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RESUMEN

Estetrabajo es unarevisión de unosestudiosde modelizaciónde la capa
superficialen el Mar de Alborán. El objetivode aquelproyectocooperativo
consistióen simular la circulaciónsuperficialobservaday así profundizaren
la comprensiónde losprocesosfísicos queincurrenen ella. Se utilizó primero
un modelo de diferenciasfinitas en una cuencarectangularpara hacerun
análisis de sensibilidadque permitiera estudiarla influencia relativa de los
diferentes parámetrosque representanlas condicionesfi§icas del flujo.
Basándonosen estosresultadosse pasóa un modelode gravedadreducidade
elementosfinitos para la simulación. El métodode soluciónescogidofue la
formulaciónde la Ecuaciónde Ondade Lynch y Gray (1979). Se halló que,
independientementedel valor de la viscosidad turbulenta horizontal, la
condiciónde no-deslizamiento(no-sup)generasolucionesquesecorresponden
con las característicasdel flujo observado;no así con la condiciónde libre-
deslizamiento(free-slip), de acuerdocon el estudio previo con diferencias
finitas. Dadoel papelfundamentalquejuegael tipo de condiciónde frontera
en las paredesdel modelo,se generalizóla condición de no-deslizamientoa
uno de deslizamientoparcial o tracción,para eliminar así la necesidadde
resolver las capaslímite muy finas. De estosestudiosse derivancuestiones
fundamentalessobre la formulación de modelosde flujos oceánicosy que
conciernena: (1) la correctacomprensióndel efecto quetienen los esfuerzos
lateralesgeneradosenlos contornosdela costasobrelascaracterísticasde los
flujos en el seno del océano a escalasmayores;y (u) la parametrización
correctadelos valoresfronteradel esfuerzoparafuturosestudiosde modelos
oceánicos.

El proyectooriginal enel queestábasadaestarevisión fue el resultadode
un proyectode colaboraciónentreDartmouth College,el Instituto Español
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de Oceanografíay AINCO-lnterocean.El desarrollode los modeloscorrió a
cargo de los ProfesoresDaniel Lynch y FranciscoWerner; el modelo de
diferenciasfinitas sepusoa punto en el LEO y ambosmodelosse pusierona
puntoen AiNCO-lnteroceanen ordenadorespersonales.Parasu utilización
y desarrollo, los modelosestándisponiblesen estoscentrosy se han publi-
cado ademassendosmanualestécnicos(Escobarel aL 1988, Sánchezel aL
1989).Estetrabajoes unarevisión de los artículospublicadosen Werner«tal.
1988 y Lynch el aL 1989.

ABSTRACT

The article is a review of pastmodellingstudiesof thecirculation of the upper
layer of the Alboran Sea. The objetive of those studies was to simulate the
observedcirculationin the Alboran Seaand to understandthe physicalprocesses
involved. A finite differences model was first used to carry out a sensitivity
analysisthat would allow the study of the relative influence of the parameters
that representthe physicalprocessesof the flow. Basedon theseresultswe moved
on to the formulation of a reduced-gravityfinite elementmodel. The solution
methodofchoicewastheWaveEquationformulationof LynchandGray(1979).
It was found that, tndependentof the valueof the horizontaleddyviscosity, no-
su conditionsyield solutionswhich agreewith observedfeaturesof theflow, but
free-slip conditionsdo not, in agreementwith the finite differencesformulation.
Giventhefundamentalrole playedby the form of the boundaryconditionson the
model sidewalls,the no-slip conditionwasgeneralizedto a condition of partial-
sup or traction, thus removing the necessityof resolving very thin boundary
layers. Those studieshave raised fundamentalquestionsin the modelling of
oceanieflows concernlng: (i) our understaingof the effect of lateral stresses
generatedat coastlineboundarieson the larger-scaleinternal flow features;aud
(u) the properparameterizationof boundarystressesfor futuremodelingstudies.

The original work, on which this review is based, was the result of a
cooperative project between Dartmouth College, the instituto Español de
Oceanografía(lEO) andAINCO-lnterocean.Thedevelopmentof themodelswas
carried out by Prof Daniel Lynch and Prof. FranciscoE. Werner; the finite
differences model was implemented at the lEO and both modeis were
implementedat AINCO-lnteroceanon PC computers.They are availableat
those institutions for their use and further developmcnt. In addition, two
technicalmanualshavebeenpublishedto assistsin this task (Escobareta! 1988,
Sanchezu aL 1989). This revicw article has been summarizedfrom the work
publishedin Wernerci aL 1988 and Lynch el aL 1989.

