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The conceptof “balanced”flow is the counterpartjn atmosplere—ocearly-
namics,of thewell known concepiof “nearly incompressitd” or “effectively in-
compressitd” flow in classicalaerodynamicsin aerodynamicsa key aspectof
suchflow — long recognizedas centralto understandindhe behaior of sub-
sonicaircraft— is thatall the significantdynamicalinformationis containedn
thethree-dimensinalvorticity field. Thismeanghattheflow has,in effect, fewer
degreesof freedomthanafully generaflow. More preciselyit meanghatfreely-
propagatig soundwavescontribute only negligibly to the motion.

In atmosplere—oceamlynamicsthereis a correspondingtatementith “vor-
ticity” replacedby “potential vorticity”, understoodn a suitablyy generalsense.
The statemenappliesto a vastsetof case®f rotating,stablystratifiedfluid flow,
for parametewaluestypical of the atmosplere and oceans. It providesan im-
portantkey to understandingnary of thesecases. If the flow can be consid-
eredbalancedthenall the significantdynamicalinformatian is containedn the
potentiatvorticity field, in thegeneralizedense Onemay“invert” the potentiat
vorticity field at eachinstantto obtainthe massandvelocity fields. For a more
precisestatemenseethe article on “potential vorticity”. Again this meangthat
theflow has,in effect, fewer degreesof freedomthanafully generalflow. More
preciselybalanceandinvertibility meanthatnotonly soundwvavesbut alsofreely-
propagatig inertia—graity wavescontribute only negligibly to the motion. Thus
balancedlows canbe muchsimplerto understandhanfully generafflows.

Casesof fluid flow describableas balancedcome under headingssuch as
“Rossbywaves”, “Rossby-vave breaking”,“vortex dynamics”,“vortical modes”,
“vortical flow”, “vortex coherence”,'blocking”, “eddy-transportarriers”, “cy-
clogenesis”,'baroclinic and barotropicinstabiity” andothershearinstabilties,
all of which arerelatedto the fundamentaRossby-vave restoringmechanisnor
“quasi-elasticy” that exists wheneer thereareisentropicgradientsof potential
vorticity in the interior of the flow domain,or gradientsof potentialtemperature
atanupperor lower boundary The conceptof balancedlow alsoentersinto the
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theoryof wave—mean interaction, in whichthemeanflow is oftenconsideredo
bebalancedregardlesof thewave typesinvolved. Thetheoryof wave—meann-
teractionis fundamentain turnto understandinghe*gyroscopic pumping” that
drivesglobal-scalestratosphericirculationsandchemicaltransportsindeedthe
conceptof balancedlow enters,implicitly or explicitly, into almostary discus-
sion of meteorologtally interestingfluid phenomenaall the way from regional
pollutant transportto planetary-scal¢éeleconnectionsnediatedoy Rossby-vave
propagatio.

Balancedlow hasanalogsn simplemechanicabystemsuchasthe“springy
pendulumi composedf a massve bob suspendedrom a pivot by a stiff elas-
tic spring. Sucha pendulumhasslow, swinging modesof oscillaion in which
therelatively fast,compressionahodesof the bobandspringarehardly excited:
they contrikute neggligibly to the motion if the springis stiff enough. The slow,
swinging modescorrespondo balancedlow, andthe fast,compressinal modes
to soundand inertia—graity waves. One may describethe swinging modesto
a crudefirst approximationby settingthe length of the springequalto a con-
stant— a “rigid-pendulumn approximatiofi. Thereis ahierarchyof moreaccurate
approximatnsthat allow the springto changeits lengthin a quasi-stat way.
In afinite-amplitude two-dimen#onal swingingoscillation the springis longest
whenthe bob is lowestand shortestwhenthe bob is highest. Suchapproxima-
tionsandtheir ultimatelimitationscanbe studiedmathematicajl via techniques
rangingall the way from two-timing formalisms(methodof multiple scales)}o
bounded-devative theoryand KAM (Kolmogoro/—Arnol' d—-Moser)theoryand
otherdynamical-systestechniquesthereis anenormousditerature.

