

steps-half strengthfor the�rst half inertialperiod,andfull strengththereafter. This two

stepforcinggreatlyreducestheinertialoscillationsafteraninertialperiod[Mellor and

Strub, 1980].Thedissipation� wasmeasuredafterfour inertialperiods.In all cases,the

boundarylayerestimateof � waswithin a factorof four of themorecomplex numerical

turbulenceclosurescheme.Thisdiscrepancy is consistentwith theresultsof MacKenzie

andLeggett [1993].

Both thenumericalmodelingandtheboundarylayerapproximationsfor � will miss

turbulencegeneratedby infrequent,largeamplitudemixing eventssuchasinertial

oscillationsinducedby abruptwind shiftsandmixing causedby largeamplitudeinternal

solitons.Theseinfrequenteventscandominatethenetmixing. But, asthework of

MacKenzieandLeggett [1993]shows,mostof thetime turbulencelevelsin thesurface

mixedlayerarecontrolledby wind strength.It is, presumably, thesemorecommon

turbulencelevelsthatzooplanktonrespondto, not theextremelyinfrequentbut very

intenseevents.

Whatstrengthwind cancauseplanktonto �ee thesurface?Therearerelatively few

directsimultaneousmeasuresof turbulentdissipationandzooplanktonabundancein the

surfacemixedlayerandimmediatelybelow, andthuslittle guidanceto theamountof

turbulenceneededto causezooplanktonto movebelow thesurfacemixedlayer. Inczeet

al. [2001] measuredtheverticalpro�le of � andtheabundanceof copepoditeandnaupliar

stagesof Temora spp.,Oithonaspp.Pseudocalanusspp.andCalanus�nmarchicuson the

southern�ank of GeorgesBankfor severaldaysthroughawind event.They foundthatall

but Temora spp.naupliimovedinto strati�ed watersfrom thesurfacemixedlayerat the

onsetof thewind eventin orderto stayin watersof � = 10� 8 W kg� 1 or less.The� in the

watersabove increasedto greaterthan� = 10� 6 W kg� 1. Lagadeucet al. [1997] found
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thatTemora longicornisandPseudocalanussp. (but notOithonasimilis) left thesurface

mixedlayerfor deeperstrati�ed waterswhenthewind-driventurbulencein thesurface

mixedlayerwasestimatedto exceed1:88� 10� 7W kg� 1. Visseretal. [2001], in asimilar

study, foundasigni�cant responseof Oithonasimilis to measuredturbulencein theNorth

Sea,with strongerturbulenceleadingto deeperaveragedepthsof boththecopepodsand

their copepoditesin a region wheremixedlayer� wasnearlyalwaysabove 10� 7, andthe

maximumabundanceof O. similiswasalreadyin thestrati�ed pycnoclinebelow the

mixedlayer. Inczeetal. [1996] foundthatmostunsortedcopepodnauplii on Georges

Bankweremorelikely to befoundin strati�ed low turbulencewaterof themid-water

column.Reissetal. [2002] foundthathake larvaelessthan5mmandcopepoditeson the

ScotianShelfavoidedtheturbulentsurfacewatersandwereassociatedwith turbulence

levelsestimatedto bebelow 10� 7W kg� 1, largeRichardsonnumbers,andweak

turbulence.LoughandMountain[1996] foundthatlarval codwerepreferentiallyfoundin

waterswhere� waslessthan10� 7W kg� 1, andhaddockin evenmorequiescentwaters.

Fromthis limited setof observations,� crit =10� 7 W kg� 1 is somewhatarbitrarily chosen

asthethresholdlevel of TKE dissipationwhich triggersturbulenceavoidance.