1. INTRODUCTION

a) The ,4lboran Sea Gyre
The circulation in the western basin of the Alboran has been studied

intensively ‘u the past decadeand is characterized,in its surfacelayers, by an
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almostpermanentanti-cyclonicgyreeastof the Strait of Gibraltar and west of
the Alboran Island (fig. 1). The gyre has a circular shapewith the strongest
gradientsami flows in the northernsection;hasa horizontalscaleof 100 km ami
a vertical scaleof 200 meters. Studiesof the spatial ami temporalvariability of
the gyrecanbefoundin fleld measurementsdescribedby, amongothers,Lanoix
(1974), Wannamaker(1979),CheneyandDoblar (1982)and Parrillaand Kinder
(1985).Numerical modellingefforts studyingthe gyrehavebeen carriedout by
Prellerand Hurlburt (1982),Loth andCrepon(1984),Preller(1986)andWerner
and Lynch (1986).Analytic studiesare discussedby Nof (1978); aud laboratory
(hydraulic) sirnulationswere implernentedby Whinteheadand Miller (1979) and
Whitehead(1985).

Although alí thesetheoreticaland laboratorystudieshave reproducedthe
Alboran gyre in sorne form, sorne have been more successfulIban othersal
achievingtheobservedstability anddimensions.In particular,while theefforts of
Preller and Hurlburt (on reduced-gravity and two-layer primitive equation
models) are robusí and reproduceIhe gross features of Ihe surface ¡ayer
circulation in the Alboran, Ihe studiesof Loth and Crepon(1984) and Werner
aud Lynch (1986) find Ihe occurrenceof Ihe gyre elusive. The discussion
presentedhereinprovidessorneexplanationsof why thediscrepanciesariseeven
thoughthe physical processescontainedin the modelslisted aboyearesimilar at
first glance. In particular,we focus on characteristiesof the solution of the
present model formulation wlien no-slip has been iruposed on Ihe sidewalls.

Figure 1 .—Dynamic topographyfor the seasurfacerelativeto 200 db br July-August.
1962. Takenfrom Lanoix (¡974).
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Certainly, since tite no-sUp conditiori dependson tite inclusion of a non-zero
horizontal eddy viscosity, tite role of the horizontal eddy v¡scosity extends
beyondthat of sub-gridscaledissipatiou.

b) chronology of ¡1w Modelling Experimenís:

Resestudiesof the AlboranSeacirculationbeganwith tite Wave Equation
(licite elemení)formulation of Lynch and Gray <¡979); hereaftherL079. Titis
formulationseekstite solutionof tite inviseid,nonlinear,tirne-dependent,shallow
water equations.Ccc first resultswere puzz¿ing:although we reproducedtite
observedanticyelonicgyre, which characterizestite surfaceflow la tite Alteran,
cur simulationineludedgyre-reversalsen time sealesof 1-2 weeks. No c~Idence
supportíngsuchbehavioris availablefrom Ijeid rneasurements,At tite smctime,
in titosecaseswherea steady,siablesolution wascomputed,Ihemodel flow-field
wasuneveníful,i.e., tite model-inflow from tite Atlaníic would exil through tite
casíeraopen boundarywithout any evidence of a gyre. Thesefindings are
discussedin Wernerand Lynch (1986>.

Wc next undertooka comparisonof our resuliswilh tite solutionsof Preller
(1986).Al titis puint we adapteda finite differencemodel(kindly suppliedby Dr.
ChristianLe Provosíel tite >nstirut deMechaniquede Grenoble,France,ami Dr.
MarianelaForneririoof la Universidadde Zulia, Venezuela)te tite Alboran Sca.
‘[he physicalproccssesincludedin tite finite elementaud firxite diflerencemodeis
weretite sanie;the only differencewasrhe inclusionin tite flnite differencemode]
ol horizontal eddy viscosity terms ami tite associatedoption lo exercisestress
coad¡tionsaí lateral boundariesvia no-sUp. Both our inilial experimcctswere
agmed at establish¡ngtite internal role of tite horizontal viscous terms in tite
overalí modelsolution. Wc (cutid results stronglyresecnbíingtite steadyinviscid
finite elementsolution, i.e., tite stable, steadysolutiotisdid not reproducetite
grossfeaturesof tite Alteran gyreami werealso uneventfu(.No casesof unsteady
flows with gyre-reversalswvre obtairied,confirmingthai tite dynamicreversaisiii
Wernerami Lynch (¡986) Mesesimply Ítem tite laek of interna! dissiparionof
arbitrarystartuptransienis.At tbk peiní, tite boundaryconditionsentite model
solid sidewall beundarieswere iii al! casesfree-slip,je. notangencialstressal ihe
walt