A quasi-staticdescriptim may approxinmate the pendulummotion with re-
markableaccurag; the error may becomeexponentialy small, or even zeroin
somecasesasthefast—slav timescaleseparatiorncreasesThekey point,though
is thatin the quasi-statiaescriptim the lengthof the springevolvesasif it were
functionall relatedto the elevation of theboh This canbe exploited to simplify
boththemathematal descriptiorof themotionandour conceptualinderstanding
of it. The functionalrelationholdsat eachinstantt, i.e., it holdsdiagnostical.
More preciselyno derivativesor integralswith respecto t areinvolved,andval-
uesof t do notexplicitly enterinto the definition of the functionalrelation. The
propertyof beingdiagnostt, in this sensejs a crucial part of the mathematal
andconceptuasimplification.

In atmosphere—oceatlynamicsthe defining property of balanceis that an
analogoudunctional relation holds — diagnost in preciselythe samesense.
A flow is saidto be balancedif the three-dimensioa velocity field u(x,t) is
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functionally relatedto the massfield or massconfiguration,i.e., to the spatial
distribution of massthroughouthe fluid system presumedo be hydrosatically
relatedto the pressurdield. (Knowledgeof the massfield thenimplies knowl-
edgeof thetemperaturandpotental temperaturdields,hencequantitiessuchas,
for instancethe available potential energy andthe massundereachisentropc
surface.)

Sucha functional relation betweenthe velocity and massfields is called a
“balancecondition” or “balancerelation”. It providesjust enoughinformation
to make the potential-wrticity field invertible. The propertyof beingdiagnostt
meanghatif oneknowsthemasdield at someinstantt, but knows nothirg about
its time dependencejor thevalueof t itself, thenthe balancerelationmustnev-
erthelessllow oneto deducethe completethree-dimensioa velocity field u. It
mustallow thevelocity field to bededucedrom themassdfield andfrom themass
field alone.

Totheextentthatabalanceelationholds,it excludessoundwavesandinertia—
gravity wavesfrom therepertoireof possibeé fluid motions. The systemthenhas
too few degreesof freedomto describesuchwaves. This generalizeghe famil-
iar statemenin aerodynamicghatanincompresdility condition excludessound
waves. The reductionin degreesof freedomis sometimessxpressedyy saying
that somedegreesof freedomare “slaved” to others,or that the evolving states
of thedynamcal systemconfinethemseles to a“slow manifold” in phasespace,
having lower dimensimality thanthe full phasespacein which it is embedded.
One might sayfor instancethat the velocity field is “slaved” to the massfield.
A morecarefulstatementvould be thatin balancedlows the massandvelocity
fieldsevolve asif they wereslavedto eachothet to someusefulapproximatbn at
least.Thisis lik e sayingthatthe two-dimensionakwinging motionof the pendu-
lum evolvesasif thelengthof the springandthe elevationof thebobwereslaved
to eachother to someapproximationeventhoughthereis no actualmechanical
linkagebetweerthetwo variables.

A standardexampleof a balanceconditionor balancerelationis the so-called
geostropt relation,whichis simpleto write and,for typical extratropicalparam-
etervalues gualitatively usefulthoughquantitatvely notvery accurate:

1 0P(x,t) 0P(x,t)
U(X,t) - ? <_ ay ) X 70) . (1)

Heref is theCoriolis parameterd(x, t) is thegeopotentl height(approximately
geometricaltitude timesgravitational acceleration)andthree-dimensinal posi-
tion x is specifiedusingpressuraltitude. Thusthe horizontalspatialderivatives
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0/0x andd/dy aretaken at constanfpressureltituderatherthanat constanige-
ometricaltitude. This qualifiesasa balancerelationbecausef the presumpbn
that the hydracstatic relation also holds as normally assumedvhen using pres-
sureasthe vertical coordinate.Knowing ® on eachconstant-pressurn@sobaric)
surfaceis then equivalentto knowing the massfield. So (1) is, asrequired,a
diagnostt functionalrelationbetweerthe velocity field andthe massfield. The
verticalderwative of (1) is theso-called‘thermal wind equation”.

