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FOREWORD
lt has become increasingly recognized in recent years that a deeper understanding of the general
circulation of the atmosphere and the associated system of climates is a s£ne qua non lo further major
and much-needed progress in the science of meteorology as a whole and its many practical applications.
Indeed, this aim is one of the main features of the research programmfl of the \Vorlcl \\leather ·watch,
the over-all implementation of which now constitutes the main preoccupation of the \Vorld \[elcol'ologicaJ
Organization (\\'\'10).
The publication of this monog1·aph on The nature ancl theory oi the general circulation of the atmosphere
1s therefore most timely and will doubtless be warmly welcomed b�, all scientists concerned with the
almo;:;phere. The fact that its author is Dr. Edv,,ard I\. Lorenz of the \lassachusclls Institute of Techno
log�·. an outstanding scicnt.ist in this field, makes its appearance of particular f<ignilicancc.
The monograph is a unique compilation of existing knowledge in this branch of meteorology, knowl
edge to which Dr. Lorenz l 1 imself has made many notable contributions. AL the same time it shows the
direcLions in which further research should now be pursued, so that those concerned directly or indirectJ�,
with research in rhi� important field will find the monograph a stimulating and encouraging contribution
lo Lhe liLeralurn.
IL see111s appropriate in this foreword to place on record the circumstances which led up to this publi
cation. As will be seen frorn the Following paragraphs, the events in question dcmonslrate that \V.\10
enjoys, in more wa�·s than one, the benefits of the long tradition of international collaboration in meteo
rology built up ove1· the past century.
The first international conforent:e in meteorology was held in 1853 and the International llletcorological
Organization (l\fO), a non-governmental body, was created twenty ,·ears later. In 1951 W\'10 began its
activities as a governmental organization and a specialized agency of the United Nations. 1n so doing
it took over the functions of the l!\IO and accepted many new additional responsibilities appropl'iate to
its new �talus. [n takiug over the responsibilities of L\10, W�IO also took over its modest financial
resources.
ft was agreed I hat the surplus left over after discharging vanous liabilities and obligations should
Le used lo commemorate the old 11\'LO in appropriate ways. To this end the annual [MO P1·ize was
CHlablished, to be awarded on an international basis Lo an outstanding meteorologist. ln addition, it was
decided to institute an I\'10 Lecture which would be delivered at each of the four-yearly sessions of the
Congress of the Organization, and would take the form or a t'evicw of progress in some branch of meteor
ology or an account of some new advanced theory. An acknowledged expert in Lhe chosen field would
be invited to prepare I he review, which would then be pu blishcd h)' the Organization. The actual
lecture would be a condensed version or the l'eview.
The first DIO Lecture was delivered al the Fifth Congress of the Organization, held in Geneva in
April 1967. For reasons explained above, the subject The nature and theory of the general c£rculalion of
the atmosphere was selected, and Dr. Lorenz was invited to prepare the review and deliver the lecture.
The present. monograph constitutes lhe full text of Dr. Lorenz's review. The lecture was based on a
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rnmmai-y of the review which iti included i n this prcsenL volume i.n Lhe four official languages of Lhe Organ
ization - English, French, Russian and Spanish.
It would be difficult to imagine a more fitting cornmencernenL to Lhe series of l.\10 Lectures, and, as
already explained, iL is conficlenLI)· fell Lhal Lhis contribution to scientific literature will be warmly wel
comed on all sides.
Tn conclusion, I have greaL pleasure in acknowledging here, on behalf of the \\.orld .\leteorological
01·ganizaLion, our deep appreciation of the very high scien Li fie standard of the work which Dr. Lorenz
has produced and the very fl'iendly and full collaboration which he has extended in all rnatLcrs relating
Lo the pre paraLion and publica ti�n of the monograph.

D. A. D.\VIES
Secretar· :··Genera I

SUMMARY
J rhinl, rhe c,""ses of rhe General Trade-lVinds have not /,ee11 fully explained by any
of those who /,ave wrore on //,at S(lbject. . .
Ccor-ge lladlcy, 1735