Having shownthai tite elfecí of horizontalviscosityper se was nol enoughlo
generatetite gyre, we were lefí with only tite form of tite boundaryconditionen
tite mode>solid sidewallsdifferentiatingocr formulation troya Preller’s.To ocr
surprise;we found thai upen imposingno-supconditionstite solution changed
radical]>’, exhihiting a strong. persistent anticyclonic gyre en inflow (see
I3landford, 19)]. for related discussionsof tite effect to boundaryconditionson
largesealeoceanmodeling).Al) oriter parameters,suchas geometry,f— ve~us
bel-planes.nad niagnitudeof tite horizontal visceustemis, werefound te plav a
secundaryrole (Wernerel aL. ¡988).

l-laving stablishedtite fundamentaliniportanceof tite fon of tite boucdary
ecaditionoc model sidewalls,wc returnedte tite Wave Equation(licite element)
model.Tite main task at titis poiní xvas te reformulatetite governingequaticaste
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include tite effect of horizontal stress terms, i.e., te allew ter the presenceof
horizontal viscesity se that no-supcenditiensceuld be imposedin the finite
elementmedel.Specifically,with the inviscid model we were free te imposeeuly
eneboundarycondition: no normalflow throughthe solid wall; but, by including
horizontal visceus terms, we enabled the specification of a 2nd boundary
cenditien,which wilI be:eitherdic flew velecitytangentialte dic selkl beundary,
or thespecificationof the tangentiálstresson the fluid acrosstheboundarylayer,
where reselutienof the visceusbeundarylayer is undesireable.

2. SENSITIVITY STUDY OI~ SLIP vs. NO-SLIP (Wernerdat 1988)

For the purpose of studying dic effects of varieus parametersen the
circulationof the Alboran Sea, numericalexperimentswerecarriedeut te study
the effect of:

1) free-slip vs. no-slipcenditiensen the demain’ssidewalls;
2) f-plane vs. beta-plane;
3) nenlinearities;and
4) horizontal eddyviscesity (AH) andupstreamrelativeverticity.

In this sectionwe fecusen presentingthe more significant result of the finite
difference analysis; the discussienof ah the different numerical experiments,
centainedin Wernerel al. 1988, is net included itere since they are of second
erder and will be censideredlater in dic Imite elemcntniodel resulis. Unless
otherwise stated,the results we shew next were ebtained after a 360 day
simulation;only smahl quantitativechangesare expectedin longerruns. Pletsof
the pycnoclinedisplacementrelativete the initial 200 m depthof tite interfaceare
included. Positive values of tite interfacepesitien indicate depressiensof the
iriterface relative te tite iriltial 200 m while negativevalues indicate interface
displacementsaboyethe initial 200 m layer thickness.The vector plets display
vcrtically averagedvelecitieslii m/sec.

3. FINITE DIFFERENCE MODEL FORMULATION:

Tite numericalmedelwe use in titis studyisaslight variatienof that described
in Fernerine(1982) and Le Prevostatid Fornerine(1985). The hydredynamic
equatiensare the depth-integratedsitallow water equations:

+V(H—’ UU)±JkXU
a,

~ U (1)
112

a’ (2)



312 A. CantovEiguerola,6. Parrilla y F. E. Werner

where

Urzfudz,

u~ 1,1±Vj

ti mc (Ji + 1]

Here, tite following definitions hold:

1, j audk unit orthogonalvectors la tite (x. y, z) referencesystem,with x

eastward,y nerthwardand z vertically upward;

time;

11 tite total thicknessof the upperlayerat any time(tite lower layeris

at rest in titis reduced-gravitystudy);
/i tite undisturbedupperlayer thickness;

tite displacementof tite interfaceÍtem rest;

u, y tite eastwardand northwardvelocities respectively;

A,, tite horizontal eddyviscosity;

1 tite Coriolis paraweter[zxxfo+/3&—yo)], evaluatedat alatitudeof
360 N, whereYo is tite sotithernwestvalue of tite y coerdinateand
f3xs2 l0~m< s—1;

reducedgravity (xxx .=&g=0002g)

where Ap represcntstite densitydifferencebetweenthe uppcr and
lower layers, p is a mean density and g is tite gravitational
acceleratien;

p tite interfacial stresscoefficient and is dimensionless;and

V audV2 the horizontal gradient(d/dx, d/dy) and Laplacian (cP/8x2, 82/ay2)
operatorsrespectively.