The horizontalcoordinates«,y are local Cartesiancoordinatesn a tangent-
planerepresentationlf we alsotake f = constant,giving us the so-called” f-
plane approximation”, then (1) assertsnot only that u is slaved to the mass
field but alsothatit is two-dimensbnally incompressile or nondivergent, with
streamfunction¥ = ®/f, sothat

W oW ) 2

U(X,t) - (—a—y, &,0

The geostropha relation (1) — or relations,plural, if one prefersto think in
componentsatherthanvectors— canbe motivatedas an approximatiorto the
horizontalmomentumequation. The validity of that approximatio dependn
smallressof the Rossby number, or, more precisely on beingableto neglect
relative particle (Lagrangian)accelerationggainstCoriolis accelerationsequi-
alently relative particle acceleréions againstf timesthe right-handside of (1).
The Rossbynumber measuringhe adwective contritution to the relative particle
acceleratioragainsthe Coriolis accelerationis usuallyof the sameorderas f ~*
timesatypical magnitule of therelative vertical vorticity dv/0x — du/dy, = 02y
if (2) holds. Hereu andv arethe horizontalvelocity componerd corresponding
to x andy, andJ? is the horizontalLaplacian.

The geostropha relation (1) washistorically of greatimportancein early at-
temptsto understandhedynamicsof synopic-scaleweathersystens. Thehistory
is sometinesdiscussedinderheadingsuchas“Buys Ballot'slaw”, “cyclonicde-
velopnenttheory”, and“quasi-geostropic evolution”. BuysBallot’'slaw is asur
faceobsenrer’s counterparof (1) andwasdiscoveredempirically throughearly
work with weathemaps.

The modernconceptof balancerecognizeghat, like the rigid-pendulun ap-
proximaton, (1) is merely the lowestin a hierarchyof more accuratebalance
relations.The next membeiis therelationstudiedby B. Bolin andJ. G. Charng
in the 1950s,in connectionwith efforts to develop practicalnumericalweather
prediction. The Bolin—Charng balancerelationretains(2) evenif f varieswith
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latitude, andredefines¥ to satisfy
O-(fOW) = 020+ 0-(u-Ou) 3)

wherel] is horizontallytwo-dimengonal. Equation(3) is anapproximatiorto the
divergenceequationthelatterbeingtheresultof takingthe horizontaldivergence
of the horizontalmomentun equation. The relative particle acceleratioris now
retained.Its adwective partgives riseto the lasttermof (3), while theremaining,
0/0t partis annihilatedwhenthe divergenceis taken, becausef (2). It is only
becaus¢herearenod/ot termsthattherelation(3), with (2), qualifiesasabalance
relation.

Again becaus®f (2), theright-handsideof (3) canberewrittenin termsof a
Jacobiarin uandv, asJ?®—2d(u,v)/d(x,y), or equivalenty aHessiarin W so

that I L2
D-(fmw)zmzcb—z{awaw—(aw)}. (4)

ox2 0y? X0y

Regardedasan equationfor W whenthe massfield ® is given, (4) is not trivial
to solve, becausef the nonlineartermson the right. Iteratve methodsneedto
be used. The problemof finding ¥ may even becomeill-posedfor certainmass
fields @, adumbratingfor onething, the factthatthereexist massfields thatare
not even approximagly balanceabldy ary velocity field. A simplethoughtex-
perimentto make this lastpoint clearwould beto pile upthewhole of the Earth’s
atmosplereinto a narrav cylinder above the North Pole,leaving a vacuumelse-
where. It is obviousthatno velocity field u canbe in balancewith sucha mass
field. Regardlessof the choiceof u, the free evolution at subsequentimes, in
ary suchthoughtexperiment,would involve soundandinertia—graity wavesof
enormousamplitude. Thatis, it wouldinvolve grossimbalance.
Balancerelationsareusefulin practiceonly becausaaturally-occurringnass
fields, or at leastsmoohed versionsof themare, by contrast,often balanceable
to good approximatbn, as Buys Ballot’s law remindsus. In mostsuchcases,
(4) with suitabk boundaryconditionsis awell-posednonlinearelliptic boundary-
value problemin the flow domain,the primary exceptionbeing flows nearthe
equatoy whereRossbynumbersare not smalland(4) may fail to be elliptic, as
canbeverifiedfrom thetheoryof Monge—AnpereequationsAgainthefailureof
ellipticity adumbrates physcalreality (thoughnotin away thatis quantiatively
precise),namelythe fact that balanceis liable to breakdown through“inertial”
and“symmetric” instabilitiesnearthe equatoywheref changesign.



