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ABSTRACT

Obsenationsof turbulenceavoidancein zooplanktorarecomparedo estimate®f the
wind-driventurbulencein the upperocean.Turbulenceavoidanceis foundto preventthe
transporif zooplanktorin the surfaceEkmanlayeratrealisticwind speedsPlanktonthat
avoid turbulenceby moving deeperareno longertransportedy thewind-driven Ekman
currentsnearthe surfacebecauséhey arenolongernearthe surface. Turbulence
avoidances shavn to leadto nearshoreretentionin wind-driven upwellingsystemsand
to areductionof the delivery of zooplanktorto GeogesBankfrom the deepemvatersof
the Gulf of Maine.

1. Intr oduction

Somezooplanktorspeciesareobsered leaving the surfaceoceano avoid wind-forced
turbulence.Inczeetal. [2001] examineda singlewind eventandfoundthatcopepodite
stagef Temor spp.,0Oithonaspp. Pseudocalanuspp.andCalanus nmarchicusall
avoidedwind driventurbulence.Lagadeucetal. [1997] obseredsimilar resultsin Temor
longicornisandPseudocalanuspp..andMadkasetal. [1993]foundwhatappearedo be
turbulenceavoidancen thefeedingcopepoditestagef Eucalanusbungii and
Neocalanugristatus but notin N. plumdirusor N. emingeri. Heathetal. [1988]
obseredturbulenceavoidancein herringlarvae,andsimilar behaior hasbeenseenin
larval cod,haddockandhale [Gallego andHeath 1999;Loughand Mountain 1996;
Reissetal., 2002].

Theorigin of this behaior is notunderstoodThein uence of turbulenceon
zooplanktorhasbeendebatedsinceRothstild and Osborn[1988] arguedthatturbulence
would enhanceencounterates,andthuswould bene t zooplanktorfeeding.It hassince
beenpointedout thatat higherlevels of turbulence increasecgncounteratescouldbe
offsetby decreasedaptureef ciency [Kigrboeand Saiz 1995;MacKenzieandKigrboe
2000;Sundbyand Fossum1990]. Othershave pointedout thatincreasegotential
encounteratesin turbulentwaterscouldbe offsetby decreasegrey densityin the
turbulentwater leadingto higherfeedingratesin lessturbulentwater(Franks[2001] and
refs.therein).Obsenrationsin the eld arecontradictorywith somestudiesshaving
enhancedeedingsuccess moreturbulentwaters,andothersshaving a negative
correlation(reviews in MacKenzie[2000] andVisserand Stips[2002]). Whetherenhanced
encounteratesarebene cial to predatorghatarealsopotentialprey hasbeernlittle
discussedRegardlesof why turbulenceavoidanceis adaptve, it is crediblyobseredin



ecologicallyandeconomicallysigni cant speciessoits implicationsfor their transport
shouldbe explored.

Turbulenceavoidancewill greatlyreducethedirectly wind driventransporiof
plankton.Thedirecteffect of wind-forcingis transmittedhroughthe suriaceEkmanlayer
by turbulentmomentumux es,andthusthe Ekmanlayeris turbulent. Turbulence
avoidanceis nearlyequivalentto Ekmanlayeravoidance.Planktonwhich remainsn the
Ekmanlayerwill be movedto theright (in the northernhemispheredf thewind, andcan
bemoved vetotensof kilometersaday Thosethat ee turbulenceby moving dovnward
outof thesurfaceEkmanlayerwill notbetransportedn it.

Turbulenceavoidancewill be shavn belov to actasaretentionmechanisnin
wind-driven coastaupwellingsystemskeepingzooplanktorfrom moving acrosshe
shelf. It will alsobeshavn to alterthetransporiof copepodsn the Gulf of Maine,helping
to keepplanktonthat ee turbulenceoverthe deepetinterior basinswhile thosethat
remainin the surfaceEkmanlayeraremaovedto thevery differentenvironmentsof to
GeogesBankor the coast.Turbulenceavoidancewill beimportantarywherethe
wind-driventransporiof zooplanktoris important.