Theturbulencelevelscitedabove arethosethat,whenexceededin themixedlayer,

causeplanktonto leave themixedlayer. Thuswhen� exceeds� crit in theEkmanlayer, the

zooplanktonarenotmovedby theEkmancurrents.Thecritical valueof u � , u�
crit, above

which � exceeds� crit everywherein theEkmanlayeris (from (1))

u�
crit = (�z � crit)

1
3 (2)

Thecritical valueof u� thatinduceszooplanktonto leave thesurfaceEkmanlayeris then

u�
crit = (�� crit(mixedlayerdepth))

1
3 (3)

if themixedlayerdepthis lessthan�u � f � 1 and

u�
crit =

�
� 2� critf � 1� 1

2 (4)

if theneutralEkmandepth�u � f � 1 is lessthanthemixedlayerdepth.In thelattercase,

for typicalmid-latitudevaluesof theCoriolisparameter, f = 10� 4 s� 1, u�
crit =0.01m s� 1,

roughlycorrespondingto a10m s� 1 wind. In theformercase,u�
crit is about0.01m s� 1 for

a40m mixedlayerand0.006m s� 1 for a5m mixedlayer(correspondingroughlyto 10 to

6m s� 1 winds).Thus5 to 10 m s� 1 windsaresuf�cient to drive theturbulentsensitive

speciesdiscussedabove outof theEkmancirculation.Theextentto which thiscanbe
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generalizedto otherpopulationsin otherplacesdependson thevariationof � crit between

species,life stagesandindividuals,animportantmatterfor futurestudy.

Once� hasexceeded� crit andzooplanktonbegin to sinkor swimdownward,turbulence

doesnothindertheirability to leave thesurfaceEkmanlayer. Franks[2001]showedthat

turbulencecanonly speedthe�ight of downwardswimmingor sinkingorganismsfrom

theupperocean.Evenneglectingtheroleof turbulencein clearingthesurfacewaters,for

typical copepodand�sh larvaeswimmingspeedsof 0.001to 0.02m s� 1, andEkman

depthsof orderof tensof meters,theplanktoncanleave theEkmanlayerin well lessthan

aninertialperiod,andthusbeforethewind drivenEkmantransportis established.The

zooplanktonthusleave beforebeingtransportedto right (in thenorthernhemisphere)of

thewind.

Thusfor moderateandstrongerwinds,thoseexceeding5 to 10m s� 1, theturbulence

avoiding speciesdiscussedabove arenot likely to bestronglymovedby thesurface

Ekmantransport.Theseresultscanbeextendedto otherspeciesby quantifying� crit for

thosespecies.

3. Results

Any planktonpopulationdynamicsinvolving theadvectionof planktonin theupperocean

wouldbestronglymodi�ed by turbulenceavoidance.Theaveragevelocity in thesurface

Ekmanlayeris roughly� (� 0f � Ek)
� 1, which,for reasonablemid-latitudeparameters

(10m s� 1 winds,f = 10� 4 s� 1, and� Ek =10m)is acurrentof about0.1m s� 1 or about10

kilometersaday. Planktonthatavoid turbulenceavoid this transport.Thesigni�canceof

thisavoidedtransportis illustratedin two scenariosbelow: acoastalupwellingsystem,

andtheGulf of Maineduringthewinter.

TurbulenceAvoidanceandRetentionin anUpwellingSystem– Phytoplanktivorous

zooplanktonin anupwellingsystemfaceadilemma:near-surfaceupwelledwatersis often

quickly �lled with aphytoplanktonbloom– but if thezooplanktongrazersarealreadyin

thesurfacewaters,they aresweptoffshoreby thesurfaceEkmantransportandnever enter

thenewly upwelledwater. Turbulenceavoidancewouldhelpthemavoid this fate.

Within aninertialperiodof theonsetof anupwellingfavorablewind, anoffshore

transportis generatedin thesurfaceEkmanlayer. In amoderatelystrati�ed oceanwith no

greatalongshorevariation,thisoffshoretransportis balanced�rst by anonshoretransport
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spreadthroughoutthewatercolumn,andthen,aftera frictional spindown time(1-5 days

on mostshelves),anonshoretransportin thebottomEkmanlayerforcedby abarotropic

alongshoredownwind �o w [AustinandLentz, 2002;Dever, 1997].Turbulenceavoidance

wouldmake thezooplanktonleave thesurfaceregionof offshoretransport(�gure 2). The

zooplanktonwould thenmoveasmalldistanceonshorein theinitial periodwherethe

return�o w is spreadthroughoutthewatercolumn,andthenwouldmovemostly

alongshorein thedirectionof thealongshorecomponentof thewind asonshore�o w was

limited to theturbulentbottomboundarylayer. Whenthewindssubside,theturbulence

will subside,andthezooplanktoncouldriseinto thenewly upwelledwaters.

