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Regimes of thermocline scaling: where do eddies matter?
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Intr oduction

The maintenanceof the oceanicstrati�cation is still an openproblem
in physicaloceanography. Variousmechanismshavebeenadvancedfor
the downward transferof the densitydifferencesimposedat the sur-
face.Mixing by breakinginternalgravity wavesis certainlyan impor-
tantcomponent,asis theEkmanpumpinginducedby thewind-stress.

Fig. 1: A neutraldensitysectionalongthedateline.

The questionthat we try to addressis what role, if any, do baroclinic
mesoscaleeddiesplay in themaintenanceof theoceanicstrati�cation.

Sofarwehaveshown that,in channel-likegeometriestheimportanceof
eddiescrucially dependon thesignof theEkmanpumping:in regions
of Ekmandownwellingbarocliniceddiesplayanessentialrole in deter-
miningthestrati�cation,while in regionsof upwellingeddy-production
is suppressed.These�ndings suggestthat oceaniceddy parametriza-
tionsmusttake into accountthemechanicalforcingaswell asthebuoy-
ancy gradient.

Our goalhereis to obtainscalingestimatesfor the thermoclinedepth,

� , andfor thenetheattransportin termsof theexternalparameters(e.g.
small-scalemixing � , thestrengthof thewindstress� , therotationrate

� et cetera).Although we systematicallyexplore only the dependence
on the diapycnal diffusivity and the bottomdrag (the main sourceof
energy dissipation)this is enoughto constrainour scalingsarguments.

Doubly-periodic eddy-resolvingmodel

Weexaminewind-drivenbaroclinic�o wson the � -planeby integrating
theprimitiveequations.Theareaof the3-D domainis � � � � � � � � � � �

km� .
Thebuoyancy is relatedto thetemperatureby therelation 	 
 �� 
 . At
thesurface, � 
 � , we specifythe temperatureandthewind-stress.At
thebottom, � 
 � � , we imposeno-�ux. Energy is dissipatedby linear
bottomdrag,proportionalto thespin-down rate, � .
Thediffusivity, � , is isotropicin all threedimensions.
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Fig. 2: Themodeldomain: � � � � � � km, � � � � � � m.

The zonally averagedbuoyancy
Thestatisticallysteadystatehasazonallyaveragedthermocline,which
is differentdependingon thesignof thewind-stress:

z 
(in

 m
)

y (in km)
0 500 1000 1500 2000 2500 3000 3500 4000

�1000

�800

�600

�400

�200

0

0

bs

wE

Fig. 3: Thesurfaceforcing®eldsfor thethermallyindirect
case,� � � (top).Thecorrespondingmeanbuoyancy,

� � , in
colorandthepotentialvorticity, �

� � � , in black(bottom).
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Fig. 4: The surfaceforcing ®elds for the thermallydirect
case,� � � (top).Thecorrespondingmeanbuoyancy,

� � , in
colorandthepotentialvorticity, �

� � � , in black(bottom).

For indirectwind-stress,thethermoclineis deeperandpotentialvortic-
ity (pv) is conservedon isothermsexceptin a thin surfacelayer.
For direct wind-stressthe thermoclineis shallower andpv is not con-
served.

The buoyancybalance
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Fig. 5: The vertically and zonally integrated buoyancy
transport.

The zonally averagedbuoyancy balanceis ratherdifferentfor the two
con�gurations:

1. for indirect wind, meanand eddy buoyancy �ux es almost cancel
leaving a smallresidual;

2. for direct wind, the eddycontribution is negligible, while diffusion
is important(e.g.the“abyssalrecipe”balance).
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For direct wind, the “abyssalrecipe” balancegivesthe scalingfor the
thermoclinedepth,� :

�+ � , # - .
which is con�rmed by computations.For indirect wind, the adiabatic
balancerequiresknowledgeof theeddystatistics,because

�+ # - %	 , � � 	� !+ �/ ,0 � � � 	� 12
To estimate� � 	� weusetheenergy balance.

The eddyenergy balance

Theeddy-kineticenergy balanceis:
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� is thebottomdrag

For# -= � theusefulwind work, 6 # 7
%/ 8 , is > � , andthis is thesource

of availablepotentialenergy for the eddies,while the buoyancy force
contribution is negligible.
For# - > � 6 # 7

%/ 8 is= � , andthis is a sink of availablepotentialen-
ergy, which is balancedby thesmallbuoyancy work, giving riseto the
thin thermoclinefoundin �gure 3 (bottom).
For indirectwind theeddy-energy balanceallows for anestimateof the
typical barotropiceddyvelocity, ? givenby � ? ; + �/ ,0 �@ 1 . This es-
timatecanbeusedin theeddybuoyancy �ux, i.e.� � 	� + ?A / ,@ , which
leadsto thefollowing scaling:
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wheretheeddy-mixinglength,A , is determinedby thecomputations.
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Fig. 6: Thethermoclinedepthasafunctionof thediffusiv-
ity G . Thecrossesarefor directwind andthecirclesarefor
indirect wind-stress.For someruns H varieswith G , such
that H IJ G is kept®xed.Runswith thesamevalueof H , but
different G , producethesameK in the indirectwind case.
Converselyrunswith thesamevalueof G , but different H ,
give substantiallydifferent K for the indirectcase,but not
for thedirectcase.

Implications for the heat transport, L
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Fig. 7: A verticalpro®leof

� � MNO P Q in thecenterof thedo-
main.

The heat transportis proportional to the buoyancy transport, R S

TU � � 	 , whichobeys R ! 
 � %	 $V . Withoutamixedlayertheonly vertical
scaleof

%	 is � (cf. �gure 4), sothat thesurfacebuoyancy �ux scalesas

� %	 $V + � 	 , � . Thissuggeststhefollowing scalingfor theheattransport:

R + �@ / �
Using the previously obtainedscalingsfor � we �nd that for indirect
wind RW � , while for direct wind RW X . As �Y � , regionsof up-
welling have muchlargerheattransport.
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Fig. 8: Thebuoyancy transport,Z asafunctionof G for all
thecomputationsperformed.

Conclusion

ThereareTWO thermoclineregimesdependingonthesignof thewind-
stress.
For thermallyindirectwind-stress:

1. Meanandeddybuoyancy �ux esnearlycancel,leaving a small dia-
baticresidual;

2. Eddyenergy dissipationis balancedby theusefulwind work.

3. Thecontribution of diffusionis negligible in thedeterminationof � .
4. Thebuoyancy andheattransportsarelinearlyproportionalto thedif-

fusivity, � .
For thermallydirectwind-stress:

1. Themeanbuoyancy �ux balancesheatdiffusion;

2. Work by buoyancy balancestheusefulwind work.

3. Theeddycontribution is negligible.

4. Theheatandbuoyancy transportsareindependentof � andlarger in
regionsof upwellingthandownwellingareas.

Futur e work

We arein theprocessof deriving scalinglaws for a semienclosedbasin
geometry. Also we are designingphenomenologicalparametrizations
thatareconsistentwith theenergy balance.Theseparametrizationswill
betestedagainsteddy-resolvingsimulations.
Thedependenceon bottomdragandtheimportanceof barotropiceddy
processessuggestthat bottom relief might qualitatively changethe
statisticsof eddybuoyancy �ux es.Thuswe arerunninga suiteof ex-
perimentswherethisconjectureis tested,andquantitatively assessed.
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