In thefollowing sectionsthe structureof the surlaceEkmanlayeris describedandthe
strengthof wind-forcedturbulencein it is given. Theseresultsareusedto quantifythe
wind strengthneededo triggerturbulenceavoidance andthento describeheeffectsof
turbulenceavoidanceon thetransporiof zooplankton.Theimportanceof turbulence
avoidanceis thendescribedor two regions,thewind driven coastabceanandthe Gulf of
Maine,followed by a discussiorof its largerimportance.

2. Method

Strati cation andthe Depthof the EkmanLayer The depthof wind drivencurrentss set
by the strengthof the earths rotationandby the strengthof the verticalturbulentmixing
of momentun{Ekman 1905]. The strengthof theverticalmixing is, in turn, setby the
strengthof thewind andby strati cation.

In theabsencef strati cation, wind driventransporis largely con ned abore adepth
of u f Ywheref istheCoriolisparameter isvonKarmens constan0.41,andu is
thevelocity scaleof theturbulence givenbyu = 0 13 where isthewind stress
and g is themeanwaterdensity[Madsen 1977]. Thevelocity turbulencescaleu is

aboutone-thousandtbf thewind speed.The Madsen1977] solutionis recreatedn



gure 1 with theGeneralOceanTurbulenceModel [Burchard etal., 1999]usingthe
Mellor-Yamaddevel 2.5turbulenceclosurewith the Galperinetal. [1988] lengthscale
limitationsandstability functions.This turbulenceclosureschemas well testedandis
capableof calculatingnot only diffusivity andcurrentsjut alsothepro le of turbulence
intensity At depthsbelov u f 1, boththe Ekmancurrentsandthedissipatiornof
turbulentkinetic enegy , anindicatorof the strengthof turbulence becomesmallvery
quickly.

If thewaterbelov the surfacemixedlayeris strati ed evenafterwind hasbeen
blowing for aninertial period,the strati cation will trapturbulencein the surfacewell
mixedregion [Pollard etal., 1973;Price etal., 1986]. This canbeseenn left handsideof
gure 1, in which strongstrati cation hasbeeninsertedbelon the mixedlayeratadepth
lessthan u f 1. Thisstrati cation arrestsheturbulenceandcurrentsatthe baseof the
mixedlayer, sothatthereis little of eitherin the strati ed waters.In obserations,there
areindicationsthata signi cant fraction of the Ekmantransportextendsbelav the mixed
layer[Lentz 1992],but usuallymosttransporties within it. Thusit is thelesserf thetwo
depthsthemixedlayerdepthor u f 1, thatmarksthelowerlimit g of mostof the
wind-driven Ekmancurrents.

TheMagnitudeof in the SurfaceEkmanLayer Many zooplanktorareableto sense
Kolmogorw scalesheatin their ervironment(e.g. Fieldsand Yen[1997]),andsomost
studiesof theinteractionof zooplanktorandturbulencehave focusedon , thedissipation
of turbulentkinetic enegy by viscousprocessedpr it scalesasthe squareof the
Kolmogorw scaleshearf Oakey, 1985]. An entirelygenerakestimateof in thesurface
oceancanonly be madewith complec andsomeavhatempiricalnumericalturbulence
closureschemesHowever, asimplescalingfor canbemadein theunstrati edsuriace
mixedlayerin areasvherethe only sourceof enegy is thewind andby assuminghatthe
o w in themixedlayercanbetreatedasanirrotationalturbulentboundarylayer (e.g.
Oaley [1985]):

u3

= — 1
. (1)
wherez is thedistancerom the surface.MacKenzieand Leggett [1993] comparedhis
estimateo directmeasurementsf , andfoundthatit predictedthe magnitudeof the
turbulencewell, andexplained58%of thevariacein in locationswherewind forcing

dominatedheturbulenceproduction(asopposedo, e.g.surfacecooling). They did not
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nd wave breakingenhancedurbulencelevels outsideof thetop few metersof theocean
(c.f. Craig andBanner[1994]). Anisand Moum[1995] discusscasesvherewave
breakingandsurfaceheat ux esbecomesigni cant.