Barange andPillar [1992]mayhave observedretentionin anupwellingzonecaused

by turbulenceavoidance.They foundthaton theNamibianshelf,thelarvaeof the

euphausidNyctiphanescapensisremainswithin 25km of theshoredespitepersistent

active upwelling.They attributethis to theverticaldistribution of thelarvae,for thelarvae

remainimmediatelybelow theEkmanlayer, consistentwith turbulenceavoidance.

Unfortunately, thereis nodatashowing thatthisverticaldistribution arisesfrom

turbulenceavoidance,andnotsomeotherenvironmentalcue.

Turbulenceavoidanceis not theonly way zooplanktoncouldavoid signi�cant

cross-shelftransportduringupwellingevents.Othershave pointedout thatdiel migration

couldslow cross-shelftransportby reducingthefractionof time theplanktonspendsin

thesurface,e.g.Giraldoetal. [2002]. It is worthnoting,though,thatdiel migrationhas

beenobservedto interactwith turbulenceavoidance.Lagadeucet al. [1997] foundthat

Temora longicornisonly movedinto thesurfacewaterswhenturbulencewasweak.

Whetherthis interactionbetweenturbulenceavoidanceanddiel verticalmigrationleadsto

anetonshoremotiondependson thedepthof themigrationandtheverticaldistribution of

thereturn�o w.

Winter in theGulf of Maine& TurbulenceAvoidance– Thepopulationdynamicsof

copepodsin theGulf of MaineandGeorgesBankis stronglyin�uencedby theiradvection

to andfrom thedeeperwatersof theGulf to GeorgesBankduringthewinter. This, in turn,

dependson theverticaldistribution of thecopepods.Hannahetal. [1998] foundthatthe

delivery of waterfrom thebasinsof theGulf of Maineto GeorgesBankwasdominatedby

transportin thesurfaceEkmanlayers,andthatthestrongestin�uence on thedelivery of

zooplanktonto GeorgesBankwastheirpositionrelative to thesurfaceEkmanlayer.

Zooplanktonbelow theEkmanlayerweremuchlesslikely to attainthebank,especially
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its crest(c.f. Lynch etal. [1998],Miller etal. [2000]). Studiesof thecirculationof the

Gulf of Maine�nd thatthisoccursbecausethedepth-averagedwind forced�o ws are

primarily along-isobath,and,ascanbeseenin themodelresultsof Greenberg et al.

[1997] (�gure 3), themostvigorouscross-isobath�o ws arecon�ned to thesurfaceEkman

layer. This is typicalof weaklystrati�ed coastalsystems,wherepotentialvorticity

constraintslimit cross-isobathmotionsoutsideof thesurfaceandbottomboundarylayers

(e.g.Pringle [2002]).

A roughestimateof theimportanceof thedirectlywind-driventransportof copepods

in thesurfaceEkmanlayercanbegleanedfrom thebi-monthlymeanwindsandmean

hydrography. TheJanuary/Februarymeanwindsshow considerableinterannualvariability

(�gure 4 takenfrom Lewisetal. [2001]),andareoftenstrongenoughto movecopepodsin

thesurfaceEkmanlayeragooddistance.Themeanwintermixedlayerin theGulf of

Maineis from 20m [Hannahetal., 1998]to 50m [BrownandIrish, 1992]in depth,so

thatameanwind of 0.08Pamovesthesurfacemixedlayer80 to 200km to theright of the

wind – a respectablefractionof thewidth of theGulf of Maine.Northeastwinds(1976

and1990)deliver organismsfrom over thedeepbasinsof theGulf to GeorgesBank,

Southeastwinds(many years,including1982and1979)from over thedeepbasinsto

MassachusettsandNantucket Shoalsandfrom theScotianShelfto GeorgesBank,and

southwestwinds(1983and1993)from over thedeepbasinsto theNew Hampshire/Maine

coast– but only if thecopepodsdonotavoid turbulenceandexit thesurfaceEkmanlayer.

