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1.1. IntroductionIntroduction 

AbyssalAbyssal flows,flows, asas partpart ofof thethe globalglobal thermohalinethermohaline circulation,circulation, makemake aa sig­sig­
nificantnificant contributioncontribution toto thethe fluxflux ofof heatheat overover thethe earth,earth, andand thereforetherefore affectaffect 
thethe planet'splanet's climate.climate. InIn thethe Atlantic,Atlantic, thethe deepestdeepest flowflow consistsconsists ofof Antarc­Antarc­
tictic BottomBottom Water,Water, whichwhich originatesoriginates inin thethe WeddellWeddell SeaSea nearnear AntarcticaAntarctica 
andand flowsflows northwardnorthward alongalong thethe westernwestern boundaryboundary ofof thethe AtlanticAtlantic ocean.ocean. 
WhileWhile partpart ofof thisthis flowflow recirculatesrecirculates withinwithin thethe BrazilBrazil Basin,Basin, remainingremaining inin 
thethe southernsouthern hemisphere,hemisphere, partpart ofof thethe flowflow isis observedobserved toto crosscross thethe equatorequator 
intointo thethe northernnorthern hemispherehemisphere (DeMadron(DeMadron && Weatherly,Weatherly, 1994;1994; FriedrichsFriedrichs && 
Hall,Hall, 1993).1993). 

PotentialPotential vorticityvorticity isis conservedconserved followingfollowing thethe flowflow ifif frictionfriction effectseffects areare 
neglected.neglected. However,However, thethe fluidfluid isis relativelyrelatively quiescentquiescent beforebefore andand afterafter cross­cross­
inging thethe equator!equator! thatthat is,is, planetaryplanetary vorticityvorticity dominatesdominates relativerelative vorticity.vorticity. 
Therefore,Therefore, sincesince thethe planetaryplanetary vorticityvorticity changeschanges signsign overover thethe pathpath ofof thethe 
'flow,'flow, thethe potentialpotential vorticityvorticity ofof thethe fluidfluid hashas alsoalso changedchanged sign,sign, andand soso isis 
certainlycertainly notnot conserved!conserved! ThisThis violationviolation ofof potentialpotential vorticityvorticity conservationconservation 
inin cross-equatorialcross-equatorial flowsflows andand thethe breakdownbreakdown ofof thethe geostrophicgeostrophic approxima­approxima­
tiontion atat thethe equatorequator constituteconstitute twotwo significantsignificant challengeschallenges inin modellingmodelling thesethese 
flows.flows. 

WeWe presentpresent aa simplifiedsimplified modelmodel ofof large-scalelarge-scale flowflow acrossacross thethe equator.equator. 
EdwardsEdwards && PedloskyPedlosky (1998a,(1998a, b)b) showshow thatthat thethe presencepresence ofof frictionfriction inin thethe 
dynamicsdynamics isis necessarynecessary forfor potentialpotential vorticityvorticity modification,modification, andand thusthus forfor 
cross-equatorialcross-equatorial flowflow toto exist.exist. Additionally,Additionally, NofNof && BorisovBorisov (1998;(1998; seesee alsoalso 



 

BorisovBorisov && Nof,Nof, 1998)1998) findfind thatthat thethe geometrygeometry ofof thethe bottombottom topographytopography playsplays 
aa crucialcrucial rolerole inin thethe equator-crossingequator-crossing process.process. Accordingly,Accordingly, thethe modelmodel wewe 
studystudy retainsretains frictionalfrictional andand topographictopographic effects.effects. WeWe comparecompare thethe simplifiedsimplified 
modelmodel toto thethe moremore sophisticatedsophisticated shallowshallow waterwater theorytheory toto identifyidentify toto whatwhat 
extentextent thethe modelmodel capturescaptures thethe essentialessential physicsphysics ofof thethe problem.problem. 