Theboundarylayerscalingsdo notincludetheeffectsof rotationandthe entrainment
of buoyang from beneaththe mixedlayer, bothof which would reducetheturbulence.To
estimatehisreduction, wascalculatedwvith the GeneralOceanTurbulenceModel
(GOTM) [Burchard etal., 1999]andtheturbulenceclosuredescribedibore. The GOTM
modelwasrun with awindstressvhich variedfrom 0.005to 0.2Pa,a Coriolis parameters
representate of either30 or 60 N, andstrati cationsof N2 = 0,10 #and4 10 4, for
atotal of 240modelruns. Themodelwasstartedfrom rest,andthe wind appliedin two
steps-half strengthfor the rst half inertial period,andfull strengththereafterThis two
stepforcing greatlyreducegheinertial oscillationsafteraninertial period[Mellor and
Strulh 1980]. Thedissipation wasmeasureafterfour inertial periods.In all casesthe
boundarylayerestimateof waswithin afactorof four of the morecomplex numerical
turbulenceclosureschemeThis discrepang is consistentvith theresultsof MacKenzie
andLeggett[1993].

Both the numericalmodelingandthe boundarylayerapproximationgor will miss
turbulencegeneratedby infrequentJarge amplitudemixing eventssuchasinertial
oscillationsinducedby abruptwind shiftsandmixing causedy large amplitudeinternal
solitons.Thesenfrequenteventscandominatethe netmixing. But, asthework of
MacKenzieand Leggett [1993] shavs, mostof thetime turbulencelevelsin the suriace
mixedlayerarecontrolledby wind strengthl.lt is, presumablythesemorecommon
turbulencelevelsthatzooplanktorrespondo, notthe extremelyinfrequentbut very
intenseevents.

Whatstrengthwind cancauseplanktonto ee thesurface?Therearerelatively few
directsimultaneousneasuresf turbulentdissipatiorandzooplanktoratundancen the
surfacemixedlayerandimmediatelybelow, andthuslittle guidanceo the amountof
turbulenceneededo causezooplanktorto move below the suriacemixedlayer. Inczeet
al. [2001] measuredheverticalpro le of andthealundanceof copepoditeandnaupliar
stagef Temor spp.,0Oithonaspp. Pseudocalanuspp.andCalanus nmarchicuson the
southernank of GeogesBankfor severaldaysthroughawind event. They foundthatall
but Temor spp.naupliimovedinto strati ed watersfrom the surfacemixedlayeratthe
onsetof thewind eventin orderto stayin watersof = 10 8W kg ! orless.The in the
watersabove increasedo greatetthan = 10 ®W kg 1. Lagadeucetal. [1997]found



thatTemor longicornisandPseudocalanusp. (but not Oithonasimilis) left the surface
mixedlayerfor deepesstrati ed waterswhenthewind-driventurbulencein the surface
mixedlayerwasestimatedo exceed1:88 10 ‘W kg 1. Visseretal. [2001],in asimilar
study foundasigni cant respons@f Oithonasimilis to measuredurbulencein the North
Seawith strongerturbulenceleadingto deeperveragedepthsof boththe copepodsand
their copepoditesn aregion wheremixedlayer wasnearlyalwaysaboe 10 7, andthe
maximumalundanceof O. similis wasalreadyin the strati ed pycnoclinebelow the
mixedlayer Inczeetal. [1996] foundthatmostunsortedcopepodchaupliion Geoges
Bankweremorelikely to befoundin strati ed low turbulencewaterof the mid-water
column.Reissetal. [2002] foundthathake larvaelessthan5 mm andcopepodite®n the
ScotianShelfavoidedtheturbulent surfacewatersandwereassociateavith turbulence
levelsestimatedo bebelov 10 ‘W kg !, large Richardsomumbersandweak
turbulence.LoughandMountain[1996] foundthatlarval codwerepreferentiallyfoundin
waterswhere waslessthan10 ‘W kg 1, andhaddockin evenmorequiescentvaters.
Fromthislimited setof obserations, it =10 /W kg ! is somavhatarbitrarily chosen
asthethresholdevel of TKE dissipatiorwhich triggersturbulenceavoidance.