(While themeanwindsmaybelessthanthethresholdneededto triggerturbulence

avoidance,they aretheaverageof many strongeventsin differentdirections,eachwhich

couldtriggerturbulenceavoidance.)

However, in theInczeet al. [2001]Gulf of Mainestudy, only theTemora spp.nauplii

wouldhave beendirectly transportedby thesurfaceEkmantransportfrom over thedeep

basinsto eitherthecoastor thebank,for only they did notavoid theturbulenceby moving

deeper. But thatdatais from asinglewind eventin adifferentseason(summer)at a

differenttime in thecopepodslife cycle. It is only by understandingthespeci�c turbulence

avoidancebehavior of thezooplanktonpresentin thewinter thatwecanaccurately

understandhow they wouldbetransportedby thewind to thecoastor GeorgesBank.
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4. Conclusion

Turbulenceavoidance,if triggeredatmoderatelevelsof � , candramaticallyand

predictablyalterthewind-driventransportof plankton.Thiswouldbeecologically

important,asillustratedabove. Thebiggestbarrierto understandinghow turbulence

avoidancealterswind-forcedtransportis thelackof quantitative knowledgeof thedetails

of turbulenceavoidancebehavior.

Evenwithout theexpensive anddif�cult directmeasurementof � , muchcanbegleaned

abouttheturbulenceavoidanceof zooplanktonby stratifyingverticalnettows with respect

to themixedlayerdepth,ratherthanat �x eddepths.Thiswouldpartitionthetows into

quiescentandpotentiallyturbulentsamples.Zooplanktonsamplessopartitioned,or in

existing samplestakensolelyin themixedlayer, couldbeexaminedwith respectto the

historyof wind andbuoyancy �ux at thesamplingsite,providing statisticalevidencefor

or againstturbulenceavoidance.It will only beafterturbulenceavoidancebehavior has

beenquanti�ed thatits potentiallylargeimportanceto thehorizontaladvectionof different

speciesandtheir life stagescanbegin to beunderstood.
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Figure1: Thewind drivencurrentsandturbulencefor two oceans– onestrati�ed below 31

meters(left), theotherunstrati�ed (right). In bothcases,� = 0:1Pa. A&B) The Ekman

spiralwith andwithoutstrati�cation, respectively. Stars(*) every � vemeters.C&D) Verti-

cal pro�les of currentspeed.ThemixedlayerdepthandtheneutralEkmandepth�u � f � 1

indicated.E&F) Verticalpro�les of turbulentkineticenergy dissipation.
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Figure2: Thecross-shoreretentionandalongshoretransportof turbulenceavoiding zoo-

plankton(“A”) in anupwellingzone,andtheoffshoretransportof non-turbulenceavoiders

(“n”), in an idealized,two-dimensional,moderatelystrati�ed wind-driven upwellingsys-

tem. Theshadedregionsarethoseof high turbulence,andincludethesurfaceandbottom

Ekmanlayers.

15



Figure3: (Left) thedepthaveraged�o w in unitsof 0.1Sv forcedby an alongshorewind

(56� T, or from theleft to theright of the�gure). Notehow �o w ontheshelfroughlyfollows

the isobaths.(Right) nearsurfacevelocity in thesurfaceEkmanlayer. Notehow it cross

the isobaths.Thebathymetryis indicatedby shaded100mbandsfor depthsunder400m.

FromGreenberg etal. [1997].
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Figure4: January/Februarymeanwindstressfor theGulf of Mainefrom 1963to 1993.“C”

indicatestheclimatologicalmean.FromLewisetal. [2001]
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