The opening w
· ords of Hadley's classical paper alTord an apt description of the stale of the same
subject toda�-. Despite many excellent studies performed since Hadley's time 110 complete explanation
of the general circulation of the atmosphere has been produced.
The physical laws upon which an explanation would have Lo be based are very complicated and not
perfccll�- known. :\Ian:,- theoretical studies have therefore treated only an idealized atmosphere - usually
one of uniform cornposition, enveloping an Earth with a level homogeneous surface, and driven by a
heat source not varying with time or longitude. 1' rigorous lreatment of an idealized atmosphere some
times affords a qualitativel�· correct although non-rigorous account or the real atmosphere.
The problem of explaining the circulation of even an idealized atmosphere is rendered difliculL by
the presence of advection - the displacement o( the fields o[ motion and temperature by Lhc field of
motion itself. Because the motion is not uniform, different portions of the advected fields undergo dif
ferent displacenients, and the fields become di�torted. The variety of patterns which the circulation
may assume is therefore far greater than it would he if advection were not p1·esent, and the circulation
shows little tendencY to repeat its past history.
;\[athematicall:' the process of advection is manifested by the non-linearity of the governing equations.
Because the general solution is non-periodic, it cannoL be expressed explicitly with a finite r1Umbe1· of
symbols. 11a ny theoretical studies have therefore aimed Lo determine only the characteristic properties
or statistics of the genei:al solution.
Closed systems o[ auxiliary equations whose unknowns arc the desired stattsllcs cannot be estab
lished, because the original equations are non-linear. The possi.bility of establishing closed systems con
sisting of equatiom and 01·dered inequalities has not been sufficiently explored.
The only presently feasible procedure for estimating tbe statistics consists of determining particular
time-dependent solutions h)' numerical means, and evaluating the statistics of these solutions in the
manner in which climatological statistics are evaluated from real weather data. The results often appear
realistic, but the part·icular solutions are not always representative, and the procedure does not reveal
the relative impo1·tance of the separate physical processes.
·when averaged with respect to longitude, the advective processes appear as cross-latitude transports
of angular momentum and energy. The atmosphere must. carry sufficient amounts of these quantities
poleward across middle latitudes to balance the amounts which it receives from its environment in low
latitudes and gives to its environment in higher latitudes. The required amounts may be carried by a
rneridional circulation (net equatorward flow at some levels accompanied bY net poleward flow at others)
or superposed large-scale eddies (cyclones and anticyclones, troughs and ridges). A direct meridional
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cell, with cqualonvn1'd flow hc>low and poleward flow alort, would car•·�· nrq:�11lar mor11c•11Lu111 and cnel'g�•
poleward.
Il adle�• explairH'd the trad<• winds and prenliling wcsterli('s b�· noting that heating should produce
a direcl mrridional crll in each heinisphcrr. The c4uatorward current al low levels ,;houlcl he deflected
by the Earth's r·ot:ition to hetome Lh<' trade wind�. The returning pol<•ward c:t11·rr11t aloft should he·
clefleclt'CI lo beco11t<' Lhe upprr-lr,·el wc�lerlics. whidl upon �inking should breo111e the surface wr,;terlies.
In its time ITadle�·•s paper appeared to offer a satisfactor�· rxplanation.
Early niuctrrnth cenlur�· ob�ernllions indicalrd thal Lhc �urface westerlies dl'iftcd polrwnrd rather
than cquatorward. .James Thomson and \\ illiam Fer-rcl introduced scheme,; in whic·h shallow, fri<'lionall�·
inducecl. indirec-t c<•lls occurred in middlc• and high<·r latitudel'. undcrnralh the larg<•r direct cell,;. Their
explanations also appeared sullicient in their timr.
Latr nineteenth cenlur:, oh:<rn·a tions of cloud 11101 ions, cu lminaling in t lie intern.1 tional c-loucl obse1·,·a
tions in-.tigated h�· the International \leteorological Organization. indicalNI that thr suppo:<ed upper
leYel poleward cu1T1•11ts arro:<s middle latitu<le,; did 1101 exist. :'\o ;:;ehcnH• of meridional cells consistent
with the obserYalions ronld he found which would t t'llnsporl the required nngular mo111cnlum a11d cnerg�·
l_;ltirnatcly the zonally gymnictric srh1•111cs of tlw circulation had to he abandoned.
�lodcrn obserYations r!'vral that large-scale c·cluies exert a dominating influen!'C uporr the zonall�·
fl\'Craged circulation b�· transporting angular rnomrntum aml energy poleward acr·oss most lntitudcs.
The transport or angular 1110111c11tum h�· the eddies is conecntrated near· the tropopnuse. and it attains
its maxi111um Yalu<•s near the thirtieth parallels. To rnmplete thr balance there must he direct meridional
cells in low latitudrs, stronger than l ladle�·•g theor�· would ha\'c demanded. and indirect cells in n1iddle
latitud<:!s. These l'ells must Pxtend lhrough tl1c d<'plh of Llw tropospl1rt'e.
Since the meridional cells alone do not tra11sporl the proper amount:- of angular mouwntum and
energy to satisf:· th(• halarwc rrquirement:-. the zonall:- awragC'cl circulation doei- not b:· itself ,ati�f�
the d�•,rnmic equations. The prnblenr of obtaining pertinent solutions or thr equations is therefore much
more di flicu It lhan i I had apprnred 10 he when zo11a II�- s."rn 111('1 ric solu lions were considered s11 fficient.
.\ny complde explnnation of the zonall:· averaged motion must include an explanation or the configuration
of the <•ddie;::.
TIH• c·ddies gai11 their c11<·1·g�· fron, I he zonall:· averaged circulation in the [orm of availablr potential
c11erg:·· h:- transporting encrg:· toward latitudes of lower trmpcrature. The�· suppl� kinetic encrg�· lo
the zonall�· a,·eragccl motion h�· tran,-;porting angular momentum toward latitud!'s of high<'r angular
,·clocit:·· To dedtH'<' the lallcr result b: treating the eddies as a form of turbulence, one wo11ld have lo
assume a ncgalivc coefficient of tul'bulcnt Yiscosity.
Circulations produced in rotating eontainer:- of fluid in the laboratory sometimes posses;, eddirs
similar in structu1·<· to almosplwric eddies. It is thus implied that the physical factors rrsponsil,le for the
prcsencr and sLruct11rr of the eddies a1·1· those which are shn1·ed h:· the atmospherr and lhe luhorator�·
model�. Particulol' �olutions of Lhc d:·11;1111ic equations obtain,·d numrrirall�· also !'('Veal cddic•� with the
proper structure. It i,- thus implied that the most important ph�·sical proces;-;es haq• been incorporated
into the equations as the:- arc general!�· formulated.
For· an idealized atmosphere certain specific features of the circulation can hr readily (•xplained.
First. thrre must lw a circulation. sinr(• a stale of no motion would be incompatiblr with the poleward
temperature gradient which radiative proecsses alone would demand. );ext, sin<'e the kinelil' energy of
the cil'<.:Ul1ltion is dissipated hy rrielion, the poleward temperature gradi!'nt mu�t lw somewhat lp,-s than
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that dema1 1ded b)· radiation alone, in order lhal available potential CtH•rg:,· n,ay be generated by hcati11g.
The poleward pre�sure gradient musl then increase with altitude in agreement with the h:- ·drnstatic equa
tion. To balance the pressure gradients the westerly wind compo11enl 11111s1 inc,·ease with elevation in
appro;-.;imatc agreement with the thcr111al wind relation, or else there must be a strong downward l.ran;:;fer
o[ northward 111 0111e11I 11m across middle levels; there appears to be 110 111echanism fo1· maintaining the
latter process. AL low levels I here must be easterlies at some latitude and westerlie:s at others, or elsf'
no systematic easterlies and westerlies at· all; olhcrwi�e there would he a net frictional torque which would
pr·ogressivel:-,r alter Lhe rotation of the Earl h.
One circulation fulfilling the�e rf•4uirernents 1s Hadley's circulation, possibly with Thomson's or
Fcrrel's modification. This circulation must possess a direct 11 lcridional cell lo transport the required
amount of encrg:, poleward. This cell also transports angular mon,entum poleward, whenre there rnust
be easterly surface winds in low latiludcs and westerlies i11 higher latitude�.
1 ladley's ci1·culation and anY other zonidl ;-· symmetric circulation� are not ob�en·ed, because they
are unstable with respcel lo small-amplitude wavelike disturbances of lar·ge scale. The obt-ervcd circ11la
Lion must lhereforc pos�es� eddies. The transport of an(!ular mo111entum b :-· these eddies largely dcte1·111incs
the distribution of surface easterlies and westerlies. The structure of the eddies constitute� onf' of the
outstancli 11 g a"pccts of the general circulation not yet theorcticalh· explained.
One approach to I he proble111 i� hascd upon classical turbulence theory. The eddies are assumed to
transpol'l angular nromentum and cncrg:-' toward latitudes of lowet· angular velocity and temperature.
There i� no ph�·sical basis for apph-ing this theor:,.: lo largc-"cale eddies, and in an;-· case it yields incorrect
results.
,\nothe1· approad1 is ba�ed upon the Lheor:-· of baroclinic sLabiliLy. The large-amplitude eddic8 arc
assumed Lo be similar in shape lo the smaH-ampliLude eddies which would arnplif>· n,ost rapidh· when
superimposed upon the existing zonall :-· averaged circulation. The results ai·e more realistic than those
given b :-· classical turbulence lheory bu L they are nol in complete agreernenI with obscrvat.ions. and the
physical ba;;is is somewhat uncertain.
The eddies appear Lo be less irrcg11lar than the turbulence approach would sugirest, and less regular
than I he stability approach would suggest. Both approaches assume that the eddies acquire some sort
of equilibrium configurntion determined by the zonall :,· averaged circulation. lL is likely that the eddies
cannot be described in this manner since. whilP attempting lo reach an:, cquili])l'ium configuration, they
will produce a new zonall�· averaged circulation which will in I urn demand a new equilibriun, configut'a
tion for I he eddies.
It appears possihle that. for an idealized atmosphere, some closed syste111 of equations and ordered
inequalities whose unknowns arc statistics ma:-· be derived: this S)·sle1n 111ight then he solved rigorously
for upper and lower· hound, fo1· tl1e tramport or angular- momentum b:-· the eddies across rniddle
.latitudes. F 1 ·om such a solution it may be possihle lo formulate a comprehensible qualitative a1·gumen1,
explaining whv the eddies must transport angular momentum poleward, and hence why Lhe trade winds
and prevailing westerlies appear where they do.

RESUME

.le pe11sc qu'ouc111t de, (wt,,w·s r11ti 0111 ecril .mr /es a/i;;es ,,·" rump/element e.rpliq11e
/es causes cir ,·e.� vr11/s ...