Theturbulencelevelscited abore arethosethat,whenexceededn the mixedlayer,
causeplanktonto leave themixedlayer Thuswhen exceeds i in the Ekmanlayer, the
zooplanktorarenot moved by the Ekmancurrents.Thecritical valueof u , u...., abose
which exceeds i everywheren the Ekmanlayeris (from (1))

crit?

1
Ugrit = (z crit)® )
Thecritical valueof u thatinduceszooplanktorto leave the surlaceEkmanlayeris then
Ugrit = ( cir(mixedlayerdepth) 5 3)

if themixedlayerdepthis lessthanu f *and

N

(4)

_ 2
Ugrit = critf

if theneutralEkmandepthu f ! islessthanthemixedlayerdepth.In thelattercase,
for typical mid-latitudevaluesof the Coriolis parameterf = 10 4s !, u_; =0.0Ims 1,
roughlycorrespondingo a10ms ! wind. In theformercasey,;, is about0.01ms * for
a40m mixedlayerand0.006ms * for a5m mixedlayer(correspondingoughlyto 10to
6ms ! winds). Thus5to 10 ms ! windsaresufcient to drive theturbulentsensitve
speciedliscusse@bore out of the Ekmancirculation. The extentto which this canbe
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generalizedo otherpopulationsgn otherplacesdepend®nthevariationof ;i between
specieslife stagesaandindividuals,animportantmatterfor future study

Once hasexceeded it andzooplanktorbegin to sink or swim downward, turbulence
doesnot hindertheir ability to leave the surlaceEkmanlayer Franks[2001] shavedthat
turbulencecanonly speedhe ight of downward swimmingor sinkingorganismsrom
theupperocean. Evenngylectingtherole of turbulencein clearingthe surfacewaters for
typical copepodand sh larvaeswimmingspeed®f 0.001to 0.02ms !, andEkman
depthsof orderof tensof meterstheplanktoncanleave the Ekmanlayerin well lessthan
aninertial period,andthusbeforethe wind driven Ekmantransporis establishedThe
zooplanktorthusleave beforebeingtransportedo right (in the northernhemispherepf
thewind.

Thusfor moderateandstrongemwinds, thoseexceedings to 10m's 1, theturbulence
avoiding speciegsliscusse@bove arenot likely to be stronglymovedby the surface
Ekmantransport.Theseresultscanbe extendedo otherspeciesdy quantifying i for
thosespecies.

3. Results

Any planktonpopulationdynamicsnvolving the adwectionof planktonin theupperocean
would be stronglymodi ed by turbulenceavoidance.Theaveragevelocity in the suriace
Ekmanlayerisroughly ( of gx) ! which, for reasonablenid-latitudeparameters
(10ms winds,f = 10 s 1 and g =10m)is acurrentof about0.1ms ! or about10
kilometersaday Planktonthatavoid turbulenceavoid this transport.The signi canceof
this avoidedtransports illustratedin two scenariobelov: acoastaupwellingsystem,
andthe Gulf of Maine duringthe winter.

TurbulenceAvoidanceand Retentiorin an Upwelling System Phytoplanktiorous
zooplanktorin anupwellingsystenfacea dilemma:nearsuriaceupwelledwatersis often
quickly lled with a phytoplanktorbloom— but if the zooplanktorgrazersarealreadyin
the surfacewaters they aresweptoffshoreby the suriaceEkmantransportandnever enter
thenewly upwelledwater Turbulenceavoidancewould helpthemavoid this fate.

