ThermoclineTheoriesandWOCE: A Mutual Challenge

Geofrey K. Vallis
GFDL/PrincetorUniversity

August9, 2000

1 Background

Thisarticlewassolicitedfollowing alectureonthelarge-scaleirculationandthermoclinedynamics
given by the authorat a recentconferencgVallis 2000). It gives a brief overvien of the some
recentwork onthethermoclineproblem,andalsotriesto begin to make a connectiorbetweersuch
dynamicaltheoriesandobserationalprograms.

WOCE is, asa whole, the mostambitiousoceanobservingprogramto date. As the program
moves into the AIMS phaseit is usefulto recallits original objectves, namely: (i) To develop
modelsusefulfor predictingclimate changeandto collectthe datanecessaryo testthem; (i) To
determingherepresentatenesof the specificWOCE datasetsfor thelong-termbehaiour of the
oceangandto find methodgor determiningong-termchangesn theoceancirculation.Includedin
thesegoalsis amandateo ‘determinethedynamicalbalanceof the World OceanCirculation’ This
shortarticleasksthe questionscan observational data be effectively used to test dynamical theories
of the ocean, such as thermocline theory? and, corversely can dynamical theories be put into a
formthat can be subject to observational tests? Althoughwe would like to answerboth questions
in theaffirmative, bothissuesappeato be moredifficult andambiguoughanonewould like.

Much of ourtheoreticalunderstandingf thelarge-scalecirculationof the oceancomesby way
of usingsimplifieddynamicalequationsin particular(andespeciallyfor thelarge-scalecirculation)
the planetary-geostrophic eguations, or PGE.Theseequationshave in turn beenusedto construct
variousmodelsof how anidealizedoceanmight work — simpletheoriesof the wind-driven circu-
lation, thermoclinetheoriesandsoforth. Thus,it seemghataworthwhile projectwouldbeto try to
useobsenrationaldatato testthe validity of the planetary-geostrdyc equationsandsomeof their
consequences- in particularvariousmodelsof thethermocline.

2 Dynamical Theories

2.1 The planetary-geostrophic equations

The planetary-geostrdyc equationgollow from the primitive equationssimply by neglectingthe
total time derivative in the momentumequations.The scalingassumptionshat mustbe satisfied
to justify this are (c.f., Pedlosk 1987): (i) Small Rossbynumber;(ii) Lengthscaleslarger than
the deformationradius; (iii) The Coriolis parametemustvary by O(1), elsethe resultinglowest-
orderdynamicsaretrivial. [On Earth,(ii) is implied by (iii).] The secondof theseconditionsis
particularlyproblematic for it explicitly excludestherebeinga continuousspectrunof interacting



scaledrom the planetaryscaleto the mesoscaleln the Boussines@pproximationandneglecting
salineeffects,theequationdhatresultare:
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Here,b is buoyang (ortemperature)p is pressuralividedby density andothernotationis standard.
Theseequationsverefirst dervedasalarge-scaleapproximatiorfor ocearcirculationby Robinson
and Stommel(1959)andWelander(1959). Burger (1958) hadindependentlydevelopeda similar
approximationfor large-scaleatmospherianotions,andPhillips (1963) put themin the context of
otherapproximationgo the primitive equations.

The diffusive termis not part of the planetary-geostropd approximationper se. Rather one
is additionally assuming that small-scaleturbulent motionsact diffusively on the large-scale. In
particular oneis implicitly assuminghat small-scaleurbulencehasan effect on the large-scale
flow, but that mesoscaleéurbulencedoesnot. Unfortunately we have few dynamicalagumentsto
indicatewhetherthisis really valid, or whatprecisevalueof « is appropriate.