Balancerelationsstill moreaccuratehan(4) canbedefinedif oneis prepared
to dealwith morecomplicatedsetsof equationsThenext relationin thehierarchy
— to bereferredto hereasthe “generalizedBolin—Charng balancerelation” —
is thefirst in the hierarchyto yield a nornvanising vertical componenof u. It
wasimplicit in the pioneeringwork of Charng publishedin 1962,in a famous
paperentitled“Integrationof the primitive andbalanceequation% It startswith
(2) and(4) but thenaddsto theresultingu field a horizontallyirrotationalcorrec-
tion field governedby anothemonlinearelliptic boundary-alue problemin the
flow domain,ageneralizatiorof the“omega equation” previously developedby
N. A. Phillips andothers. The correctedu field is an asymptaically consistent
improvementon (1), for small Rossbynumber in the sensethatit is one order
moreaccuraten powersof the Rossbynumber The boundary-alueproblemis
derivedby takingd/at of (4), theneliminatingall theresultingtime derivativesus-
ing theexactmass-conseation andvorticity equationsandtheinverselLaplacian
of thevorticity equation.Thevorticity equationexpresse$12(aW/at) in termsof
diagnosically known, or knowable, quantitessuchasthecorrectedu field; sothe
inverseLaplacianis neededn orderto eliminated¥/ot from d/ot of (4).

This proces®f eliminating all thetime derivativeshasto be possibé, in prin-
ciple atleast,if theendresultis to be a balancerelation,which by definitionmay
not containary time derivatves. Whenthe eliminationis carriedout explicitly, a
rathercomplicatedsetof integro-differentialequationgesults containirg Greens
function integrals whosedetailsdependon the geometryof the flow domain. It
may thereforebe computatbnally more corvenient to work with a setof equa-
tionsfrom which oW /ot hasnot beeneliminated but hasbeenallowedto remain
asan unknavn that can,in principle, be eliminated. Then“oW/dt”, in quotes,
soto speak,mustbe regardednot asthe actualrate of changeof W but, rather
asan auxiliary variable— betterdescribedas a diagnosic estimateof the rate
of changewhich mustbe expectedto differ, in general,from the actualrate of
changeof W. To avoid confusionover this point a specialnotationis sometimes
usedsuchasW¥; for adiagnostt estimateof 0W/dt, W for OZLIJ/atZ, andsoon.

The generalform of the functional dependencelefining a balancerelation,
assumig a balanceablenasdfield d(x,t), is

u(x,t) = uB(x;d(-,1)) (5)

whereit is againemphasizethatno derivativesor integralswith respectot may
appear:it mustbe possble, in principle at least,to eliminatethemall. Time't
enterssolely via the secondargument®(-,t) of uB. The notation®(-,t) fol-
lows mathematial cornvention andsignifiesnonlocalspatialdependencdn other
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words, the secondargumentof u® is the whole function, ® of x, over thewhole
flow domainat the given instantt — not merely the value of ® at the single
valueof x to which the left-handside of (5) refers. Suchnonlocalfunctionsare
sometimescalled “functionals”. Eventhe geostroplt relation (1) is enoughto
illustratethe point, thoughit involvesnothingmorethanthe behaior of ® in the
immediateneighborhoodf x — more precisely it involves enoughaboutthat
behaior to permitthe evaluaton of the two horizontalderivatives. The Bolin—
Charng balancerelations,generalizedr not, arefully nonlocal,asis plainfrom
the occurrencef elliptic partial differentialoperatordike 02 and,implicitly or
explicitly, the associatedsreens function integrals. To find u from @ or vice
versaonehasto solve elliptic partialdifferentialequationsn theflow domain,as
alreadyemphasizedmplying for instancethatthe valueof u at somepositionx
will dependbnvalues®(x’,t) atotherpositionsx’ well outsice the neighborhood
of x.