Coorircs 1Iatllc�,, 1735

La pln·ase par laq uelle debu te le memoire classiquc de J-ladle:, decrit encore parfaite111cnt retat actucl
de nos connaissances rn la matiere. En depit des non1breuses et cxeellenles eludes elJectuees clcpuis eclle
de I ladlc�·- personne n'a pu don11er jusqu'il p1·esent une explication complete de la circulation generalc
de !'atmosphere.
Les lois physitlLtcs sur lesquellcs loute explication devrail sc fonde1· sonl tres compliquee� et encore
imparfaitement eon11ues. En consequence, de nombreuses eludes theoriques sc sonl hornees a considerer
une atmosphere idealisec - generalement une atmosphere de coniposiLion uniformc, qui entoure unc
Lerre presentant une sul'facc unie et homogene. el qui cs1 muc par unc source de chaleur dont l'intensite
n'esL pas soun1ise a des variaLions en fonction du temps ou <le la longitude. L'atrnosphere i<lealisee, '!ors·
q11'ellc csL traitee en toute rig11eur, pcul parfois donner une description qualitativcment correcle, 111ais
qu1 nc saurait ctrc padaitement exacte, cle !'atmosphere reelle.
fl est dillir-ile d'cxpliquer Ja circulation, n1cme clans le cas d'unc alllJOSphere idealisee, du rait de
J'advection - qui consisLe clans le deplacerncnl des challlps de 111ouYefllcnt et de tei:nperaturc sou� l'effet
du champ de 111ouYc rn cnt lui-memc. Comme le 111ouve111enl n"est pas uniforme, cliverses portions des
champs soumis a J'aclvection subissen I des dcplacemen Ls <lifferen t:-. ce qui pl"OYoq ue des distorsions de ccs
champs. De ce fait, Jes configurations que peut presenter la circulation sont bcaucoup plus diversifiecs
que s'il n·y avait pas d'adveeLion, cl l'histoire de la circulatioll n'a gucre tendance a sc repel.er.
711athematiquemcnL, le processus d'aclvecLion se traduiL par le fail que Jes equations qui regissenL
ces mou,·ements ne sont pas lineaires. EtanL donne que la solution generalc est non periodique, elle ne
peuL ctrc ex primee cxpliciLement par un nombrc fini de symbolcs. En consequence, de nombreuse� etudcs
theoriques n'ont eu pour objert·if que de deLf'rminer les proprieles ou lcs elements slatistiques caraele·
ristiques de la solution generale.
Les equations or·igiucllcs etant non lineaires, ii n'est pas possible d'etablit· des systemes fermes crequa1ions auxiliaires dont Jes i11connues seraient Jes valeurs slatistiqucs qu'on cherche a obtenir. La possibiliLc
c1·etahlir des s;·stemcs fermes composes d'equalions et d'inegalites ordonnees n'a pas cle sullisamrncnl
exploree.
La seule melhode qui ;soil applicable a present pour esLimer Jes elements stalistiqucs consislc i1
determiner, par des moYens numerique�, des solutions parLiculiercs correspondaut a des instants differenLs,
et a etablir les ,·aleurs stalistiques de ces solutions, de la rneme favon qu'on etablit les statistiques cli rn a
tologiques il partir des donnees meteorologiqucs reelles. Les resultats obLenus scmble11l souvent proches
de la realite, mais Jes solutions particuliercs ne sont pas toujours representatives, el la methode ne met
pas en lumiere ]'importance relative des divers proeessus physiques qui sonL en jeu.
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Lorsqu'on en elahliL la 111oyc11111· en roncLion de h1 longilude. l<'s p1·01·cssu,- advcclifs apparnisscnl
comme des lransporh de n10111enl einetiqur et d'i•nergic s'efTr<'luant perpendiculairemenl aux pnrallelc!'.
L'aLrnosphere doit Ychiculer des q11a11tites sulfisanLes di' 1·c,- gi-andcu1·s a tra\'ers lcs latitudes mo�·ennrs,
rn direction d11 pole. pour cq11ilibrc1· lcs quanLitrs qu'cll(• re�oil du rnilieu qui l'cnloure, aux hassc·s lati
tudes, cl c-clles qu'cllr ecde i1 (·r mili(•u. aux latitudes elcYees. Les quantiles rcqui�b peun'nl elre rntrai
ni•es par unc circulation mericliennc
u11 niurant r·esullnnl en direction de l'cquale11r i1 ccrlains nivraux
Hant associe a un courant rc,;ultanl <·n dirrclion du pole a d'aulres niYraux
ou par des lourhillons d<'
grande {\c]1ellc sc supcrposu11t au couranL
c�·clones cl untic�·cloncs, t hahn·gs <'I dorsalrs. L"nc cellulr
mcridienne dirccle. donl le couranl se dirigc Ycrs l'equalrur a la hasp l'l vrrs le p!>I(• en allilude, dcpl11errait dc:s quantiles de moment cinHiquc cl d'i•11crgic vers fr p!)lr.
Hadl<·y a cxplique Jc;; alizcs cl Jes YCnls d'oucsl dominnnt� en 11olanl que l'rchauffrme11I dcHni1
pro,·oqucr une <·cllule mcridicnne dirccte clans chaque hemisphere. Le eoura11t dirigc ,·ers l'cquatcur clans
Jes basses couches. ctanl dcvic par la rotalion <le la Lc,·r<•. donn<'rait nnissanc(' aux alizes. Le cournnl cir
1·ctour en altitude. dirigc Yer, le pt}li•, etanl lui-mcme dc,·ie. donncrait nais�;,ncc aux ronlre-alizcs qui,
en s'inOcchissa11l vers I(• sol, d(•vienn<•nt les vcn Ls d'oucsl en sur·facc. ,\ I' cpoq 11c de ,a parution, ii sen,blail
que le memoirr de I l-adle�· apportait unc ,•xplication satisfai,mnle du phenomcn('.
Les observalions t'ffecluct•s UII dcbul du clix-lH.!ll\'ic·r11(' siecl(• on! r(·vcle (fill' Jes venls d'oucst ('ll SUi'·
face clerin1ien1 dn,·ant::i�e ,·cr:s le pule quc ,·i·rs l'i•qualeur·. Janw� Thonbon t•I \\'illinm Ferrd onl propose•
drs S)'Stc111es dn11s lcsquels des rcllules indircele,; d(• faibl1• epaissc11r, induites par rroltcn1c1,t, appnraisscnt
aux laliludes moyennrs cl elr"ces. <•n de,;sous de" t•ellulc� dirccl('S plus ctcndurs.. \ l'cpoque. )curs expli
cations, clles aussi. srmblercnt suffisanles .
.\ la fin du dix-ncu\'ienH• �ieclr. les observations du mou,·cmcnl des nuagcs, qui dl'\'aienl aboulir
aux programmes intcrnalion.iux <l'observation des nunges cnl repris a rinstigation cl1• l'Org:11 1isntio11
1
111cteorologique inlernationall', montrcrenl qu'aux latiludcs 111oycniws ii 11 ('xistc pas. co11Lrair1·mcn1 a
cc que l'on s11pposait, de courant en altitude en direction du pole. 11 ne rut pas possible dP com·1•voir un
syslemc. base sur d<'s ('ellul<•s meridiennes, qui soil en accord avec le, observations rt qui rendr cornplc
du transporl drs quantiles rN1uises de momenl cincliquc cl d'rncrgic•. Finalcmenl. ii fallut ahall(lonnrr
lcs s�·sicmcs dr circlllation c-0111porlnnL u11c• s:'rnc\lrie zonale.
Les observations modernes rc\'elent quc les lourbillon� de grande frhclle cxc•rcenl une influen!'c
prcpondcrante s111· la circulation mo:·cnn<' dans chnquc zone, en transportant des quanlitcs de 1110111enl
eini-liquc cl d'cnergie \'rrs le pole ii lra\'l?rs la plupart Jes Jatiludes. Le lransporl dr moment l'ini•tiqur
pnr les lourbillons est conrenlre au voisinage de la tropopause cl il altcint sa plus grunclc intensite clan,;
Jes para1,tc� des LJ·cnticmes parallelcs. Pour qu'un rq11ilibrr puissc s'etahlir. ii doil exislcr des eelluh's rneri
dirnnes dirccte,- aux hasses laliludcs, plus intense� que 11e f'exigcait la lheoric de I ladle�·, cl des eclluh•,;
indirecle� aux latiLudcs tnO)'(•nnes. Ccs ccll11les doivenl �•c1cndrc il loulc l'epaiil�eur de la lroposphcrc.
Etanl donn(• quc le,- ccllules n,rridiennes nc transporlenl pa�.�\ cites seulcs. les quanlitrs appropric<•�
cl(• momenl cinetique rl d'enrrgie pour satisfai1·c aux condition� d'equilihrc. la circulalio11 111orcnne en