Tite model domain is arectangle600 km long (in x) and 160 km wide (in
y) andreproducestite meshusedby Preller and Hurlburt (1982) ami Preller
(1986). lnitially, tite systemis at rest andtite surfacelayer thicknessis 200w
[thns tite Ressbyradius of deformatiensis (g’H/f)’/2~23 km]. Instanta-
neously, at t=0, a transport of 1.0 Sv (Sv~ 106 m3r’) is prescribed
(Lacombeand Ricitez, 1982) titrough a 20 kw wide port en tite westernwalI
atid is kept censtantthereafter.The spatialdiscretization is Axmc lO kw and
Avx=5 km and tite differeneing follows an Arakawa-C seheme. Explicit
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treatmentof tite temporaldemainrequiresthat tite Courant-Friedrich-Levy
(CFL) criterion be satisfied: ~¡<¿~x/([2g’(H+4)]~¡2+u) witicit in Ibis case
dictatesa iXt¿~¡<2700sec. Herein aH runs were madeusing a time step of
1800 sec.Tite run-time en a32-bitprecisionVaxStationII (L1NPACK rating
of 0.17 MFLOPS; Dongarra,1986) is approximately16.5 iteurs of CPU per
360 daysimulatien,andtite requiredmemeryis 0.82Mbytes. Tite rernaining
details of tite numerical selutien can be found in Fornerine(1982) and Le
Provestand Fernerino(1985).

On the easterneutflow-beundary a medified Orlanski-type radiatien
cendition is imposed(Camerlengoand O’Hrien, 1980; Chapman,1985, see
conditien MOE titerein). Experirnents with both free-sbp and nc-s/uiv
conditiensen tite sidewallsof tite systemwerecarriedout and are discussed
below.In tite caseoffree-sh[p we require(he flow normalandtite mementum
flux titrougit theselidbeundarieste vanisit, i.e. u n=0 andVu• fi = 0, where
n is tite unit vectornormal te tite beundary.On tite etheritand, whenno-sup
is imposed,we requirethe normal andtite tangentialvelocitieste vanish at
tite sidewalls,i.e. u• n=0 andu • s=Q witere s is tite unu vectortangentialte
tite boundary.

Free-sfipvs. no-sUp:

Otiter paraweters:fully nenlinear,beta-plane,A~ 100, m2/sec.
Figures (2a, it) sitow tite resulting interface position and with free-slip

conditions and a constant interfacial stress term of 5 x l0~ witich was
includedfor numericalstability. Tite cnteringflew immediatelyis deflectedte
tite right (due te rotation)andhugsthe seutherncoastas a coastaUytrapped
jet. A basin-wideami relatively weak recirculatienis set up in tite nerthern
pertienof tite domain.Titis resultscanbe relatedte the citannel-flowstudies
discussedby GuI (¡976), Nof(1978),andWang(1985).Althoughexperiments
witit free-slip and r =0 becameunstablein 2-3 mentits,tite resultsup te tite
peint of the simulation’sterminationresembledtitarin figures(2a,b) leading
us te ceticlude that tite inclusion of a nonzeresitould not detract from tite
basicfeaturesdescribedaboye.

On tite otiter hand,figures (3a, it) show thaI tite requiremeníof ño-sup
significantly alters the circulation, creating an anti-cyclonic gyre upen
enteringtite main basinandtiten meanderinguntil tite flow existtitreugh the
easternopenboundary.The senseof tite gyre’s circulatienand this lecatien
reughly agreewitit the ebservedflow in tite Alteran Sea;tite casesitew in
figure 3 reproducesresultsdiscussedin Freller (1986). Sineetite result witli
no-sup prescribeden the beundarieswas ebtainedwitit r=0, it may be
inferred that tite prescribedvalue of tite horizontal eddy viscesity is <darge
eneugh»te preventtite unboundedaccelerationof the flew. l-Ienceforthalí
experimentsare carriedout witit r=0 reducingin titis way the numberof
adjustableparameters.