2.2 Theory of thethermocline

Becausef the uncertaintyin the approximationdeadingto the planetary-geostrdypc approxima-
tions, andat the sametime the ubiquity andimportanceof theseequationsn our theories plainly

we shouldseekto testtheir validity. We comebackto this morein the next section but for nov we

notethatoneof the consequenceasf the planetary-geostphic approximatiorhasbeenour current
understandin@f the thermocline.Historically, therehave beentwo approachegliffusive theories
and adiabatictheories. A numberof early approachegoncentratedn the former, for example
assuming balancdn thethermodynami@quationof

W= R Ky (2)

Similarity theoriesquantifiedthis approach/eadingto a picture of the thermoclineasan internal
boundary layer (Stommeland Webster1962; Salmon1990; Young and lerley 1986). In these
models thethermoclineis irreducibly diffusive; no matterhow smallthe valueof « is, diffusionis
alwaysimportant. Typically, the thicknessof the thermoclinevariesassomefractionalpower of x
like x1/2, thethermoclinditself becomingadiscontinuougrontin thelimit k — 0.

In somecontrastjdealtheoriesassumedhatthebalancen thethermodynamiequationvases-
sentiallyadiabatiqv- Vb = 0). Thisapproachreally begunby Welander(1959),wasreirvigorated
by the'LPS’ theoryof Luytenetal (1983). Thistheoryprovided solutionsof theequivalentlayered
systemthat combinedessentiallyarbitrary densityand (downward) Ekmanpumpingconditionsat
the uppersuriacewith a quiescentibyss.After someyearsof struggle,the continuouslystratified
equationsalsofinally yieldedto ananalogouspproachHuang1988).In thesemodelsx playsno
role; the meridionalprofile of temperaturés mappedcontinuously to a vertical profile, evenin the
limit of x = 0. In subsequendevelopmentstherolesof seasonavariationsin surfacedensityand
mixed-layerthicknesswvererecognized Theterm“subductiori, describingthetheoreticalision of
subtropicalisopycnal layerssliding beneathone another dovnward and equatorvard in vastfluid
sheetshasnow becomeascommonin ourfield asit is in platetectonics However, theidealtheories
madeno realexplicit connectiorto theabyss.



SamelsorandVallis (1997; henceforthSV) computednumericalsolutionsof a planetary-geo-
strophicmodel, and found that thesecould be understoodas a combinationof the diffusive and
ideal theories. In their single-basirmodel, the main thermoclinehastwo dynamicalregimes: an
upperadiabatiaegion in which thedynamicsareessentialljthoseof LPS,andalowerintrinsically
diffusive part, which in the limit of small x forms aninternalboundarylayer (seefigure 1.) The
upper ventilatedthermoclineis, just asin LPS theory a continuousmappingof a surfacemerid-
ionaltemperaturerofile, but only thetemperaturgrofile acrosghe subtropicalgyreis somapped.
The temperaturgrofile acrossthe subpolargyre mapsto a diffusive, internal boundarylayer as
in the similarity theories. Furthermore and perhapsmportantly for the earths climate, only the
temperaturgyradientacrossthe subpolargyre is effective in driving the thermohalinecirculation,
because¢his circulationis bufferedfrom thetemperaturgradientacrosghe subtropicalgyreby the
isothermalayeratthe baseof the ventilatedthermocline.

Arguably SV’'s modelcanbe seenasa directconsequencef the planetary-geostrojh equa-
tions, with smallbut non-zeroverticaldiffusion, corvective adjustmentminimal parameterizations
of lateral diffusion and friction, and certainboundaryconditionsof temperatureand stress. An
interestingquestions, to whatextentcanthe presentheoryof thethermoclinebe regardedquanti-
tatively asthe planetary-geostrdyc approximatiorplustheseor similar boundaryconditions?Put
anothermway, is the phenomenologgimply the resultof calculations from a planetary-geostroph
basewith thelatterbeingthe underlyingtheory?