The generalizedBolin—Charng balancerelationis oftenaccurateenoughfor
practicalpurposessuchasobsenatioral dataanalysisandassimihtion, andthe
initializationof thefull dynamesfor numericaweathemprediction.Of fundamen-
tal interest,however, from a theoreticalviewpoint, is the fact that the patternof
elimination of time derivativescanbe extendedevenfurther, resultingin balance
relationsthataremoreaccuratestill. Theideasinvolved seemto have beenfirst
exploredby K. H. Hinkelmannin the 1960s,in connectionwith theinitialization
problem,and were later approachedrom anotherdirection, basedon normal-
modeexpansionsby B. MachenhauelF. Baer J. Tribbiaandothers.

The mostaccuratebalancerelationscan,in somecircumstancesye far more
accuratethanvaluesof parameterdik e the Rossbynumbermight ever suggest;
andthis accuray extendsover a far wider rangeof parametewaluesthancould
reasonablhave beenexpecteda priori — with valuesnumericallyof orderunity,
andeven greatey in somecases. This astonishmg fact— discoveredby W. A.
Nortonin thelate 1980s,throughingeniousnumericalexperiments— cannotbe
deducedby inspectim of the momentumequationsor otherforms of the equa-
tions of motion. It involves greatmathematicakubtlety andfull understanding
hasyet to be achieved. Someinsight hascomefrom studes of a relatedphe-
nomenonn classicalaerodynamicsthe weaknes®f aerodynamisoundgener
ation or “Lighthill radiation”. Recent work at the cutting edgeof this problem
canbe found in papersby O. Bokhove, O. Buhler, D. G. Dritschel,R. Ford, J.
C. McWilliams, A. R. Mohebalhgeh, S. Saujani,T. G. ShepherdJ. VannesteD.
Wirosoetiso, . Yavnehandothers,appearingn the literaturefrom about2000
onwards.



Amongotherthingsthisrecentwork hasprovideda clearansweyin thenega-
tive,to aquestiorposedn 1980by E. N. Lorenz: Couldthere bean exactbalance
relation? Couldtherebe unsteadystratified,rotatingflows thatevolve in sucha
way that freely-propagatingnertia—graity wavesare completelyabsent?More
precisely is therea slow manifold within the full phasespacethatis indeedan
invariantmanifold of thefull dynamics?

Theanswelin the negative hassometmesbeenviewedwith surprise perhaps
becaus&K AM theoryhasshavn thatthereare springy-pendulm examples,and
similar examplesfrom other low-order dynamicalsystemsjn which the corre-
sponding questionhasa positve answerasemphasizedn work by O. Bokhove,
T. G. Shepherdand others. In dynamical-systesilanguagethereare swinging
modeshatconfinethemselesto invariantmanifoldsin theform of “intact KAM
tori”. In suchcasesthe swingirg motionof the pendulumevolvesasif thelength
of the springandthe elevation of thebobwereexactly slavedto eachother

But the negaive answey for atmosplere—ocearynamics,is now very clear
from variouslines of argumentbeginning with pioneeringwork of R. M. Errico
andT. Warn, andstrongly confirmedby the recentwork mentionedabove. It is
alsoimplicit in the nonlocalnessor action-at-a-distancexpressedy (5). Infor-
mation(aboutchaoticvortex motionfor instancelannotin reality travel infinitely
fast. Relatedto this is the factthat Lighthill radiation,thoughoften exceedingly
weak(accountingor theastonishig accurag foundby Norton)is almostalways
nonzeroIn theatmosphere—oceaontet, thissaysthatunsteadyorticalflow al-
mostalwaysradiatessoundandinertia—graity waves,thoughoftenvery weakly.
Thisin turnrelatego dynamical-systesconceptsuchasPoincaé’s “homoclinic
tangle”andthe breakupof KAM tori into thin “chaoticlayers”or “stochastiday-
ers”. Lighthill's ideasmale it overwhelningly probable,even thoughnot yet
provenrigorousy, thatthe so-called“slow manifold” is sucha stochastidayer.
Thoughastonishigly thin in places— over afar wider rangeof parametewalues
thancouldreasonablhhave beenexpecteda priori — it is not a manifold, which
by definitionis infinitesimally thin. Thoughastonishigly accuratein somecir-
cumstanceghe conceptof balancds inherentlyandfundamentail approximate.
Thelayeris sometinesreferrad to, therefore asthe“slow quasimanifold.