Tite inclusion of nonlinear advectienof mowentuwwas feund te be a
necessaryconditien(but nel sufficient in view of tite aboyediscussien)br tite
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Figure 2.—Solution after 360 dayswith: bree-sup,fully nonlinear, beta, A,,= lOO, m/s,
centeredpor.t, eastwardllow, r= 0: (a) pycnoclinedisplacementin nietasrelativeto 200
metasaud(b) yertically averagedvelocities in mis.

appearanceof the gyre (see fig. 6 a, b and 7 a, b in Werneret aL, 1988).
Moving the inflow-port 20kw north of the centerof the westernwall and

iwposingan inflow angleof 210 frow tite horizontal(te the northeastbased
en observedgeemetricfeaturesof the Strait of Gibraltar producesa result
which is closer te tite observed flow-foeld (figures 4a and b). Titis result
reproduceseneby Preller (1986) and is included for cowpleteness.

4. DISCUSSIONOF THE MODEL RESULTS (Werner aal. 1988):

The numericalexperimentsdescribedaboye,and othersdiscussedin the
main paper,show that tite existenceof tite Alberan Gyre way be attributed
te tite new-linearresponseof a visceusreduced-gravityflow subjectte no-sup
boundary conditions. Although the iwportance of including non-linear
effeets,particulary in the vicinity of tite medel’sentry port (wherethe Rossby
numberis at least of erder 0.1) is predictable,the finding that tite no-slip
condition is neccessarydeservesfurtiter attention.In fact, it appearsthai tite
absenceof tite no-supconditionmay accountbr tite elusivenessof the gyre
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Figure 3.—As in figure 2 but witit no-sUp and r0.

describedin the studiesof Leth and Crepen(1984)and Wernerand Lyncli

(¡986).

a) TheAlboran SeaGyre:

With tite previeusremarksin mmd, a simplified accountof tite Alberan
gyreascentainedin die presentformulation follews. Considertite evolutien
of the flew over the first 15 dayswith free-slip and no-sUp shown in figures
5a-d and6a-d respectivelyandfocusen the gyre-regien(sinceits eccurrence
appearste tite unrelatedte tite meandersdownstream).Initially tite flews are
similar: a Kelvin wave front propagatesalong the seutherncoast(figures 5a
and 6a) and tite pressuregradients are balancedby Coriolis. Tite main
differenceat this stageis the slowerpropagatienof the no-supcase(see [-Isieh
el aL, 1983). By tite 6th day (figures Sb and 6b), a qualitatively different
picturehasemerged:a «highpressurecello inducing cleckwiserotating gyre)
locatedsouthof the entry port is establishedin tite no-slip case.lts evolution
is quick, eversheetingby tite 9th day tite strengthof the gyre observedafter
360 days (comparefigures Gc and 3a). Tite high pressurecdl in tite no-sup
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Figure 4.— As in figure 3 but uncenteredport and northeastw4rdflow

case inhibits tite inflow te turn southward(sl¡ppng along tite coast) and
ferming a beundarycurrent as it is permitted in tite bree-sUpcase.

In terws of vorticity, the negativevorticity (clockwiseshear)acquiredby
tite soutiternedgeof tite inflowing current at tite cernerof the entry port, is
balanced by the positive wallinduced relative vorticity (counterclockwise
sitear) of tite return flow closing the gyre. Similary, tite counterclockwise
sitearacquired en tite northernedgeof rite inflowing current is balancedby
the negative wall-induced vorticity en the portion of the cyclonic gyre in
conractwitit tite northernwall. Tite fluid not entrainedin thegyresadjustsby
changesin tite curvaturealong its trajectory: injection of negativevorticity
causesanorthwarddefleetionami seuthwardin tite caseof positive verticity
injection. In titis manner, tite current displaysa meanderingtrajectory even
en an f-plane. Tite sitorter wavelengthweandersof tite currentdownstreaw
of tite gyre observed in th& beta-planecase(not shown here) dee te tite
backgreund/ambientpotential vorticity gradientandma>’ beinterpretedas a
stationary Rossby wave in tite presenceof a zonal current (see Pedlosky
(¡979), Pp. 108-111).

0.
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Figure 5.—Pynocl¿ncdisplacernent¡u nietersrelative(o 200 nueters
figure 2 after: (a) 3 days,(b) 6 days,(c) 9 daysaud (d) 15 days.