chaque zone ne satisfail pas. par elle-meme. les equations de la d�·nainiquc. ll �c rc,·cle, par consequent.
bcaucoup plus difficile de trouver drs fiolutions pcrlinenles a ccs cqualions quc cela n'clait le cas lorsquc
]'on considerail cornmc �uffisanles lcs solutions comporlant unc symetrie zonale. Toule explication com
plete du mouvcment ntO)'en rn chaque zonr doit comporler une rxplicillion dr la l'Onfiguration des Lolll'·
bilions.
Les tourbilions Lirent lcur cncrgic de la circulation tnO�'cnne en l' haqur• zonr, sous rorme d'rnergir
potcntiellc disponible, en tran�portant de l'encrgic nrs les laliludes ou. rl•gnrnt des tcrnpcral11rcs plus
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basses. ]Is four·ni;;senl de l'eucrgic ciuetique tl la cirt•1dalio11 rno.w11ne l'II chaquc zonr. en transpo1·tanl
des quanlilcs de 111omenl cineli<Jue ver� lcs laliludes 01:1 la "ilesse angulairc est plus clcvee. Pour ohlcnir
cc dernier rcsullat rn considcrnnl les tourhillons cornme u11c formc de turbulrncc, ii faudruil supposer
un rocfficirnt de visco;;itr lurbulrnlc ncgaLiL
Les cil'culatiuns cng-('ndrecs r11 lahoraLoin•, au sci11 d'un lluide contcnu clans 1111 rh·ipienl animc d'un
111ouvcment de rotation. prcsenlcnt quclquefois des tourbillons donl la slructurr e;:;t similairc i1 cellr des
lourbillons de l'at111osphi-rP. II en decoulc i111plici1erncnt q11r les facteu1·s ph :-,,siques rf'sponsables de la
presence cl dt• la sln1ctu1·t• des tourbillom, ::-onl eon1111un:,; I, l'alrnosphcn• cl aux modi-les de laboratoire.
Des solutions parliculieres des cqualions dr la clvnamiquc. ohlenu('S numcriqucment, rcvelent cgalemcnl
des lourbillo11s de sl ru('Lurc appropricc. Ceci impliq11c quc lrs pr·O('CSS11" ph :'·si<1ues les plus impo1·la11ts
SC lrouvent incorpores da11,; lcs equations, t1• flcs quc cclles-ci sont generalelllCIII for11111lees.
I )ans le ras c1· une at111osphcr<• idealiscc. certaine� l'araeterisliqucs spe1·ifiques de la circulation pcu\'enl
clrc focilenH•nt expliquees. En premier lieu, ii doil exisler une cir('ulation, puisqtH' l'ab�encc de mouve
me11l scrail i11compaliblc a\'Ce Jc gradicnl de tcn1perature cnlre l'cquateur et les poles quc les procrssus
radiatifs impliquent !\ eux ,;euk l�nsuil(', pui,-que J'i-ncrgic 1·inetiq11c d!' In C'irculation s<' dissipc par frot
te111en1, le gradie11I de lcmperalurc Cll di1·ection du pt1le doil ctre quelquC' peu inrcrieur a cclui qui !'01'
respondrait au seul ra:-·onncmcnl. afin quc l'enrrgie potcntielle <li:<ponible IHlissc 1'trc produitc par l'echauf
femcnl. Le gradienl de prrssion t•n dirrl'lion du pole doit done aug1nentcr avec l'nltituclc, ronrorme1Hcnt i:1
l'equalion df' l'h :-·droslatiq11e. Pour equilibrcr les gradient-. de prc•ssion. la compos:rntc ours! du ,·cnl
doil augmenter a\'I'(· l'altitudc, l'Onrorn1cmcnl a l'equalion dr rh�·dro,;taliquc. Pour cquilihn•r lrs gra
die11ls <le prtession, la co111posanlP ouesl du w111 doil nugmc•nter a,·cc l'al1iL11dP. de fa(:on a l'Orrespondl'e
approxi1uativcmc11t a la relation du vent lhcrmiquc. Sinon. ii doil ;;;e })l'Oduire. aux altitudes moyc11ncs,
un fort lransft'rl vprs le has de q11nnti1.cs de 111(111vcmcnl en dil'cction du no1·d: ii 11c scmhlc pas ff"'il cxiste
de 111ccanis111c pou1· !'ntretenir cc dernier processus. Dans lrs basses l·ouchrs, ii doil :-· a,·oir de!' ,·ents d'est
a cerlaines Jatitudr� et des vents d·oucst a d'autres. ou hicn aucun regime systrmatique dr ,·cnts cl'cst
cl d'oucsl. Si ce n'clait pas le cas. ii apparalLrait un couplr de friction rcsullanl qui modificrail progrcs
sivcnu·nt la rotation de la lerrc.
La cirl'ulation de I ladle:-·. cvcnt11cllc111e111 avec lcs modifications de Thom:-on ou Ferrel. repond a
ces crileres. Celle circulation cloit comporter unc ccllulc mcridiennl' <lircclc pour transporter l:1 quanlitc
d'energic rrquisr en dirertion du p<>lc. Cctlc ('Cliulc transpol'IC egalcment des quantilb de 1110111cnt cinc
tiquc. vers le• pole «•t ii doit done�· avoi1· de� venls d'esl en �urface aux bassrs latitudes !'I des vents d'ouesl
it des latitudes plus elcvccs.
La cirl'ula Lion de I ladIcy, pas plus qu·auc11nc au lrc circulation it s:\'n1ctrie zonalc, ne pcut clrc obscrvcc,
du fail qu'cllc est instablt• en cc qui concm·nc les pe1·1urbations de fuible a111plitudr en forme d'onde qui se
prnd11i,-cnt a grand(• cchc·llc. La circulation oh:-cn·ep doit. par consequent. comporler des tourhillons. Le
transport de quantiles de 1110111e111 cinctiquc pm· ces toul'billons dclrrmi1w clans une forge nicsurc la dis
tribution cl<•s ,·cnts d·est cl c1·out'sl en surface. La struclurr des tourbillons ronstituc l'un drs asprcts
marq11anls dt' la circulation gcnt•l'alc q11i n'onl pas ('llCOI'{' C'lc rxpliqucs theoriq11e111cnt.
On peut ahordcr le probleme en :-c fondant sm la thcorit• classique de la turbulence. Pour l'C faire. on
suppo.<;r quc lt·s 1011rbillons lrnnsporlcnl des qunntitcs de moment C'inetiqur et d'cnergic vers lcs latitudes
ou ri-gnent unc vite�,-c ang:ulairc et une temperature infcrieurc. II 11'exisll· pas de• base ph:'·siq11e qui per111ellc d'appliqucr ('('llc throrie a11x lourhillons de grnndc frhellc rt. de toule fu�on, crllc-ci fournil des
resullnts inc:01-rccl,.
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Une autre methode d'approche esl fondee sur la theorie de la stabilitc barocline. On suppose quc lcs
Lourbillons de grancle amplitude onl une formc similaire a cellc des Lourhillons de faible arnpliludc, lcs
quels s'ampli[ienl tres rapidement lorsqu'ils sont �uperposcs a In circula1ion moyennc existanl en cliaque
zone. Les resultals obtcnus sont beaucoup plu!< conformes a la realite que ceux produits par la theorie
classique de la turbulence, mais ils nc s'accorden t pas parfaitemcnt avec les observa Lions. et le fondernent
ph:,sique de cettc 1.heorie est asscz mal assure.
Les tourbillom se111blent t:t.rc rnoins irreguliet's quc la meLhoclc de la turbulence lenclrait a le faire
croirc, et moins regllliers que la theoric de la stabilitc le fcrail penser. Ces deux theories supposenL que
lcs tourbillons atteigncnl une sorte de configuration cl'equilibre, determjncc par la circ11la1.ion mo;-'cnnc
en chaque zone. II est probable qu'on ne parviendra pas a decrirc les tourl..iillons de celle manierc, elanL
donne que eeux-ci, en che1·chan1 a parvenir a une coufiguration d'cquilibre, quelle qu'elle soit, provoqucronl.
une nouvelle circulaLiou mo:,.,enne c11 chaq11e zone qui, a son tour, exigera une nouvelle config111·ation
d'equilibrc des lourbillons.
II semble que. clans le cas d'une atmosphere idcalisee, on parviendra a etablir un systen1e ferme
d'equations et d'inegalites ordonnces dont les inconnues soient des valcurs slutisliques. el a le rcsoudre
ensuile de manierc rigoureuse aux limites supericure et infericure en ce qui concerne le transport de quan
tites de moment cinetique par les tourbillons, a lravers les latitudes moyennes. A partir d'une Lelle solu
tion, il sera peut-etre pos!<ible de Iormuler un argumcnl qualiLatif qui e:xplique pourquoi Jes lo11rbillons
doivent transporter des quantites de moment cinetique en direction du pole, et pourquoi les alizes et les
vents d'ouc�l dominants sc manifcstent la ou ils le font".