Within aninertial periodof the onsetof anupwellingfavorablewind, anoffshore
transports generatedn the suraceEkmanlayer In amoderatelystrati ed oceanwith no
greatalongshorevariation,this offshoretransporis balancedrst by anonshordransport



spreadhroughouthewatercolumn,andthen,afterafrictional spindavn time (1-5 days
on mostshehes),anonshorgransporin the bottomEkmanlayerforcedby a barotropic
alongshorelowvnwind o w [AustinandLentz 2002;Dever, 1997]. Turbulenceavoidance
would make the zooplanktoreave the surfaceregion of offshoretransport gure 2). The
zooplanktorwould thenmove asmalldistanceonshordn theinitial periodwherethe
return o w is spreadhroughouthewatercolumn,andthenwould move mostly
alongshorén thedirectionof thealongshor&eomponenbf thewind asonshoreo w was
limited to theturbulentbottomboundarylayer Whenthewindssubsidetheturbulence
will subsideandthezooplanktorcouldriseinto thenewly upwelledwaters.

Barange andPillar [1992] may have obseredretentionin anupwellingzonecaused
by turbulenceavoidance.They foundthaton the Namibianshelf,thelarvaeof the
euphausidNyctiphanesapensigemainswithin 25km of the shoredespitepersistent
active upwelling. They attribute this to theverticaldistribution of thelarvae,for thelarvae
remainimmediatelybelon the Ekmanlayer, consistentvith turbulenceavoidance.
Unfortunatelythereis no datashaving thatthis verticaldistribution arisesfrom
turbulenceavoidance andnot someotherervironmentalcue.

Turbulenceavoidances notthe only way zooplanktorcould avoid signi cant
cross-shelfransporduringupwellingevents.Othershave pointedout thatdiel migration
couldslow cross-shelfransportoy reducingthe fractionof time the planktonspendsn
thesurface,e.g.Giraldo etal. [2002]. It is worth noting,though thatdiel migrationhas
beenobseredto interactwith turbulenceavoidance.Lagadeucetal. [1997]foundthat
Temoar longicornisonly movedinto the surfacewaterswhenturbulencewasweak.
Whetherthis interactionbetweerturbulenceavoidanceanddiel vertical migrationleadsto
anetonshoremotiondepend®on the depthof the migrationandthe vertical distribution of
thereturn o w.

Winter in the Gulf of Maine & TurbulenceAvoidance The populationdynamicsof
copepodsn the Gulf of MaineandGeogesBankis stronglyin uencedby theiradvection
to andfrom the deepemvatersof the Gulf to GeogesBankduringthewinter. This,in turn,
depend®ntheverticaldistribution of the copepodsHannahetal. [1998] foundthatthe
delivery of waterfrom the basinsof the Gulf of Maineto GeogesBankwasdominatedby
transportin the suriaceEkmanlayers,andthatthe strongestn uence on thedelivery of
zooplanktorto GeogesBankwastheir positionrelative to the surlaceEkmanlayer
Zooplanktorbelon the Ekmanlayerweremuchlesslikely to attainthe bank,especially



its crest(c.f. Lynch etal. [1998], Miller etal. [2000]). Studiesof the circulationof the
Gulf of Maine nd thatthis occursbecausé¢he depth-aeragedwind forced o ws are
primarily along-isobathand,ascanbe seenin themodelresultsof Greenbeg etal.
[1997]( gure 3), themostvigorouscross-isobatho ws arecon ned to the surfaceEkman
layer Thisis typical of weaklystrati ed coastakystemsywherepotentialvorticity
constraintdimit cross-isobatimotionsoutsideof the surfaceandbottomboundarylayers
(e.g.Pringle[2002]).