(br conditiotis as in

it) Sensitivi¡y studyof no-sup Vs. Par¡ial slip (Lynch et al., /989)

The results discussednext, after describing tite finite element model
formuJation,included someform of Jateralstresscenditien:eithercomplete
no-sup or partial-slip/traction. The case with complete free-slip becomes
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Figure 6—As in figure 5 but for conditions as ¡u figure 3.

easilyunstableduete the absencedissipationmechaniswsandid describedin
figure2. Note that asmalíawount of bottom/interfacialstresswasneededte
stabilize the free-slip simulation. The purpose was te explore the model
responsete and role of lateral stresseswhenthe ne-slipcenditien is relaxed
te eneof traction or partial slip.
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niesh usedin the conoputations.Tite rneshhas 1672 nedesandFigure7.—Finite element
3080 eleonents.

5. FINITE ELEMENT MOflEE FORMULATION:

The basis of the generalizedWave Equation fermulatien (LG79; and
Kinmark and Gray, 1985) is:

02H OH (1)
0,2 r

0 TZ.[V.(Hvv)+gHW±fXHv+(r~r0)Hv—H4I]szO

Tite variablesare: H(x,y, 1), the total fluid depth; ~(x,y, O, the breesurface
elevation;the bathymetricvariatienis h (x, y) = H— ~;y (x, y, t), the vertically
averagedvelocity; g, tite accelerationduete gravity; f, the Coriolis parameter
(we included a 13-plane appreximation); r (x, y, 1) is the bettom frictien
parameter(er interfacial stress in a reduced-gravitycalculation and is
identicail>’ zere herein), ~¡ representsatmosphericand¡or víscaus effects;
(x, y) are dic horizontalspatialceerdinates;lis time and V is tite horizontal
gradientoperator.The reduced-gravityferm is conventional,cg., Wernerel
nI. (1988)and is not reprodueedherein.The arbitrary constantr< introduced
by Kinnmark and Gray(1985)rendcrsthedepth (U) matrix stationaryin an
implicit scheme,and stabilizescertainnonlinearinstabilities.Tite value of T0

is heid fixed at 2x ¡fl—4~—í for all cases considered herein. Briefly,

O. OOOOE+0O 6. 2223E+02
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Equatien (1) is solved for the fluid depth; this solution is then used in the
calculatienof tite velocity:

dv
(2)

and the processin repeatedallowing tite solutien te evelve in time (LG79).
The inclusionof horizontalshearstressis achievedby adding a Galerkin

ferm of:

- ‘V=A 11V
2v (2)

everywhcre in tite interior, and by exercisingeither no-sup (v=O), or tite
meregeneraltractioncondition:

8(v.t) -

A
8 xsx—kv.t (4)On

en alí sidewallbeundaries.1-lere t is tite unU vectortangentto tite beundar>’;
A~ is the horizontal eddy viscosity, set te loo m

2s—’ in etc computations;
and,Lisa slip coefficient (units of length/time)wherebyk=0 correspondste
free-slip (no stress)and k mcccte no-slip (maximum stress).

The meshemployedin tite calculationsis shewn in figure 7. In alí cases
shown belew,we impesed 1.0 Sverdrup(1 Sverdrup=106 rn3 s—í) en inflew
and required tite sameen eutflew; no radiation outflow conditionswere
censidered.Siwilarly, alí resultsare shown26 weeksafter start; initialí>’ all
velocitiesare at restandthe surlacelayer thicknessis 200 meters.Tite forcing
os increasedlinearly frem zere te its final value over tite first 5 days. A
/3—plane (13=2x lo—II rn—ís-<) appreximation is used, and tite reduced
gravity term g’[=(áp/p)g] is fixed at 0.002g. Tite time-steppingis explicit,
with a time—stepof 15 minutes,requiringapproximately3.2 heursof CPU en
a Vax-Station LII for tite fuIl 26 week simuuatien.

a) Resulísof ¡he No-sup vs. Paríial-slip Formulalion:

In addition te successfully reproducing tite Alteran gyre wirh tite
«visceus»Wave Equation fermulation, it was establishedthht tite no-slip
cenditionsen model sidewalls may be relaxed te partial-slip (er tractien)
cenditionsandstill obtain realistic flow fields (comparefigures8 threughII).
Tite inflew angleof 210 te tite nertit of tite horizontalis an attemptlo include
tite inflo~ direction frenotite Straitsof Gibraltar duete tite inclination of tite
Straits’axis relativete the Alberan basin(ser Preller, 1986and Wernerel aL,
1988). Figures:-9and II were cemputedwith k 0.1 m/s; similar resultswere
obtainedwith k=0.05and with k=0.025 m/s; tite resulí with k=O.025m/s
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Figure I0.—Vertically averaged veloc¡oiesw¡th no-sup boundary conditions. Tite ¡nflow ¡s
angled 2(0 north from the hor¡zontal. Maximum velocity shown is 0.29 mIs.