2.2. FrictionalFrictional geostrophicgeostrophic modelmodel 

OneOne simplesimple modelmodel whichwhich isis geostrophicgeostrophic toto leadingleading orderorder awayaway fromfrom thethe 
equator,equator, yetyet predictspredicts well-definedwell-defined velocitiesvelocities atat thethe equator,equator, maymay bebe writtenwritten 

__ fvfv == _g,f)(h_g,f)(h ++ hE)hE) __ IU,IU, (1)(1)axax 
fufu == _g,a(h_g,8(h ++ hhBB )) -- rv,rv, (2)(2)ayay 

8hah
8i+yr.(hu)8i+yr.(hu) =0,=0, (3)(3) 

wherewhere uu == (u,(u, v)v) isis thethe horizontalhorizontal velocity,velocity, hh isis thethe heightheight ofof thethe fluidfluid layer,layer, 
hhBB isis thethe bottombottom topographytopography elevation,elevation, g'g' isis thethe reducedreduced gravity,gravity, ff isis thethe 
CoriolisCoriolis parameter,parameter, andand II isis aa smallsmall dampingdamping coefficientcoefficient toto bebe specified.specified. 
NoteNote thatthat thisthis modelmodel does,does, inin fact,fact, retainretain thethe effectseffects ofof anan arbitraryarbitrary bottombottom 
topographytopography andand parameterizesparameterizes thethe effectseffects ofof friction.friction. 

ModelsModels inin whichwhich thethe momentummomentum equationsequations havehave beenbeen reducedreduced toto thethe 
geostrophicgeostrophic relationsrelations withwith thethe additionaddition ofof aa linearlinear termterm representingrepresenting thethe 
effectseffects ofof frictionfriction havehave beenbeen usedused recentlyrecently toto studystudy large-scalelarge-scale motionsmotions byby 
severalseveral authorsauthors (see(see StephensStephens && MarshallMarshall 2000;2000; Edwards,Edwards, WillmottWillmott && Kill­Kill­
worthworth 1998;1998; SamelsonSamelson 1998;1998; SamelsonSamelson && VallisVallis 1997;1997; andand furtherfurther referencesreferences 
therein).therein). InIn particular,particular, StephensStephens && MarshallMarshall (2000)(2000) numericallynumerically integrateintegrate 
aa similarsimilar modelmodel overover realisticrealistic bottombottom topographytopography outout toto steadysteady statestate inin or­or­
derder toto modelmodel thethe pathpath ofof AntarcticAntarctic BottomBottom WaterWater acrossacross thethe equator.equator. TheThe 
resultingresulting steadysteady 'flow'flow isis foundfound toto bebe broadlybroadly consistentconsistent withwith observations.observations. 

InIn thisthis model,model, thethe velocitiesvelocities maymay bebe solvedsolved forfor inin aa diagnosticdiagnostic relationrelation 
inin termsterms ofof thethe pressurepressure gradients,gradients, 

(4)(4) 

wherewhere pp == hh ++ hBhB andand subscriptssubscripts denotedenote partialpartial derivatives.derivatives. Thus,Thus, thethe 
modelmodel containscontains aa geostrophicgeostrophic componentcomponent (terms(terms proportionalproportional toto ff inin thethe 
numerator),numerator), andand aa down-pressure-gradientdown-pressure-gradient componentcomponent (terms(terms proportionalproportional 
toto II inin thethe numerator).numerator). InIn thethe limitlimit asas ff ---+---+ 0,0, thethe motionmotion isis thatthat ofof aa 
potentialpotential flow.flow. 



 

 

 

ByBy substitutingsubstituting thethe velocityvelocity relationsrelations (4)(4) intointo thethe conservationconservation ofof massmass 
equationequation (3),(3), aa singlesingle evolutionevolution equationequation forfor thethe heightheight fieldfield maymay bebe writtenwritten 

(5)(5) 

wherewhere J(A,J(A, B)B) == AxBAxByy -- AyBAyBxx.. InIn thisthis form,form, thethe modelmodel isis clearlyclearly nonlinearnonlinear 
andand diffusive,diffusive, withwith thethe amountamount ofof diffusiondiffusion controlledcontrolled byby thethe parameterparameter T.T. 

TheThe potentialpotential vorticityvorticity equationequation ofof thisthis modelmodel isis 

~~ (L)(L) +u.V'+u.V' (L)(L) == _!..(_!..( 
11 

(6)(6)atat hh hh hh 

wherewhere (( == VV xx -- uu yy isis thethe relativerelative vorticity.vorticity. ThisThis model,model, then,then, effectivelyeffectively ne­ne­
glectsglects relativerelative vorticityvorticity inin favourfavour ofof planetaryplanetary vorticity,vorticity, andand hashas thethe featurefeature 
thatthat itit simulatessimulates thethe dissipationdissipation ofof potentialpotential vorticityvorticity byby EkmanEkman friction.friction. 