PE3IOME
ff 8y,1ta10, •1mo 1ttu.o., 11.y ua nucaeiuux na rnny me.,iy He y8a11ocb no11,nocmb10
061,,1c11umb npu•1w1,bt eoanumweenwt naccamoe . . .
T(mopJJ.H, Xo;\.111, 1735 r.

JTU c.;roBa, KOTopr,nm OTKpbrnaeTcn mrnccH4ec1,11« TPYA Xa,r{Jm, 'l'04HO xapaRTepnay,oT cocTom-rne
naumx 1-iaCTOR�HX noa11a1rnf1: J3 8TOM o6JJaCTl'I.

Hcc.v10TpR Ha MHOr11c 8aMe4a·reJib Hbie HCCJ1eAOBa1cnrfl,

BblTTOJill8HHhl8 llOCJie Xsnm1, 11cqepo1,rnarou1ee 06'b1ICIICIIIIC 0611teti lll1PRYJTH�IHI anroccpepbl AO CHX nop
He Rati:AeHO.
<Dn3U4CCI·rne 3aKOHbJ, ua OCIIOBe H:OTOp1.>1x �,oa-,eT 6LITh naHO 31'0 06oRCJielUIC, 4peaaw,rafiHO CJIOiHlihl
11 AO ROHI..\a He BhlRCHCHb[. lloaTOMY �rnorne TCOpeTW-1ec1nie IICCJ18AOBaH11R AO CMX nop MMeJrn ):(CJlO TOJlhKO
c 11�\eaJlmmpoBam-10Fi: anwccpcpow, T. e. aTMOccpeport, 0111-1opo111-1on no cnoeMy cocraBy, 06BOJJaI·nrna1oir1ef1:
8CMIIOii map C rJia)l.ROif 0):\llOPOWIOH nosepXHOC'fbIO 11 npIIBO,IIHMOJf B ABHiHe1rne HCTOYIUIKOM rerrJia,
He ua.MeI -1mo1I1mtcfl BO Bpe111.eIrn u npoc·rpaHCTBC. C·1·pora11 TpawroBRa uµ,eamrnHposam1ott a·rMoccpepbr
/W 8T HHOr)l;a 1<a crec1·Benno nep1-1y10, 110 ;ta.Tiexo rrn TOYHYJO xapai-TepHCTHHY COCTORHHfl peam,HOH anw
cq)epbr.
Tipo6J1e)1a

061,nc1-ie1rnfl

npo11eccon

I1u1rnyJ1RI..\HH nm-He

11.neamrnnponam10rr

a'l'MOC<pep&r

ocJiom

FrneTCR uaJil,lY.110M a;:\BCIH\HH - nepe�rCLQCHHH llOJJeif J;(BHIBCHHH it ·rei\mepaTypbl cai\rnM JIOJie:.1 ):\BmK8HMf{.
floCl\Q,1'lbKY 3TO ABHIBCUI1C 11eynopR)l0<[0HHOe, pa3JUIYilbJC y,racnrn aAB0HTHBHhlX DOJ1ef1 nepei\remaIOTCR
110-paanoMy, M 06u.1an :napTJJua nOJJCH 11cKa;1>aercn. IloJToMy LIH))HYJLRt11111 npHHHMaeT ropaaAO 6oJlee
pa,lH006pa3HhTC cpopMbl' 4CM cl1'0 6h!JJO 61,1 npu OTCYTCTBIUI a)lBCRI\HH, 11 PCAHO 06Hapym:MnaeT T0H)J,Cll
l1JHO K ITOBTOpem110.
C MaTeMan1qcc1wt,i 'fOYl·rn 8pCHHR npo1..1ccc aJ:188!'.L(lHl npOHB JJRCTCJl

B neJJm1ei:iHOCT1I OCHOBBhlX

ypanHenHti. TioCKOJlb)-(Y o6u�ee pemc1rne .A BJlRCTCR nenepl10/.l,MYCCKJrn' ero HeB03MOIBHO TO Y:HO Bbrpaa:HTh
npn nOMOll\H orparn1lICJ111oro crHCJIa CHMB0.10B. IToaTOMy no ,,rnor11x Teoper11qec1:rnx HCCJJel(oBa1urnx
CTaBMJJaCb l,\CJlh r�aTb OIIJ)C,IICJICUIJC TOJ!bl{Q r:1aBllhlX oco6e1-1HOCTeiJ- II,)U[ CTa'l'UCTiflteCRHX xaxaRrepnCTllli,
n1,1TeHarom11x ua 061.u,cro pe1uemrn.
3aiurny'l'blC CMCTC:Vlbl ypamiern111'

n�e

HCII3BCCTHLIMH B8.TIWHIHai\nl RBJIHIO'l'Cfl C'l'aTl1CTM'l0CHHe AaJJ· -

l

111,Ie, nOCTj)OH' 'h HCBOBMOiWIO BJ3Ml\Y HCJIJ,IlJCflllOC'nt MCXOAHblX ypaBHCIIJ1f[. Bonpoc O B03MO,KJJOCTH 110·
CTpOCIII1R aam-rnyTOH CltCTCMbI ypaBlteHMH If ynopRA04Cllllb.lX HepaBenc·rn l18J'!Cll CII.\C HC/.],OCTaTOqHQ.
EJ:1HHCTBCHII.blfr B08J>.IOl-ImbJtl B HaC1'0.R.11.\ee BJ)CMH cooco6 OUCHHII CTa'l'HCTM'ICCKHX Aallfl'blX aa1u110yac·rcfl n onpegeJJ,ClllIII 9TI.CJICHflhlMH MC'l'O,ll.al\IH qacTUh!X pemelnrn, CBH33.RflbIX npell'fCHH0113aBHCHMOCThIO,
II oqe1-me CTa1'JfCTJ,l< fCCRl!X BCJ1Uq1nr, BLl'fCnaJOIJlWX 113 8THX peII.JeH11M, Ta1urM nyTeM, 'lT06u Irn11MaTOJJOr114.ecm1e c·raTHCnrqec1rnc )];aHHhre OJ.ICHJrnaJIHCh ua oc110Be µ;aRHhIX o peaJJbHot'r norone. PeayJJhTaThl 4.acTo
ORa3bIBaIOTCR peaJJHCTJ 1Jqec1n1llrn, IIO YaCTHblC pcmemrn UC BCCTAa penpeae111·aTI1BHhI, H 0Ta npoueAypa
llC paCKJ)bJBaeT cpaBJIH'fC.TlhHOii PO.JUI 01']:ICJJhHl,JX cpt13ll'leCKHX npoueccon.
D pH ocpciurnmrn no noJJrOTe a]:lnewrnBHhte npouecc1,1

upep.c·raBJJHIOTCR KaK nepenoc yt•J10noro

?lfOMCH'l'a 11 ::nreprm1 B MCpll/.l,1101:laJlJ,HO:II HanpaBJieJ·{],IH. 8TOT rrepeHOC 'Iepea cpe)];HHC nrnpOTbl B HanpaB
jl8H11H K TIOJTJOcy AOJJrlieH KOMITeHCH.pOBaTb aIIeprn10, IlOJJyqacMy10 aTMOCq>epofi B mrnmrx umpoTaX II
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PE310ME

OT7�anaer.ry10 ero B BbICOIUIX umpOTax. Heo6xo)l.mt0e HOJIW-JeCTBO aHeprrn,i: MOmeT nepeHOCHThCH nocpeµ;
CTBOM Mep11, ,rvrouaJ1J,HOfl l\Hpl,yJH11,1m-r, T. e. flO'l'OJWM, HanpaaJTeHHhL\'[ X a1rnaTopy Ha HeRO'rOpblX ypoB
HFIX, conpOBOrn)),a1outHMC1l flOTOROM B HaIIpanJiellHM l{ flOJJIOCY Ha Ayprux ypOBl·IRX I UJIH HaJIOiKBllllblMH
ua llHX Kpynuo�1aCUJTa6 1 -1bJMH Typ6yJieHTHbJMII BMXPflMH - nm,Jionar.rlf H aHTJ,[QJ!nJlOHai'l'rn l v1.0m6rrnal',II!
11 rpe6HHivm.
Herrocpep.CTBCJIUaf!