Figure 11 —Same as figure 5 bus witb traction boundary condition. k = 0.1 in) s.
Max¡mum velocity shownis 029 m/s.
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Figure l2.—Vertically averagedvelocitieswith traction boundarycondition. k=0.l m/s
eastward inflow. Maximum velocity sliown is 0.29 m/s.
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Figure l3.—Vertically averagedvelocitieswith traction boundarycondition, k=0.l m/s.
The ¡nflow is angied2l~ southfrom tite herizontal.Maxinium velocity shown ¡sO32 m/s.
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is shewnla figures 16 and 17. l-lewever. tite computationswith k=O.015m/s
becameunstable.

In otherwerds, it was leutid that tite key te establisitingthe observedflow
featuresin tite model lies not in the impesitienof no-slip conditionsper se,
but in tite concowitantgenerationof lateral stressat tite selid beundaries.
Titis is important in that man>’ oeeanicflows will exhibit visceusbeundar>’
layers.whichare ver>’ small comparedte tite lengtit sealesof the main flew
features,andtiteir preperresolution in order te bring tite flow te restcan be
prehibitive numerically.

b) 0/her Resulís:

Additional experimentswith tite formulation developed herein agreed
with tite findings described in Werner e¡ aL, (1988). For example, tite
inclusion of betais only a secendar>’effeet te tite existenceof tite gyre (not
shown}. Wc inelude below a seleetnumberof theseexperimentsshewingthe
sensitivity of tite wedel’s response te changes in specified beundar>’
cenditiens.Gal>’ results witit tractienbeundar>’cenditiensare sitown. Note
titat rhe eoastflneis not plottedin tite remainingfigureste sitow tite nen-zere
velocity vectersat tite beundar>’.

Eastwardatid seutheastwardinflew:

Results with iuflew directedeastwardami southeastwardare shew iii
figures 12 and 13 respectivel>’.Tite findingsare not centrar>’te intuition, le.,
¡ncreasingtite seuthwardinflow componentweakenstite «mamoanticyclenic
Alberan gyre and strengthenstite cyelonic gyre in2mediately north of tite
incenúngjet. Note in figure 13 that witen tite inflow is directed210 south of
the horizontal,tite main Alboran gyre is practicalí>’ absent.

Cyclenic and anticyclomeLnconilng vorticity:

Resultswith eastwarddirected inflow possessingcyclonic andanticyclonic
vorticitS’ aré shown in figures 14 and 15 respectivel>’. While cyclonic inflow
vorticity (fig. 14) shews an enhancementof tite smaller gyre north of Ihe
inflow port relative te figure 12, the casewith anticyclonic inflew vorticity
(lig. 15) shows the incomingflow te turn in a more-nertitwarddirectionand
te inerease tite main Alboran gyre’s dimensien (titis laiter result is in
agreementwith Preller, 1986).

Weak(er) traction:

A caseas tite eneshewnin figure 12 but with k=O.025 m/s is shewnla
figure 16. Overalí tite twe resulms de not differ qualitatively. The principal
difíerenceis in tite immediamevicinity of tite inflow pertwhere largerveloeity



12. Modelling of ¡he sur/are flow in ¡he Alboran Sea... 325

- -. ,

A—---—

• . - . ~

-
-- •.. - - - - ——----- —t---•--’---• --- -

- —u----

..—A —

F¡gure l4—Vert¡cally averagedvelocitiesw¡th traction boundarycondition, krz0.l m/s.
The¡nflew is eastwardwhh inuposedcyclenicrelativevorticity of magnitude0.5x lO—~/s.
Maximum veloc¡ty show:í is 040 m/s.
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Figure 15—Vertically averagedvelocities with traction boundarycondition, <=0.1 m¡s.
The inflow is eastward w¡th impesed ant¡cyclenic relative vorticity of magnitude
05y I0-~/s. Max¡mum velocity shown ¡sO.40m/s.
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Figure l6—Vert¡cally averagedvelec¡t¡eswith traction boundarycondition. k=0025
m s and eastward inflow. Máximum velocity shown is 0.30 m/s.
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vectorsareobserveden tite model’s coastlinein the caseof k = 0.025 m/ s (as
ene would expect). Tite resulting pycnocline displacemcntis sitewn in
figure ¡7.