TheThe majormajor disadvantagedisadvantage ofof thisthis modelmodel isis itsits oversimplificationoversimplification ofof thethe 
dynamics.dynamics. InIn particular,particular, flfl uiduid inertiainertia hashas beenbeen neglected.neglected. SinceSince thethe fluidfluid 
mustmust alwaysalways movemove downdown thethe pressurepressure gradient,gradient, aa massmass ofof fluidfluid flowingflowing downdown 
oneone sideside ofof aa valleyvalley doesdoes notnot havehave thethe momentummomentum toto flowflow backback upup thethe otherother 
side.side. 

3.3. FrictionalFrictional geostrophicgeostrophic versusversus shallowshallow waterwater 

3.1.3.1. SeALINGSSeALINGS 

WeWe numericallynumerically integrateintegrate forwardforward inin timetime thethe reduced-gravityreduced-gravity shallowshallow waterwater 
modelmodel andand thethe frictionalfrictional geostrophicgeostrophic modelmodel inin orderorder toto comparecompare thethe twotwo 
models.models. TheThe shallowshallow waterwater modelmodel maymay bebe writtenwritten inin non-dimensionalnon-dimensional formform 
asas 

8u8u ff 11atat ++u,u, V'uV'u ++ RoRo kk xx uu == -- RoRoV'(hV'(h ++ hE)hE) ++ Fjrie,Fjrie, (7)(7) 

~~~~ ++ \1\1 .. (uh)(uh) == 0,0, (8)(8) 

wherewhere uu isis thethe horizontalhorizontal velocityvelocity vectorvector ll FjrieFfrie representsrepresents thethe frictionfriction term,term, 
RoRo == UUII foLfoL isis thethe RossbyRossby number,number, andand U,U, L,L, fo,fo, andand kkoo areare typicaltypical scalesscales 

CorioUsforfor thethe velocity,velocity, length,length, CarioUs parameterparameter andand fluidfluid depth.depth. ItIt hashas beenbeen 
assumedassumed thatthat thethe timetime variablevariable isis scaledscaled advectively,advectively, TT == LIU,LIU, forfor aa timetime 
scalescale T,T, andand thatthat thethe scalescale slopeslope forfor thethe bottombottom topographytopography isis thethe samesame 
asas thethe scalescale slopeslope ofof thethe fluidfluid height,height, haiL.haiL. WeWe havehave alsoalso employedemployed thethe 
geostrophicgeostrophic scalingscaling UU22II (g'h(g'hoo)) == Ro.Ro. SinceSince ff passespasses throughthrough zerozero inin thethe 
domaindomain ofof interest,interest, fofo isis takentaken toto bebe thethe maximummaximum dimensionaldimensional valuevalue ofof ff 
inin thethe domain.domain. ItIt isis assumedassumed thatthat thethe flowflow isis geostrophicgeostrophic atat thatthat latitude.latitude. 



TheThe numericalnumerical methodsmethods usedused areare basedbased uponupon thethe methodsmethods ofof HallbergHallberg 
&& RhinesRhines (1996).(1996). ForFor brevity,brevity, thethe detailsdetails areare notnot reportedreported here,here, butbut maymay bebe 
foundfound inin ChoboterChoboter && SwatersSwaters (2000).(2000). 

TheThe simplesimple modelmodel andand thethe shallowshallow waterwater modelmodel areare comparedcompared forfor flowflow 
overover simplifiedsimplified bottombottom topography.topography. TheThe topographytopography takestakes thethe shapeshape ofof 
aa meridionalmeridional channel.channel. SimulationsSimulations werewere performedperformed withwith thethe fluidfluid initiallyinitially 
southsouth ofof thethe equator,equator, flowingflowing northwardnorthward alongalong thethe westernwestern halfhalf ofof thethe chan­chan­
nel,nel, inin thethe formform ofof anan eddy,eddy, Le.Le. thethe heightheight fieldfield initiallyinitially hashas compactcompact supportsupport 
inin thethe domain.domain. TheseThese initialinitial conditionsconditions werewere chosen,chosen, inin part,part, toto simulatesimulate thethe 
AntarcticAntarctic BottomBottom WaterWater "flow"flow II whichwhich flowsflows northwardnorthward alongalong thethe westernwestern 
slopeslope towardtoward thethe equator.equator. 

TheThe bottombottom topographytopography andand functionalfunctional formform ofof CoriolisCoriolis parameterparameter areare 
chosenchosen inin aa particularparticular wayway toto provideprovide aa cleanclean testingtesting groundground forfor thethe com­com­
