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LOBE AND CLEFT FORMATION AT THE HEAD OF A GRAVITY CURRENT
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Summary Experimentshave beencarriedout to examinethe formation,andsubsequentevolution, of lobesandcleftsat theheadof
a gravity current. This hasbeenachieved by calculatingthe curvatureof the level-setof �rst-arrival timesof the front. The results
show that thereis a weakdynamicallinear instability whenthe radiuscurvatureof the front is similar to the height. The formation
andevolution of thecleftsis thena nonlinearkinematicphenomenon,causedby thefront propagatingwith a roughlyconstantnormal
velocity. Threedifferentmechanismsfor the initial instability arediscussedandthesubsequentevolution of the front is explainedin
detail.

INTRODUCTION

Gravity currentsarea commonlyoccurringenvironmental�o w andarisein a varietyof situations,examplesincludethe
buoyancy-drivenexchangethroughanopendoorway, thespill of a densegas,or a pyroclastic�o w from a volcano.The
densitydifferencesdriving the �o w may have their origins in temperature,composition,or the presenceof suspended
particlesthatsedimentoutof theadvancing�o w.
The generaldynamicsof a two-dimensional(2D) gravity currentarenow thoughtto be well understood.Laboratory
experiments(5) have provided detailedobservationsof such�o ws. It wasfound that the �o w arisingafter the release
can be divided into a numberof different phases.In the initial phasesometimesreferredto as the 'slumpingphase'
thecurrentdevelopsandformsa head.Somewhat later, thegravity currentreachesa second,self-similarphase,where
thereis a buoyancy-inertia balance.After suf�cient time the �o w will entera �nal phase,in which it is governedby a
buoyancy-viscousbalancewhich is well describedby shallow watertheory.
While thegeneraldynamicsof 2D gravity currentsareaccuratelydescribedby relatively simpleanalysis,no information
aboutthe formationof the complicatedthree-dimensional(3D) lobe andcleft structuresat the gravity currentsheadis
provided by thesemodels. Simpson(4) hascarriedout an experimentalstudy on lobe and cleft formation wherehe
photographedthe gravity currentsheadfrom below andwasthusableto track the clefts asthey grew andmerged. He
suggestedthattheformationof lobesandcleftsis dueto theoverrunningof lessdense�uid by thedensegravity current,
which in turn forcesitself upwardthroughthegravity currentcausinga cleft to form. Otherwork by Härtel (1) used3D
directnumericalsimulations(DNS) of a gravity currentat relatively low Reynoldsnumber. Thesimulationexhibitedall
featurestypically observed in experimental�o ws nearthegravity currenthead,including the lobeandcleft structureat
the leadingedge.Theoriginal work wasfurthered(2) with anexaminationof the lobeandcleft instability of a gravity
currentusinglinear-stability analysis.They concludedthat therewasa local linear instability at the leadingedgeof the
front causedby theunstablestrati�cation in the�o w regionbetweenthenoseandthestagnationpoint.

RESULTS

A seriesof laboratoryexperimentshave beencarriedout in a glasstank2.5m £ 0.7m £ 0.8m. In theexperimentsthe
tankwas�lled with freshwaterof density½A = 1000kg/m3 to a depthH . A �x edvolumeof a densersalinesolutionof
density½L of thesamedepth,waskeptbehinda verticalbarrierat a distanceL = 0:3 m from theendof the tank. For
visualisationpurposesthedense�uid wasdyedwith foodcolouring.By lifting thebarrierthedenser�uid is releasedinto
tank. Illumination from behindandabove usinga diffuselight bankresultedin a sharplyde�ned interfacebetweenthe
gravity currentandtheambient�uid.
Video sequencesof the experimentswere analysedusing the methoddevelopedin McElwaine (3). The arrival time
T(x; y) of the�o w is detectedfor eachpixel on thescreen.This matrix T(x; y) of �rst arrival timesis a level set,since
thecontoursT(x; y) = t correspondto thefront of the�o w ataparticulartime. Onesuchcontouris shown in �gure 1(a),
wheretheaccuracy of themethodandthecharacteristiclobeandcleft structurecanbeclearlyseen.Propertiesof the�o w
suchasaveragefront positionandvelocity canthenbecalculateddirectly from thecontoursandthemovementof clefts
andlobescanalsobevisualised.However, local featurescanmosteasilybetrackedworkingdirectlywith thelevel set.In
generaloneshouldaccountfor cameradistortionbeforeprocessing,but a largefocal lengthlenswasusedandthecamera
axiswasorthogonalto theplaneof motion,sotherelationbetweenpixel coordinatesandworld coordinatesis accurately
representedby a simplescaling.Resamplingerrorscanthusbeavoidedby working directly with pixel coordinates.The
lobescorrespondsto large regionsof small positive curvatureand the clefts to lines of large negative curvature. The
curvatureis de�ned as· = r ¢ r T

jr T j . Figure1(b) shows the curvatureof the level set from the experimentshown in
Figure1(a).
Thestructureandmotionof thecleftsis clearlyseenin �gure 1(c). Thecleftsappearandthenslowly propagatealongthe
front until they mergewith otherclefts.Themostimportantpointaboutcleftsis thatthey areageneric,kinematicfeature
of systemwith evolving frontsthathavenothingto dowith dynamics.Thatis any systemwherethefront propagateswith
approximatelyconstantvelocity normalto the front will develop clefts. Theseclefts correspondto a shockwheretwo



Figure 1. a) Contourmapping.Themotionof thegravity currentin all �gures is right to left. b) Curvatureof �rst arrival time �eld.
Black correspondsto curvatureslessthan-2 (inversepixels),white to greatthan+2, andtheintensityis linearin between.c) Position
of cleftssuperimposedoncurvaturepicture

characteristicscollide. As the front continuesto propagateclefts canmergebut never disappear. As the lobesbetween
the clefts increasesin size and decreasein curvaturethey becomedynamicallyunstableand indent smoothly. After
propagatinga distanceof the radiusof curvatureof the indentationa shockformsanda cleft appears.Thustheoverall
processis oneof cleftscontinuallyformingandthenmergingbut never disappearingascanbeseenin �gure 1(c).
Simpson's previous work statesthat lobe and cleft instability doesnot arise in the slip-boundarycondition caseand
hencethe instability is dueto theoverrunningof ambient�uid. This is not necessarilythecasehowever. Comparedto
environmental�o wsexperimentsandsimulationsareperformedatvery low Reynoldsnumbers,wherethe�o wsareonly
barelyturbulent.At higherReynoldsnumberstheoverrunninglayerwill increasein sizerelative to trappedambientlayer
(scalingas1=

p
Re) makingthetrappedlayerlessimportant.Sincelobesandcleftsarestill observedfor these�o ws there

mustat thevery leastbeoneothersourceof instability. An alternative explanationof theresultsof (4) is thatwith a slip
boundarythereis muchlessturbulencein the�o w, andonewouldhaveto goto muchhigherReynoldsnumberto observe
theinstability. Thescalingof this mechanismalsoseemswrong. As the�o w increasesin sizeandtheReynoldsnumber
increasestheoverrunlayershrinkin thicknessandonemightexpectthescaleof theinstability to scalewith this.
Althoughonly oneof theseseemsto have receivedmuchattentionin the literature.At leastthreepossiblemechanisms
for generatingtheinitial negative curvatureleadingto cleft formationappearto bepossible,they will bedescribedalong
with experimentalevidence.
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