MepH)-1.UOllaJihlJ.a.fl f!'10J'.iHa C ::nrnaTOJHlaJihHhIJ\1 IIOTOH0:.·1 BH nay M

ITOJIHpHblM

•Haaepxy npi,rno;-u,1T K nepcnocy yrJIOBoro �10MeHTa n a 1 -repru11 K nomocy.
XaAJUI 061,flcnJIJI np1-rpOAY naccaTOB H npeo6JraAatoJJ.J.cro aana)l.uoro nepeuoca TaJUtM o6paaoM, tJTO
aarpeBam1e µ;ommiO BbI3bl8aTb o6paaoBamrn 1-1enocpc1:\CTB0HHot°C l',repunno 1IaJihHOfr nqefi1rn B Ram)l.OM
noJ1ywap111r. HanpaBJICHllblf1: K a1rna·ropy ITOTOH B mrnrnux CJIOflX 110)]. BJIFIBHHCM O'l'KJIOI-lflIOUJ.efr C1'JJ1bl
npaJJ.J.errn:ti: 30,'IJlll CTaHOBHTCfl rraccaTOM. 06paTHb1:H rl OTOH., )l.Bl1i1'YJJ.J.IliiCH B TIOJIHpHOM HanpaBJICHll1'1,
OTRJIOHHHCI,, C'l'aUOBHTCH aanai\HblM rrepeHOCOM B sepxHHX CJIOHX, HOT0pbri1 orrycKaRCb I'. ITOBepxnOCTII
3CMJl11 CTallOBHTCfl npnae�lHblM aana)J,Rbl11I BeTpOM. B TO ·nper.rn rrnaaJIOCb, q'fO Teop1111 Xaivrn iiaeT YAOB
.JleTBO j)HT0JlhHOe 06'.bflCHeHHC 3TI1X npOL\CCCOB.
J/lccJieAOBaHIHI 1 npoBeJJ;eHHble J3 HaY.aJie AeH.ATHa)J.u,a·roro CTOJlCTHFI, TTOI\U3a.,'lH, '-I.TO np11aeJ\IJ1bte sa
na)J,1-lbie ne·1•p1:,1 aarrpasJJeHbl mwpee H nomocy, <JeJ\I R aKaa·ropy. ,JJ;me:ih 1 c ToMCOH 11 YJ.1Jib.fB1 <Deppe.,
npeJJ;JIOinHfill cxe�1bT 1 COT'JJaCHO ROTO})blM noµ; RPYIUlblMl1 Herrocpe)J.CTBeHHbJMII B'ieHKar.rn B cpe)J,HllX 11
BblCOKI1X wupoTaX pacnoJTaraIOTCH Me.1.rrne KOCBCHHble R'IBifKII U,I1pnyJ1Hu,1m, Bbl3bTBae,\lbie 'l'j)Bl-UleM.
9TO o6uHCll8HJle TamKe npe)l;CTaBJTHJIOCh B csoe npeMH )l.OCTa'l'O'lHbHJ.
TTpOBOAI18U1JleC.fl B HOlll(C ;:i;eBHTHaAJ\a·roro CTOJIBTJIH 11a6JIIO]J;eHMH aa )l.BJ.liR01HieM o6JJaROB, K)'JlbMl1uari,110HHOfl TO\JKOti HOTOJ)blX 6btJJH MCrH,D.yHap0,1'HblC na6JIIOl(eH�IH na)l. 06.rra•moc·r1:,10, opraHH30Ba1111I,IC
Mem)J.yuapOJl.lIOH MeTeopoJTorwrnci-otl: Opra1-1nsa 1 1neH, noKaaamr, qTO npe,z:r.rroJiaraeM1>1 x noTOHOB B nepx
HfIX CJ!OJIX aTMOcqiephl B HanpaBJl.eHFH( lTOJIIOCOB 1-18 CYlll.CCTnyeT.
CxeMa,

061,ncuRCOJJ.J.an nepe1-1oc yrJronoro MOMerITa n a1-1epnrn

l\teJ)H,r\HOHaJJbHhTMH wietiRa�rn

a

Jl.OCTaTO\JHO 60JihlllHX MaCWTa6ax) 1-1e nO)J,TBepAUJ!aCb npoeep:e1111brMH r1a6JJI0/:(8HHflMl1. B 1rn 1 1e <IHOM cqeTe
80HaJTh HO-CHl.1'1MeTp11.tJJJhte CXCJ\fbI l.UIPKYJlfll,\HH npnWJIOCb OT6pOCl1Tb .
ConpeMBHHhlC Ha6JIIO)l0H111l TIOKa8b1Ba10·r, 'ITO 1-pynHOMaCUJTa6n1:,re Typ6yJieIITHbie BHXJ)11 11rpa10T
Jl.OMI11111py101uy10 pOJJb B 30HaJib HO-ocpeµ;He1rnor.1 ll,MpHyJinq1rn, nepeHOCfl )'l'JIOBOi-'r MOMellT j,[ :mepnno
13 OOJIHpROJ\1 ttanpaBJlClllHJ B 60JJbllll1HCTBe urnpOTHbJX IlOflCOB. flepeHOC yrJIOBOro MOMCHTa 'ryp6yJieHT
HbIMil m1Xpinrn cocpeAOTOqe1-1 y Tporronaya1:,1 M )l.OCTHraeT 111aKCJJMyilla B TPIIJ:U�aTblX Wllj)OTax. PaaHonecHe
Jl.OJrnrno o6ecne•nrnan,cn

1 iaJI.11tJ11cl\1

nenocpCACTBeHtthrx ll'!epHAHOnaJ1h1J1,1x nqeeH B 1ma1rnx urnpoTax,

60J1ee MOt:nHhrx, '!ell·• yr,aa&rnaJI XaA.:TH, 11 1wcnettH1;,1x n•1eeR n cpeAuux 11rnp0Tax. ::hu ffqeti.H11, nonuru ·•
MOMY, aaxBaTbIBa1o·r BCIO TOJlll\Y TporroccpeJ)hl.
HocKOJihKY MCp1'1AHOHaJrbllhle Hqefi1rn l·IC 06ecnegJ1BalO'r uepeaoca )'l'JlOBOrO MOJ\leHTa H anepri,n,1 B
J].OCTaTO'IHhlX paal11epax AJIJI J].OCTFIJ-J-\eII- M.fl pasnonec1rn, cxeMa 80HaJihllO-OCpe)l.HelHION' l\MPH)'JifllUTH ca111a
no cc6e 1-1e yAOBJICTBOpHeT Tpe6oaa1111n111 Jl.I1HaM1t, gecRnx ypaBHe1rnJ,i:. lloaTOMY npo6JieMa ttaxon,Ae111rn
COOTBeTCTBYIOt:nHX pemeHifH 8THX ypanttettufr ropaa,r:r,o 60J1ee CJIO,KtrnH, 'ICM :J'fO npeACTaBJlflJIOCh TOrl:(a,
KOr)l.a C'lHTaJTHCb AOCTaTOtfHhlll'IH 80HaJlhll0-CllMMeTpH'lllLIC peweHH.R. ,)J;JIH ·1·oro, 'IT06br )].aTb J1C'lep11b 1 BaIOJJ.J.ee 06'bBCHCIH1C 80IIaJlhHO-OCpep:nemIOrO )l.BHiI,CJIH.fl, Heo6xon;nMO 06'bf!CFJJ.JTb ROttqmrypaqmo 1' YP6yJTeHT.Hl,TX BHxpefi,
Typ6yJJeHTHble BHXpH I lO.'IY'IaIOT :lHepnuo H3 30HaJJb ll0-0Cpe:nHe1mott U.HPK)'JlflJ_\Hll B qJOpMe TI01'Cll
ll,HaJlbHOT1: 3HeprHH, KOTOpaa nepe110C1ITCfl B aanpaBJieHHH w1'1po·r C 60J1ee IIH3K1111fH T81\1IlepaTypain1.
Om,J m11·a10T RHH0TH'-ICCROtr

anepruei,r 30HaJihHO-ocpep;HCHHhltl

ITOTOK, nepenOCfl

yrJTOBOF°I l\10M8HT B

unrpOTbI, xapanTepH3YJOII(U8Cfl 60.rree BbICOKOH yr.iJOBOi-i: CKOJ)OCTblO. l.1'fo6&r npHA'rll n 8TONJY BhlBOAY '
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pacc�ta'l'p11saH Bl!Xp11 1,aH �lOPMY Typ6yJIC!IITHOCTII, IIJHIW.]OCb Uhl llCXOHIITb H8 IIJH']lll0,110Wi('llllfl O TO�l,
'ITO 1·yp6y:1cH1·11an 81131..0CTb m1CCT OTp111,aTCJlb l!hlil 1rnocpcp11q11CJ1T.
l�11pny:rn1111H, 06pa3y101nam:H np11 npa1.L1,c111111 cocy;:ios c· ;.K11;:inocT1,10 a .-1aoopaTop1111, 1111or;1a no
pom.uacT Typ6yJICIITllblC TOl-rn, CXO):lllhJC 110 CTJ)YliTypc C BllXJHDlll B UTMOC([lepe. :}ro IIJ)IIBO,UJl1' I, i\ll:,1C;111,
'ITO qlll81t'ICCKHC cpawropbt, Oll))CJlCJJHIOII\IIC 11a.1n•IJ1C II CTpy1nypy 3THX IJl1Xpei1 ncJiCTBYIOT on1111axono B
an1ocqicpc II B .ia6opa·rop11oii �10::tc.111. llacT111,1e pcrne11m1 ;11111arn1'ICCn11x ypaaueu 11ii. no.1�''IC11111,1e q11c
.1em11,1�m )ICTO,Ua)llt, Tai-me Bhlf!B:ra10T s11xpu a11a.10r11q11011 CTPYHTyp1,1. Tan1rn OllfHl30)1, )10;.1rno npe;i,
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RESUMEN
ro creo que ninguno de /os que /ian escrito sobre la rirculr,ci6n ge,wrnl clc lo.� vientos
alisios ha e:r:plirrulo completamente sus can�as ...