(Arguably aself-contradictoryermlik e “fuzzy manifold’ is bestavoided.By
its mathematicatlefinition a manifoldis a perfectly sharp,smoothhypersuréce
andnotatall fuzzy. Thus“fuzzy manifold’ would addyetanotheiitemto thelist
of self-contradictorytermslik e “variablesolar constant’and “asymmetricsym-
metric baroclinicinstablity” — which of coursewe inevitably have to live with
but, perhapsneednotaddto.)



One of the mostpeculiarmanifestatios of slov-quasinanifold fuzzinessis
thephenomenosometinescalled“schizophrenia’or “velocity splitting”. Thisis
agenericpropertyof the mostaccuraté’balancedmodels.

Justasthe swinging modesof the springy pendulumcan be describedn a
simpified yet remarkablyaccuratemannerby imposng a functionalrelationbe-
tweenspringlengthandbob elevation, vortical flows canbe describedy simpli-
fied“balancedmodels”,constructedby imposhng abalanceelationfrom thestart.
Thisforcesatrue slow manifoldinto existence . Theinitializationof suchamodel
requiresonly a single scalarfield to be specified,suchasthe massfield, or the
potentiatvorticity field in the generalizedsense. This scalarfield is sometimes
calledthe“master”field or “master”variableof the balancednodel,to which all
otherdependenvariablesare slaved. The modelhasonly one prognostt equa-
tion, involving only onetruetime derivative, therateof changeof the masteffield
— asdistinctfrom thediagnosticestimate®f time derivatvesthatmaybehidden
insidethe definition of the balancerelation(5), suchasthe diagnosticestimates
Y1, Wy, ... alreadymentioned.

A famousexampleof sucha modelis the “Bolin—Charng/ balancednodel”
or “Bolin—Charng balancemodel”, or “isentropic-coordinatéalancesquations”,
so-called,in which either massor potentialvorticity can be taken as the mas-
ter field. Both are adwectedby the velocity field determinedvia the generalized
Bolin—Charng balancerelation. Here, asimplicitly above, the term “potential
vorticity” is to be understoodn its exact (Rossby—Ertelsenseandis to be eval-
uatedwith the samevelocity field, namelythat given by the generalizedBolin—
Charneg balancerelation.

Now theterm*“velocity splitting” refersto thefact,only recentlynoticed,that
nobalancednodelmoreaccuratehantheBolin—-Charng modelcanhave asingle
velocity field that adwectsboth massand potental vorticity, andfrom which the
exactpotentialvorticity is evaluated.Paradoxicathoughit may seemat first, all
suchhighly accuratebalancednodelshave onevelocity field to advectthe mass,
andanotherto adwect the potental vorticity. At the highestaccurages, the two
fields differ by only a tiny amount,but differ they must. Relatedto this is the
fact, alreadymentionedthatdiagnostt estimatesuchasW¥i, Wo, ... differ from
truetime derivativessuchasaW/adt, 9°¥/at?, ... In all theserespectshe Bolin—
Charng balancednodelhasturnedoutto bewholly exceptional.

Velocity spliting wasfirst noticedfor Hamiltonianbalancednodelsconstructed
from thefull dynamicsby the methodof R. Salmon.All suchmodelsexhibit ve-
locity splitting, at all levels of accurag, thoughin a slightly differentsense:one
velocity field advectsmassandpotentialvorticity but anotherevaluatespotential
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vorticity. As Salmonfirst shovedin the 1980s,the modelscanbe constructedn

a systematiovay by imposng the balancerelation(5) asa constrainton the full

dynamicswithin the Hamiltonian framewnork. Technicallyspeakingthe crucial
stepthatproducesa balancednodelwhile preservingHamiltonian structureis to
restrictthe “symplectic 2-form” of the full dynamics(a mathematicabbjectthat
cancontainboththe Hamiltonian flow in phasespaceandvariationsaboutit) to
thesubmanifoldn phasespacedefinedby (5).