3 Testing Dynamical Theories

As the planetary-geostroph equationghemselesarethe foundationfor our dynamicalmodelsof
thelarge scale,it seemghatthey shouldbe the startingpoint for obserationaltests. However, an
objective, quantitatve testof the planetary-geostrdpc equationsas an approximationfor large-
scaleoceancirculationhasnot beenachieved, forty yearsafter their first dervation. The possible
role of eddyheatandvorticity fluxes(whichareexcludedfrom the planetary-geostrophiequations)
in settingthe stratificationof the thermoclineremainsa subjectof active debate.Will the WOCE
obsenrationsprove suficient to settlethis issue?If so,theresultwould be a fundamentabdwance
in our physicalunderstandingf the oceanwith critical implicationsfor future oceanclimate ob-
senationsandmodellingprograms.

How cansucha resultbe achieved? The mostdirect approachis to testthe balancesn the
equationghemseles. Someof the variousapproacheso inversemodeling(e.g,, Bennett1992;
Wunsch1996) offer the opportunityto carry out quantitatve statisticalhypothesigestingon the
PGE approximationsgn this direct manner However, the nonlinearity of the PGE malkes this a
dauntingproject.

Is therean alternatve to this directapproach?If so, it seemsclearthatit mustbe more phe-
nomenologicallyoriented.As ananalogy considerfor examplethe Schibdingerequationof quan-
tum mechanicsThis equationcannotbetesteddirectly, in the mannerof a weak-constraininverse
formulation,becaus¢hequantummechanicalvave-functionsarenotdirectly obserable. Nonethe-
less,it hasbeentestedstringentlyasa physicalmodelthroughcarefulmeasurementsf obserable
guantities— phenomena— thatcanberelatedto it or derived from it, in oneway or another To
theextentthatPGEtheoriegpredictspecific,recognizabléeaturesn theocearthermocline— such
asthe ventilatedthermoclineor the internalboundarylayer — that canbe comparedo obsera-
tions, they canandshouldbe viewedin a similar fashion(andasthe resultsof a similar scientific
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philosophy).The directtestof the dynamicalequationsnay be asunachigablein practicefor the
planetary-geostrdyc equationsasit is in principle for the Schibdingerequation. The challenge
for the practicaltheoreticians to quantify the planetary-geostrdypc phenomenologyn a way that
exposegheapproximationgo quantitatve obsenrationaltests.

Thus, we circle backto the phenomenologyf the thermocline.Canthe variousmodels(ven-
tilated, diffusive, ‘two-thermocline’etc.) in andof themseles be subjectedo suchtests?To the
extentthatthesetheoriedfollow from from the planetary-geostrdyc equationsatestof thesether
moclinetheoriess atestof theadequag of theseequationsand,implicitly, thelack of importance
of eddies.Thus,wewouldideally like aquantitatve testof thephenonemaredictedoy themodels,
but this hasnot yet beenachierzed. Of course someprogresshasheenmadein testingthetheories.
For example therelative freedomwith which surfaceboundaryconditionscould be specifiedn the
LPStheoryresultedmmediatelyin calculationghat could be comparedjuantitatvely with obser
vations,first for the subtropicalNorth Atlantic (Luyten et al themseles),and, soonafter, for the
subtropicalPacific (Talley 1985). Somepreliminarymodellingstudiesof thethermoclinehave also
beenmadewith the primitive equationge.g.,Cox 1985)thatdo, in principle,allow for acontinuum
of scalesdown from thegyresto thefirst deformatiorradius.Will WOCEdataallow usto domore?
The two-thermoclinemodelhasa relatively rich dynamicalstructurethat seemsaswell suitedas
arnything to obserationaltesting.For example,predictionsnclude:

1. Theformationof athick, mode-vaterlike, thermostadhatoutcropsat approximatelythelat-
itude of the meanzerowind-stresscurl, separatingwo regionsof largerverticaltemperature
gradient.

2. The vertical velocity should passthroughzeroin the lower region, thatis in the internal
boundarylayer.

3. The heatbudgetshouldbe approximatelyclosedby the large-scaldields themseles. That
is, eddiesshouldhave only a smallcontritution. Similarly, available potentialenegy should
dominatethe enegy budget. (Thesearerelatedmoreto the adequag of the PGEthanto
thermoclinemodelsper se.)