Cco ..ge Hadley, 1735
La frase de Hadley que cncabeza su clasico trabajo constituye Lambien una dcscripci6n de la situa
ci611 actual con respecto al mismo Lema.. \ pesar de los nurncrosos y excelentes estudios que se han llevauo
a cabo desde la cpoca de Hadle�', no se ha conseguido hallar una cxplicaci6n co,npleta de la circulaci6n
general de la atm6sfera.
Las lc�'CS fisicas en las que tcndria que fundarsc la explicaci6n de este fen6meno son muy compli
cadas y 110 cornpletamente conocidas. En consecuencia, se han hecho muchos estudios en los que se consi
dera una atmosfera ideal, habitualmenle de composici6n uniforme, que cnvueh·e una tierra cuya super
ficic cs hornogenea y plana, regida por una fuente calorifica quc no varia con cl tiempo ni con la longitud.
El cstudio co1npleto y detallado de una atm6sfera ideal permile algunas vcces ohlener una representaci6n
correcta aunque no rigurosa de la atrn6sfera real.
El problema de explicar la circulaci6n de incluso una aLm6sfcra ideal resulla dificil por la prcsencia
del fen6meno de advecci6n, que consiste en el dcsplazarniento de los valores de velocidad y tcmperalura
originado por cl moYimiento de la misma aLrn6sfera. Como cl movirniento no es uniforme, los valores
sometidos a la advecci6n experimenLan desplazarnienlos distintos scg(m la zona en que se hallen y, en
consecucncia, sc produce una disLorsi6n en su dislribuci6n. La val'iedad de !as estrucluras CJLLC la circula
ci6n puede adoplar es, por lo Lanlo, mucho mayor que si no cxistiera la aclvecci6n. Por olra parLe, cxiste
poca tendencia a que Ios proce�os de la circulaci6n sc repilan.
r-.latcmaticamenle, el proccso de advecci6n sc manifiesta por el hecho de que !as ecuaciones que lo
rigen no son liocalcs. Dcbido a que la soluci61J general no es peri6dica, no puede expresarse explicitamente
con un numcro finito de sirnbolos. En consccuencia, el objeto de muchos estudios te6ricos ha sido delcr
minar (micamcnte las propieclades caracterbLicas o csLadisticas de la soluci6n general.
No sc pucden eslablecer sisLemas rnuy aproximados de ccuaciones auxiliares cuyas inc6gnitas scan
los datos cstadisLicos que se buscan, debido a que !as ccuacioncs originates no son lineales. )/o sc ha estu
diado suGcienLementc la pos-ihiliclad de establecer sistemas muy aproximaclos constituidos de ccuaciones
y desigualclades ordenadas.
El unico procedirniento posiblc en la actualiclad para estimar los da tos estadisticos consiste en deter
minar cada una de las soluciones quc dcpenden del licmpo por rnetodos numericos y evaluar los datos
cstadisticos de estas soluciones de la misrna manera que se evaluan los datos estadisticos climatol6gicos
a part ir <le los datos mcteorologicos reales. Los resullados asi obtenidos parccen con rrecuencia bastante
rcales, pcro las soluciones en cada caso no son sicmp1•e representativas y el procedimiento no pone de
manifiesto la relativa importancia de cada uuo de los procesos fisicos independientes.
Cuando las corrientes de advecci6n mantienen una longitud geografica constante, el proceso de advec
ci6n �c prcscnta conio un transporte de momenta angular y energia de una latitucl a oLra. La alm6sfera ha
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de transportar cantidadcs su'1cienlcs <le enrrgfa en di1·ccci6n al polo y a traves d<' las latitudrs mcdias para
compcnsar la cantidad dt' encrgia que rccilw de! mcdio que I<• rodea en las bnjas latitud«•!> �- qu1• libera
en !as lntitudes allas. Las cantidadcs de enrrgia nrccsarias pueden s!'r transporladas por una circulaci6n
a lo largo de los mcridianos cu�·o movimicnto resulLanle cslar;'1 dirigidu hncia rl !'euador «·n alg11nos 11ive
les. acompa1iado olras \'('{'Cs de una corricnl(' dirigicla al polo. o por 111edio de grandcs remolinos �uper
pueslos constituidos de ciclones �- anticiclonPs, surcos y cuiias. l·na circulaciitn <lirecta a lo largo de los
rneridianos, corn,tiluida de· una corTientc inr<•rior dirigicla al <•rnadol' �· olra corric>11lr supCl'ior en dir,•eci6n
del polo, lransporlnria momento angular � <'ncrgia nl polo.
lfadle�· explie6 los vicnlos alisios y los viento,; dominantrs del orslr haciendo nolar quc cl l'all'nta
micnlo dcbc producir una circulaci611 dirccla a lo largo de los 11,eridiano� en cada hemisft•rio. La C'Ol'l'icul('
dirigida al ecuador a ni\'elcs bajos dcbc scr desYiada por la rolacion d<• la 1icm1 para eon, erlirsc 1•11 los
\'ientos alisios. La cor1·ienlr superior que rctorna en clirecci6n al polo drhc ser d<·�\"iada para lransformarse
en los vicntos supcriorcs <lei oesle que. al de�cendrr, dcben co11sLituir lo� vienlos <lei ot'slc en s11pe1·fiei<•.
En su cpoea, cl razonamicnto de I ladle:-,· parecio ofrt'cer una <·xplica<'i«'in satisfa(·toria.
A pri11cipios del siglo XIX, !as observat ·ioncs r<·nliza<lns indicaron que los \'it•11Los dc•l ocstc en supcr
fieie dcrivaban hacia cl polo:-,· no hacia el rcuador . .Ja1111•;; Tho111�on :' \\'illiam Fl'rrc·l e�lnhlccieron <'sque
mas qur mostrahan la c:-..i-,tencia dc· circulac·ioncs iudirecla� poco prorundas c• indueid:1!> por fr-iecion,
originadas en fas lalitudcs 111edias: altas, por delinjo de las cireulacionc•� direC'ta� rmis a111plias. Su� cxpli
cacioncs parceieron tambien sufieic11tes en s11 cpoca.
.\ finales dcl siglo XL\:. las ohsen·acione::< del movimicnto de las nub<'s. ((lit' l·ulminaron en lo� pro·
gramas de obserYaci«'rn i11l<•rnacio11nl romenlndos por la Organizacion )letl•orol6gi1·a lntcr1wl'ional, indicaron
que las supuesla� eorricnles en altitud dirigidas hacia c•l polo y situadas c11 !as la1it11<les 111<'dias no <•xistian.
;\O pudo cstahlccf'rse un c•squenrn de circ11hwio11es a lo largo d<· los 11H·ridia11os que. csta11<lo de acucrdo
con las obsen·acione,;. p11dicra lrnnsportar l'I momeulo angular;-.· la <•11crgia 11c•<"csarios. l11lima11wnlc sr
abandon«'> cl c�qt1<•ma si111elrico zo11al de la circuhtl·i<'rn.
Las mod<'rnas obsrn·aciones ponen de manifieslo que los rcmolinos de gr,111dr;; di1111•11sionr-. t•jl'rcen
una infl11cncia clominanLc en In eirculaci611 zonal. I ranspol'lando 111011wnlo a11g11lar .' cncr·gia hacia los
polos a t,·a,·cs de casi todas lns latitudrs. EI transporlc de mo111c11to angular por los rernoli110� se 1·01wrnlr < 1
ccrca dr la lropopausa y alcanza sus mas ,1ltos v,dores ecrea de los p:iralelos trcinta. Para completar
el equilibrio. han de habrr ncces:niamentc circulaeioncs dirrclas a lo lnrgo de los rncridianos c11 las lati