As Salmonpointedout, one of the reasondor usingthe Hamiltonan frame-
work is that it provides control over conseration principles. The framework,
properlyapplied,guaranteeshatthe balancednodelwill fully respecthe stan-
dardconseration principlesfor massmomentumandenegy, aswell asthe ma-
terial conseration (materialinvariance)of potentialvorticity. However, thereis
a fundamentakensionbetweenaccurag and conseration. The mostaccurate
balancednodelscannotbe expectedo respectonseration,beyondthe material
invarianceof potental vorticity. Thatis becausehey aretrying to mimic vortical
flows thatin reality produceLighthill radiation,which involveswave-inducedo-
calmasgearrangemengndwave-inducedluxesof enegy andmomentim, none
of which canbeexactly describedy the balancednodel. It is thereforearguable
thatthemostaccuratdalancednodelswill, by thatveryfact,notrespecthestan-
dardconsenration principlesfor massmomentim, andenegy. One cannothave
bothaccurag andconseration. Somethinghasto give way.

Within theHamiltonianframawork, whichautomaticallypreserestheconser
vation principles,whatgivesway is the conceptof a uniquevelocity field. Less
obviously, the samething happensvith non-Hamiltaian balancednodelsof the
highestpossilte accuray — essentiallyjpbecausehe neglectof Lighthill radiation
still implies animperfectrepresentatiomf local massrearrangementThis be-
comesoticeablegvenwith anon-Hamilbnianbalancednodel,assoonasoneis
computng with enoughaccurag to seethefuzzinessof the slow quasimanifold.

Note on terminola@y: The readeris warnedthat the term “geostrophicbal-
ance”andits shorthandorm, “geostrophy”,aresometimesisedin the literature
to meanbalancemoreaccuratethangeostrophg, i.e. moreaccurateghan(1). A
commonexampleis the phraseé‘geostropht adjustmerit whichrefersto themu-
tual adjustnent of the massand velocity fields to approachbalanceor to stay
closeto balance— and “balance” of course,in real fluid flow, meansnot (1)
but the mostaccuratepossble balanceof the form (5). The exampk of a circu-
lar vortex adjustingtoward ageostroplu, gradient-windbalancewhile radiating
inertia—graity wavesis enoughto illustratethe point Gradient-windbalanceis
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the particularcaseof Bolin—-Charng balancehatappliesto a steadycircularvor-
tex. For thecircularvortex it holdsexactly when f is constantandis equivalent
to (1) plusa correctiontermrepresentingelative centrifugalforce. Thusby im-
plicationwe have anotherpieceof self-contradictoryterminology “ageostrophic
geostroplt adjustnent”, unfortunatelywell established.

It may alsobe notedthatthe term “adjustment”is itself usedin two distinct
sensedhat are sometines confusedwith eachother The first is “Rossby” or
“initial-condition” adjustnent, the mutual adjustnent of the massand velocity
fields toward balancethat occursprimarily because systemis startedin anun-
balancedtate anextremeexamplebeingthethoughtexperimenidescribedbove.
The seconds “spontaneousadjustnent, the continualmutual adjustnent of the
massand velocity fieldsto staycloseto balancein unsteadyortical flow, even
afterinitial conditonsareforgotten. This secondorocessa far moresubtleone,
is the procesghat produced.ighthill radiation. It setsthe ultimate limitationsof
the balanceconceptitself. For all theforegoingreasonssomeauthorsarebegin-
ningto avoid theterm*“geostropht adjustnent”, insteadusingtheterms“Rossby
adjustnent” or “spontaneousdjustnent” asappropriate Lighthill radiationmay
alsobereferrad to, therefore asthe “spontaneous-adjtrmentemissiori of sound
andinertia—graity wavesby unsteadyortical flows.
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