4. Specifically in the upperthermocline(isothermsthat outcropin regions of Ekmandown-
welling) theheatbudgetshould(belown the surface)closeonthebasisof anadwective balance,
whereaselown theregion of modewaterthe balancas adwective-diffusive.

5. In sofar asthe upperpart of the thermoclineis a ventilatedthermocline,the phenomena
associateavith thatshouldbe presenthere.

Someof thesepredictionsmay beimpossibleto directly test;for example,it is very difficult to
directlymeasureerticalvelocity, althoughtracemreleasexperimentgasin Ledwelletal 1993)may
provide a means.Othersareratherqualitative anddo notdirectly or quantitatvely testthermocline
models.For example,modewater(item 1) hasbeenthe objectof mary obserationalstudies(e.qg.,
McCartng andTalley 1982)and,in partbecausef strongseasonagffects,it concevably cannot
be uniquely associatedvith a two-thermoclinemodel. Similarly, heattransportestimatege.g.,
Hall andBryden1982)indeedappearto shav only small eddy effects (item 3), but this doesnot
discountthe possibility thateddiesmight have a cumulatve influenceon the large-scaldields that



isimpossibleto detectin suchdiagnosticsAnd the specificheatbudgetsof item 4 maybevery hard
to quantitatvely test,especiallywithout exactknowledgeof thevariability of theverticaldiffusivity.
Someof theseobserational tasksmay ultimately be madeeasierby assimilatingdatainto a
primitive equationoceanmodel,andthentestingthe dynamicalbalancesn thatmodel. However,
this maybeambiguousn variouscounts.In particular such‘re-analysis’productqto useaphrase
commonin the atmospherisciencesynasoidably incorporatehe strengthsandweaknessesf the
underlyingnumericalmodel, especiallyif obserationsare sparseandso arenot a direct obser
vationaltestof the phenomenology Relatedly the primitive equationmodel shouldcertainly be
eddyresolving,elseit is really just solving the planetary-geostrdyc equationsandthenthe ther
moclinesolutionis assured But obserationswill typically not resole the eddies exceptperhaps
altimeterobsenationsof the surfaceonly, andthusthe testmay endup beingmainly a testof the
planetary-geostrdypc equationthermoclinetheoryagainstanothemumericalmodel.

4 Summary

Although one of the goalsof obsenations should presumablybe to testdynamicaltheories,the
nonlinearityof the equationsthelack of knowledgeof the valueof key parameterandthe sparsity
of datamale thisdifficult. Similarly, theoristsshouldpresumablyseekto formulatehypotheseghat
areobsenrationally testable.But this too is easiersaidthandone. Evenin the atmospherewhere
the dataare so muchmoreplentiful, unresohed questiongemainaboutsuchfirst-orderquestions
aswhat determineghe heightof the tropopauseor the latitudinal extent of the Hadley Cell. In
the oceanwe are both unsureaboutthe basiclevel of approximation(e.g.,the appropriatenessf
the planetary-geostrdyc equations)andthe dynamicsthat resultfrom suchequations.Because
it may be nearimpossibleto ever directly testthe dynamicalbalancesn the equationsof motion
themseles,we may seekto make unambiguouphenomenologicgbredictionsfrom the equations
of motion thatin turn can be subjectto obserational tests. The theory of the structureof the
thermoclinemay be a good starting point. It is thena challengingand importanttask for both
obserersandtheoreticiango comeup with teststhatareboth severeandfeasible.
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Figure 1. A schematicpicture of the large-scalecirculation and the thermoclineregimesin a simply-
connectedsingle-hemisphereceandrivenby wind-stressanddifferentialheating.Theidealizedmeridional
sectionbelow is ata mid-basinlongitude. Themainthermoclineis composeaf anupper ventilatedthermo-
cline anda lower internalboundarylayer, separatedy a region of modewater From SamelsorandVallis

1997.