6. CONCLUSIONSANO DISCUSSION OF THE
MODELLING EXPERIMENTS:

A review itas beenpresentedof sensitivity studiesof the circulatienin a
channel.Thesestudieswerecarriedout with twe reduced-gravitynumerical
modeis and an application te the circulation in tite Alboran Sea was
investigated.We sought te explore and evaluate the effects of different
mechanismssuchas: theimpesitienof no-supconditions,thef vs. beta-plane,
the magnitudeof tite horizontal viscosit>’, and tite effect of nenlinearities.
Based en these experiments, it became clear that te reproduce the
ebservatiens:(i) theflew neededte be brougthte restat thesidewalls,and (u)
tite advective nonlinearities of momentumnhad te be included. Alt other
precesses(within reasonableexcursiens)havesmallerquantitativeeffectsen
tite circulation.

Altheugh tite results are satisfying in that they yield tite desired
corculation,theycannotfully addressthc physicalmechansmsrespensiblefer
the ebservedflow, andassucit, tite prcsentcalculationsmustbe consideredas
diagnostic.Tite dependenceof the medel solutien en the ne-slip sidewall
boundarycondition(and thus en the the inclusionof a nen-zerehorizontal
eddy viscesity) calís for cautiousinterpretatienof the results.A systematic
study of tite boundarycenditiensand their relation te physical proccsses
influencing the selution still needste be undertaken.1-Iewever, the present
reduced-gravityformulation is limited and a different appreachos required.

The researchitasshownthat in erderte studytherelevantdynamicsof thc
Alberan Sea tite effect of tite lateral beundariesen tite interior flow is
essential.The lateral stressand tite boundary-gencratedvorticity deminate
the large-scalefeaturesof tite solution in the interior. A reformulatienof the
finite element model of L079 te include visceus effects successfully
reproducedtite gross features ot tite ficíd observatiens,and allewed tite
implementationof an alternative,moreattractivesidewallboundarycondition:
thepartial-slip (or tractien) condition. Useof titis conditioneliminateserrers
arosíngfrom tite improperresolutienof visceusbeundarylayersimplied by
no-slip.

The resultsdescribedin this review, reveal onceagain, tite critical atid
unintuitive role that beundar>’ cenditienscan play in tite study of certain
geopbysicalfluid dynamicsproblemns.Discussiensgiven by Blandford (1971)
sitow that tite no-slip constraint(in generalcorculatíenmodels)can change
steady flow characterizedby western, northern and eastern beundary
currents te an unsteadyl3ew witit a western beundary layer and eddies
generatedin tite nortitwestcernerof tite basin.Subsequentstudiesof general
crculationmodeishave,for themestpart, includedfree-slipconditionsmost
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likely becauseof tite difficulties enceunteredresolving tite structure of
beundar>’ layers en no-slip walls (Haidvogel, 1979). Titese difficulties are
compoundedfurtiter if details of tite vertical structure(in the pursuit of
barocliniceffects)arealso part of tite problem. In tite particular caseof tite
Alboran Sea, tite treatment of stratification effects is essentialsince tite
círculationin titis basinof the Meditérraneanis affectedit>’ at least3 different
watermasses.Mere detaileddescriptiensof the trajecter>’ and interactionof
tite Atlantic and Mediterraneanwaters(cg. Tintore e¡ aL, 1988) are likely te
centribute te a rc-4’ision of our understandingof tite Alboran Sea’s
corculatioñ. Neverthele~s,the issuesassociatedwith beundar>’ la>’ers, cg.,
such as tite possiblegeneratienof baretrepicand baroclinicinstabilities,are
a matter of interest. Evidence for the ocurrenceof sucit h>’dredynawic
instabilities in tite Algeria Currenf,eastof tite AlboranSea,can be found in
tite studs’ofMillet (1985).

Similar uncertainijesmay be feund in tite role of bettemfrictien. In tite
presentstudy, a non-zereinterfacial stress(for practical purposesa form of
bettemfriction) wás neededte stabilize tite flew in the free-slip case.At the
sametime, nó interfacial/bettomstresswas neededbr an eddyviscesity of
loo m2/s.The determinationof tite apprepriatedissipativewechanismmust
also be consideredin future studies.
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