parisonparison ofof thethe twotwo models.models. InIn particular,particular, wewe areare interestedinterested inin diagnosingdiagnosing 
howhow wellwell thethe propagationpropagation speedspeed ofof thethe eddyeddy agreesagrees withwith thethe NofNof (1983)(1983) 
speed,speed, g's/g's/ I,I, wherewhere ss isis thethe bottombottom slope.slope. AA nearlynearly constantconstant bottombottom slopeslope 
andand CoriolisCoriolis parameterparameter awayaway fromfrom thethe channelchannel bottombottom andand equatorequator fa­fa­
cilitatescilitates computingcomputing thisthis diagnostic.diagnostic. Therefore,Therefore, thethe bottombottom topographytopography isis 
chosenchosen toto bebe aa simplifiedsimplified meridionalmeridional channelchannel ofof hyperbolichyperbolic crosscross section,section, 
hEhE == -Jx-Jx22 ++ 1,1, whichwhich hashas aa slopeslope approachingapproaching ±1±1 awayaway fromfrom xx == 0,0, andand 
thethe CoriolisCoriolis parameterparameter isis chosenchosen toto bebe 11 == (f3oLy/tanhtanh (/3oLy/ 10),10), whichwhich tendstends toto aa 

i-plane 0,0, andand hashas aa slopeslope atatnon-dimensionalnon-dimensional f-plane valuevalue ofof unityunity awayaway fromfrom yy == 
yy == f3oL/lo00 ofof 1313ooL/L/ fo.fo. ForFor simulationssimulations reportedreported here,here, /3oL/lo == 1,1, which,which, forfor 1010 
evaluatedevaluated atat 5°5° latitude,latitude, correspondscorresponds toto choosingchoosing aa horizontalhorizontal lengthlength scalescale 
ofof LL == 500km.500km. 

3.2.3.2. RESULTSRESULTS 

SeveralSeveral simulationssimulations ofof anan isolatedisolated abyssalabyssal domedome ofof fluidfluid approachingapproaching thethe 
equatorequator fromfrom thethe southsouth havehave beenbeen carriedcarried outout varyingvarying onlyonly thethe dampingdamping 
parameterparameter rr inin thethe casecase ofof thethe simplesimple model,model, oror thethe RossbyRossby numbernumber RoRo 
inin thethe casecase ofof thethe shallowshallow waterwater model.model. InIn figurefigure 1,1, wewe showshow snapshotssnapshots 
fromfrom aa typicaltypical simulationsimulation employingemploying thethe shallowshallow waterwater equations.equations. TheThe eddyeddy 
isis observedobserved toto propagatepropagate alongalong thethe shelfshelf withoutwithout losinglosing muchmuch heightheight untiluntil 
almostalmost atat thethe equator,equator, whenwhen fluidfluid startsstarts toto accelerateaccelerate downhill.downhill. PartPart ofof 
thethe flfl uiduid isis locatedlocated slightlyslightly northnorth ofof thethe equatorequator whilewhile flowingflowing downhill.downhill. 
TheThe fluidfluid risesrises upup thethe otherother sideside ofof thethe channel,channel, andand ultimatelyultimately splitssplits intointo 
twotwo eddies,eddies, oneone flowingflowing northnorth andand oneone flowingflowing south.south. ThisThis isis qualitativelyqualitatively 
consistentconsistent withwith thethe simulationssimulations ofof BorisovBorisov &,&, NofNof (1998),(1998), whowho investigatedinvestigated 
eddieseddies crossingcrossing thethe equatorequator inin aa meridionalmeridional channel.channel. 

FigureFigure 22 displaysdisplays thethe simulationsimulation ofof thethe motionmotion ofof thethe samesame initialinitial eddy,eddy, 
butbut asas predictedpredicted byby thethe simplesimple model.model. TheThe eddyeddy isis seenseen toto initiallyinitially traveltravel 
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FigureFigure 1.1. TheThe resultsresults ofof aa shallowshallow waterwater simulation,simulation, RoRo == 0.020.02 TheThe contourcontour spacingspacing isis 
0.02.0.02. 

TimeTime ==== 0.200.20 TimeTime ==== 1.401.40 Time:::Time::: 2.002.00 TimeTime == 4.004.00 

>-.>-. 00 

-1-1 

-2-2 
-- 33 -'--I---'---!---'--I---'-'--!--'---!---'--I----"..I....--I---'---!---'----i----'-'--+---'---!---'--+---'-'--I---'---!---'--I---'-'--!--'---!---'--I----"..I....--I---'---!---'----i----'-'--+---'---!---'--+---' 

-2-2 oo 22 -2-2 oo 22 -2-2 oo 22 -2-2 oo 22 
xx xx xx xx 