A roughestimateof theimportanceof the directly wind-driventransporiof copepods
in thesurfaceEkmanlayercanbe gleanedrom the bi-monthly meanwindsandmean
hydrographyThe January/Februamneanwindsshav considerablénterannualariability
(gure 4 takenfrom Lewis etal. [2001]), andareoftenstrongenoughto move copepodsn
the surfaceEkmanlayera gooddistance The meanwinter mixedlayerin the Gulf of
Maineis from 20m [Hannahetal., 1998]to 50m [BrownandIrish, 1992]in depth,so
thatameanwind of 0.08Pa maovesthe surfacemixedlayer80to 200km to theright of the
wind — arespectabldractionof thewidth of the Gulf of Maine. Northeastvinds (1976
and1990)deliver organismgrom over the deepbasinsof the Gulf to GeogesBank,
Southeastvinds (mary years,ncluding1982and1979)from over thedeepbasingo
Massachuset@ndNantuclet Shoalsandfrom the ScotianShelfto GeogesBank,and
southwestvinds (1983and1993)from over the deepbasingo the New Hampshire/Maine
coast-but only if thecopepodsio notavoid turbulenceandexit the surfaceEkmanlayet
(While themeanwinds may belessthanthethresholdneededo triggerturbulence
avoidance they aretheaverageof mary strongeventsin differentdirections,.eachwhich
couldtriggerturbulenceavoidance.)

However, in thelnczeetal. [2001] Gulf of Mainestudy only the Temosa spp. nauplii
would have beendirectly transportedy the suriaceEkmantransportfrom over thedeep
basingo eitherthe coastor the bank,for only they did not avoid theturbulenceby moving
deeperBut thatdatais from a singlewind eventin a differentseasor{summer)ata
differenttime in thecopepoddife cycle. It is only by understandinghe speci ¢ turbulence
avoidancebehaior of thezooplanktorpresenin thewinter thatwe canaccurately
understandhow they would betransportedy thewind to the coastor GeogesBank.



4. Conclusion

Turbulenceavoidance|f triggeredatmoderatdevelsof , candramaticallyand
predictablyalterthe wind-driventransporiof plankton.This would be ecologically
important,asillustratedabove. Thebiggestbarrierto understandindpow turbulence
avoidancealterswind-forcedtransporis thelack of quantitatve knowledgeof the details
of turbulenceavoidancebehaior.

Evenwithoutthe expensve anddif cult directmeasuremerdf , muchcanbegleaned
abouttheturbulenceavoidanceof zooplanktorby stratifyingverticalnettows with respect
to the mixedlayerdepth,ratherthanat x eddepths.Thiswould partitionthetows into
guiescenandpotentiallyturbulentsamplesZooplanktonsampleso partitioned,or in
existing samplegakensolelyin themixedlayer, couldbe examinedwith respecto the
history of wind andbuoyang/ ux atthe samplingsite, providing statisticalevidencefor
or againsturbulenceavoidance.lt will only beafterturbulenceavoidancebehaior has
beenquanti ed thatits potentiallylargeimportanceo the horizontaladvectionof different
speciesandtheirlife stagesanbegin to be understood.
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Figurel: Thewind drivencurrentsandturbulencefor two oceans- onestrati ed belov 31
meters(left), the otherunstrati ed (right). In bothcases, = 0:1Pa. A&B) The Ekman
spiralwith andwithout strati cation, respectiely. Stars(*) every vemeters.C&D) Verti-
cal pro les of currentspeed.The mixed layerdepthandthe neutralEkmandepthu f 1
indicated.E&F) Verticalpro les of turbulentkinetic enepgy dissipation.
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Figure2: The cross-shoreetentionandalongshordransportof turbulenceavoiding zoo-
plankton(“A”) in anupwellingzone,andthe offshoretransporof non-turtulenceavoiders
(“n™), in anidealized,two-dimensionalmoderatelystrati ed wind-driven upwelling sys-
tem. The shadedegionsarethoseof high turbulence,andincludethe surfaceandbottom
Ekmanlayers.
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Transport

Figure3: (Left) the depthaveragedo w in units of 0.1Sv forcedby an alongshorewvind
(56 T, orfromtheleft to theright of the gure). Notehow o w ontheshelfroughlyfollows
the isobaths.(Right) nearsurfacevelocity in the surfaceEkmanlayer Note how it cross
the isobaths.The bathymetryis indicatedby shadedlOOmbandsfor depthsunder400m.
FromGreenbeg etal. [1997].
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Figure4: January/Februampeanwindstresgor the Gulf of Mainefrom 1963to 1993.“C”
indicateghe climatologicalmean.FromLewis etal. [2001]
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