
XXI ICTAM, 15–21 August 2004, Warsaw, Poland

GENERATION OF INTERN AL WAVES IN THE DEEP OCEAN BY BAROTROPIC TIDES
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INTRODUCTION

By itself, the heatingandcooling of the oceansurfacewould only be be capableof driving a signi�cant �o w in a thin
surfacelayer ("Sandström's theorem"). The �o w below this layer mustbe mechanicallydriven, and the two possible
sourcesof mechanicalenergy arethewindsandthetides[1]. In themainthermocline,thewindsplay a dominatingrole,
mainlyvia Ekmanpumping,but in theabyssbelow, thetidesareprobablymoreimportant.
Whentidal currentsencounterroughtopographyon thebottomof theocean,internalwavesarecreated,andwhenthese
wavessteepenandbreakthroughnonlinearinteractions,they causeverticalmixing. This mixing is whatdrivesthedeep
circulation.It is thereforeof greatinterestto calculatetheenergy �ux from thetidesto theinternalwave �eld.

THEORY

A generalexpressionfor thetotal energy �ux
�

to the internalwaveshasbeenderivedby Bell [2] andLlewellyn Smith
andYoung[3]:
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� denotesthemeandensityof sea
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thebuoyancy frequency,
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arethemajorandminoraxesof thetidal ellipse,respectively, andthe 6 -axishasbeen
chosento lie alongthemajoraxis.
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denotestheFouriertransformof thebottomtopography:
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In eq.(2) the total energy �ux hasbeenwritten asan integral over spectralspace.Equivalently, it maybewritten asan
integral over real space.The productof the two functions
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in spectralspacethentranslatesto a convolution
integralbetweenthetwo correspondinginversetransforms,
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wheretheenergy �ux densityis givenby

O

�

+.D�/
�

�
�

�P�
�

�

Q

�

� ���R�

�

!

��S

*

S

6

"T"

�

(

D

�

DVU

(

S

*9+:D

U

/

S

6

U

0

D

UXW

(4)

A numberof simplifying assumptionsweremadein thederivationof eq. (2). The �o w wasassumedto behydrostatic,
thebuoyancy frequency uniform, the tidal excursionmuchsmallerthanthe horizontalscaleof the topography, andthe
bottomslopesubcritical(which is necessaryfor thelinearwave theoryto bevalid). Finally, theoceanwasassumedto be
in�nitely deep.Theassumptionsof vertically uniform � andin�nite depthwereremovedin a recentstudyby Llwellyn
SmithandYoung[3]. In anoceanof �nite depth,theinternalwavescanbeexpressedasadiscreteseriesof verticalmodes.
Themostessentialeffect of this is that thewave generationby topographicscaleslongerthanthehorizontalwavelength
of the �rst modeis suppressed.The criterion for this to occurcanbe written Y�Z
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topographicscaleand
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theoceandepth.For verticallly nonuniform
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, WKB-analysisshows that
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in this expression
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�
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In numericalcalculations,it is impracticalto usethe exact expression,involving an in�nite series. We thereforetake
the�nite depthinto accountin anapproximateway, by multiplying the integrandin eq.(2) by a spectralhigh-pass�lter
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have
beentried,with very little differencein theresults.
After inverseFouriertransformation,theeffectof thehigh-pass�lter is thatthefunction
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in theintegrandof eq.(4) is
replacedby theconvolution of
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andthe inverseFourier transformof the �lter function g . Denotingtheresultof this



Figure 1. Logarithm of the energy �ux density in W/m � from the M2 tide to internal waves in the Brazil Basin (e.g. -3 means
10

���

W/m� ).
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, theresulting�nal expressionfor the�ux densityis
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where
���

is thebuoyancy frequency at thebottom. Thefunction �
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. For therationalandGaussian�lter functionsusedhere,�
� canbeexpressedanalyticallyin terms

of integralsof Besselfunctions.Thecutoff length
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is de�ned by
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where 
 is a numericalcoef�cient of orderunity that is determinedby by comparisonwith ananalyticallysolvabletest
problemwith a simple ridge topography. The contribution
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from the minor tidal componentis given by a similar
expressionaseq.(5), with
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, respectively.

RESULTS

Theenergy �ux density
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is calculatednumericallyfrom eq.(5) andthecorrespondingequationfor
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. In
orderto evaluate

O

in onepoint,onemustintegrateoveraregionaroundthispoint. Since�
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decreasesrapidlybeyond
thecutoff length

h

, theintegralwastruncatedat a distance�

h

from theevaluationpoint. For therealocean,
h

is typically
a few tensof kilometersor less.Over this lengthscale,

�

,
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and
�

canbeconsideredhorizontallyuniform,asassumed
in thederivationof eq.(2). (This issuewouldbemoreproblematicif a calculationin spectralspacewereattempted.)
The input datausedin the calculationswerethe Smith andSandwellbottomtopographywith a nominal resolutionof
1/30 degrees,the Egberttidal velocities,and the buoyancy frequency obtainedfrom the SAC hydrographicdatabase.
Calculationsfor theglobaloceanareunderway, but havenotyetbeencompleted.Resultsfor theBrazil Basinareshown in
Fig. 1. Thecalculatedtotalenergy �ux for theM2 tideovertheareashown is approximately26GW. Themainuncertainty
is dueto unresolvedtopography. It canbeenseenfrom othercalculationswith anadditionallow-pass�lter thatmostof
theenergy �ux is generatedby topographicscalesbelow 10 km, andit thereforeseemsvery likely thata largerenergy
�ux would beobtainedwith a highertopographicresolution.Anotheruncertaintyis theeffect of supercriticalslope.For
theareashown in the �gure, the total energy �ux from pointswheretheslopeis supercritical(andthe theorytherefore
unvalid) is approximately12GW.
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