FigureFigure 2.2. TheThe resultsresults ofof aa frictionalfrictional geostrophicgeostrophic simulation,simulation, rr == 0.02.0.02. TheThe contourcontour 
spacingspacing isis 0.02.0.02. 

alongalong thethe slope,slope, asas inin thethe shallowshallow waterwater simulation,simulation, butbut uponupon reachingreaching thethe 
equator,equator, flowsflows directlydirectly downhill,downhill, withwith veryvery littlelittle fluidfluid foundfound northnorth ofof thethe 
equatorequator asas itit doesdoes so.so. TheThe fluidfluid poolspools atat thethe bottombottom ofof thethe channelchannel atat thethe 
eqequatoruator 11 andand thenthen proceedsproceeds toto splitsplit intointo twotwo parts,parts, oneone flowingflowing north,north, andand 
thethe otherother recirculatingrecirculating backback south.south. DespiteDespite thethe simplicitysimplicity ofof thethe model,model, itit 
capturescaptures thethe characteristiccharacteristic splittingsplitting ofof thethe fluidfluid intointo northwardnorthward andand south­south­
wardward flowingflowing partsparts seenseen inin thethe shallowshallow waterwater simsimulation.ulation. TheThe lacklack ofof inertiainertia 
inin thethe modelmodel isis seenseen inin bothboth thethe sharpsharp turnturn fromfrom along-slopealong-slope flowflow toto down­down­
hillhill flowflow andand thethe immediateimmediate decelerationdeceleration fromfrom fastfast downhilldownhill flowflow toto nearlynearly 
stationarystationary fluidfluid poolingpooling atat thethe equatorialequatorial channelchannel bottom.bottom. ThusThus thethe netnet 
resultresult ofof thethe lacklack ofof inertiainertia inin thethe modelmodel isis thatthat thethe north-southnorth-south splittingsplitting ofof 
thethe flowflow isis veryvery symmetric,symmetric, andand thatthat thethe finalfinal flowflow isis veryvery nearnear thethe bottombottom 
ofof thethe channel.channel. 

FurtherFurther analysisanalysis ofof thisthis modelmodel (Choboter(Choboter && SwatersSwaters 2000)2000) showsshows thatthat 
thethe simplesimple modelmodel simulationssimulations capturecapture wellwell thethe along-shelfalong-shelf NofNof (1983)(1983) speed.speed. 
ForFor allall thethe simplesimple modelmodel runs,runs, thefiuidthefiuid doesdoes notnot flowflow asas highhigh ontoonto thethe 
oppositeopposite bankbank asas forfor thethe shallowshallow waterwater runs,runs, andand aa veryvery symmetricsymmetric north­north­
southsouth splittingsplitting ofof thethe fluidfluid isis predicted.predicted. ThisThis furtherfurther pointspoints toto thethe lacklack ofof 
fluidfluid inertiainertia inin thethe simplesimple model.model. 



 

4.4. ConcludingConcluding remarksremarks 

TheThe modelmodel studiedstudied herehere parameterizesparameterizes frictionalfrictional andand otherother ageostrophicageostrophic 
effectseffects intointo aa simplesimple RayleighRayleigh dampingdamping term.term. WeWe havehave investigatedinvestigated thethe vi­vi­
abilityability ofof thisthis modelmodel byby comparingcomparing itsits predictionspredictions toto thethe predictionspredictions ofof 
shallowshallow waterwater theory.theory. DespiteDespite thethe simplicitysimplicity ofof thethe model,model, itit broadlybroadly cap­cap­
turestures certaincertain aspectsaspects ofof shallowshallow waterwater flowflow quitequite well,well, suchsuch asas thethe NofNof (1983)(1983) 
along-slopealong-slope eddyeddy speedspeed andand thethe north-southnorth-south splittingsplitting ofof thethe fluid.fluid. However,However, 
thethe modelmodel neglectsneglects thethe inertiainertia ofof thethe fluid,fluid, whichwhich restrictsrestricts thethe motion.motion. 

TheThe bottombottom topographytopography ofof thethe AtlanticAtlantic OceanOcean isis certainlycertainly moremore compli­compli­
catedcated thanthan aa meridionalmeridional channel.channel. ItIt remainsremains forfor futurefuture researchresearch toto comparecompare 
thethe predictionspredictions ofof thesethese modelsmodels overover moremore realisticrealistic topography.topography. 
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