tudes hajas, m,\s fuertcs de lo quc rcqueria In leoria de IIadle>·, :,· cireulacioncs indireclas c11 las latitudes
mcdias. Eslas (·in·ulaeiones han dr ampliarsc· neccsariamenl<· hasta cruzur por <·ompleto d espesor de la
lroposr<•ra.
En ,·ista de• que las cireulaciones a lo largo de foe; meridianos no lran�porla11 fas cantidades adernadas
de molllrnlo angular r d(' encrgia para �atisfaccr· !as nrccsidad(·s de- PC(UiJibrio. la cireulaci6n zonal no
satisfnc·r por si n1isn1a fas ecuacio,ws di11,\111ieus. 1£n ponsccu<•11cia. cl proble11w de hallar solucionPs ade
cuadas de fas ecuacioncs r·<•sulta 11111cho m:i;; <lificil de lo qur parecia cuando st· l'Onsidcn1han s11fkicnles
las ::-olul'iones zonalcs si111(•tricas. C11alquier <•squerna eompleto que se haga del 1110,·imi<•11lo zonal. ha de
incluir nccesaria111enle la rxplical'i«'lll dE• In configur·aci6n de los 1·enwlinos.
Los rcmolinos obtic1wn Hl e11ergic1 de la cireularic'111 zonal «·n forma de• cnergia polencial lihrc, al lrans
portar e11ergia hacia lalit11des ell' ll•n1pcrat ura infcrior. Suministran cncrgia cinetica a los mo,·illlicnlo:
zonalcs, lranspor·la ndo n10111cn Lo angular ha('ia la t i I udes de \'docidad angular superior. Para <led 11t·ir eslc
ultimo rcsultado considcrando a los remolinos como 1111a forma de turhulenciu, s1•da pn•ciso as11111ir (fll('
exisle 1111 cocf1cicnlc negati,·o de \'iseosi<lad lurbulcnla.
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La:; circulacionr,- producidas en cl laboratorio I'll dep6:..ito:< giratorios clc Ouido prc,:cntan algunas
vc•ces l'<'111olinos similnres en cstruclura a los nl111osfr1·i('os. En coni<e<·11rnrin. sc dcduec quc los fa('lOl'1's
fi�i('os 1·1•sponsnhle» dt' la presencia :, <•slruclura de los r<•molino'- son los que exi,-ten tanto en la atm{1,-fcra
,·omo <·n los 111odelos dc• laboralorio. Las �oluciones pnrticula,·c·s de la:- ecua!'iones di11{1micas oblenidas
1111mcril'ame11t1• rrvcla11 1nn1bic•11 la cxistc11cia de re1r1uli11os eo11 s11 Psl1·11ctura ('araclrristic,1. Esto quicre
dcrir 'I uc en la:; <•cu,wioncs. I nl 1·omo ,r forr1111la11 1'11 generaI. han sido i,worporaclos los pro!'cso� fbicos
llHts i111porta11l1•s.
E11 una al111i1sfcra ideal purdcn <•xplicarsc l'acil111('11le <·it·rlas caraclcristieas esprcificas de la <"il'<"U
lacion. En prinH•J• lugi1l', ha de· habcr nc•1·esaria1nenlc 1111a eireulacibn, )"8 qu<• la aln1<,sfera est Mica scria
inco111p.11iblc l'On ,,1 �radicnlc dr tempcratura quc sr oliscrva hacia C'I polo v q11c l.endria quc cxistir forzo
sament!' como l'OnseC'u1•11cia dc• los procesos dl• radia(·ibn sola111cnlc. En scgu11do lugar, con10 la e1wrgia
!'inelic,1 de la l'irnilacion se disipa por friccii,n. rl gracli<•nle cl<' l<'mp1·1·al111·a quc cxi�tc en dirrct·i<'>n al polo
dcl,c �<•t· algo 11wnor del q11c cxil.!c la radiaci<rn ,-ola. ,·011 l'I ft11 de que sc pueda crcar energia polcncial libre
por ('al(•nlamic•nlo. El gradie11tc de p1·1•--i611 en dircccibn al polo ha cl!' aumentar enlonces con la ahitud.
de aeurrdo con In ec·un!'i{rn hidl'oesti1tien. Pura cquilihrnr los g1·adie11lcs de prrsi6n, cl vie11lo de co111po11rnll' O(•str- d1•lw au111cnlar con la altitud. cfp aC'ucrdo aproxin1adamenlc con la rclacic',n dcl ,·irnlo tcrmico
o. si not'" a,-i. ha cir hahcr n<·1·esarinml'llle una fucrll' lran;;fprcncia hacia ahnjo dcl rnomento de inrreia
en dil'<'<'l'i<>n 1101·lt•, a t1·,1ves de los 11ivele� mcdios; al parccer no existr ningim 111ecanis1110 q11c explique
c,tc idtimo pr,wt•,;o .. \ los ni,clcs inre ..iores ha de c�istir necP�ariamcntc ,·irnlo dcl c:<tc en algunas lati
tude�� dcl 01•,11• en otr:i�: de· no ser asi, no p11edcn !'Xi,-tir Yic·11tos dcl este o clel oest(' a ning11na lalitud.
I)" no ocmrir nsi los hccho,;. lc11dria qur 1'xis1ir un pal' dr fricci6n res11llante quc alteraria pl'og1·csiva111rntr
la rolat·il'm ell' la Lierra.
l'na de las cil'eula1·ioncs quc satisfneen ci;las caraclcrisli!'as cs In circula('i\>11 de I ladle�·, posibl!'1nr11Lc
1·011 las modific,H·io11cs d!' Thom,;on o F1•rrel. Esta cil'('Ulaciiin ha de po-:l'cr nrl'c,ariamrnte un 1·iclo dirt•cto
en la di,·cccic'rn dr los 111cridia11os para transportar la cantid:,d necesaria de !'ncrgi.i c•n dirC'cci(,n al polo.
l�sle 1'il'lo transporla ln111bic11 111omrnlo angular hacia el polo �-- por lo la11lo. debcn cxislir vicnlos de
superficic <lei C",l<• en las latitudes baja!- �- ,·irnlo,- dl'I oestc 1•11 las latilucl<',. alt:i;:.
l.u circult,l'i1\11 cir I ladle .,·)' l'ualquicr Oll':-t circulal'ii1n zonal simctrica 110 p11cde11 scr obsc1•vadas dcbido
a que son inestablcs co11 rcspcl'lo a las pertul'haciones 011dulatorias dP pequerw amplitud que -:c produeen
r11 gr:rn escala. En l'Ollsccucneia. la 1·irculari611 ob�1•rYada ha de poscer nceesaria111rnlc rc111olinos. El
lranspo1·1c de n10me11lo angular por mcdio cir eslos rcmolinos cletermina en �ra11 parle la distril)llf'ion
de lo,- ,·ientos de :-upe1·fieie del t·�le :· drl oe�te.La e�lructurn de los rcmolinos conslilu:·c uno de los aspcc
los 1n.i,- notal,le, de la circula1'i1111 g<"neral q111· no han ,;ido a(111 cxplicados tec'11·ica111C'11te.
l"no de los plantca111ienlos dcl prohlerna ,;t• funda <•n la tcoria cla::ica de la 1urb11lcneia. Sc �uponc que
los re1J1oli11os lransporla11 momcnlo angular �- cnergia hacia lntitudes de n,enor Yclol'idad angular y lt•m
pcrat11ru. No exisle11 bases fisil'as para poder aplicar 1·sla lt·oria a los rcmolinos quc St' pl'oclu!'cn e11 gran
t'scala. � en lodo caso lo� resullados ,-on inl'orrecto-..
011·0 pla11lramie11lo se l'unda en la teoria de, la cslabiliclad ba1·oclinica. Sc suponc que los remolinos
de ::rra11 amplitud Lic,wn una forma similar a los de pcqucria arnpli111d. los cuales s(' agrandarian mas
rapida111cnte cuando c,tuYieran superpueslos u la eireulacion zo11al :·a e:xist<•nte. Los resultados de esla
l<•oria son mas 1·calislas quc Ins ohtenido� por la teorla clc\sica de la turhulencia pero 110 estan de complcto
ar11erdo l'OJJ las ob,-ervaC"iones : el fundamento ri>'ico no rcsulta mu: daro.
Pa1•pce q11<' los re111oli110� son mcnos irregulares d1• lo qur �ugiere <'I plan1t•amie11lo fundado en la Lur
hule1lt'ia y rn1•11os regularcs de lo que :;1• ded11cc seg(111 cl planleamienlo fundado en In cstahilidad.. \mbos
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planteamicnlos s11poncn que los rernolinos adquierei1 u11a esvecie de configuraci6n de equilihrio determi
nada por la cireulaci6n 1.onal. Es posil>le que los ,·emolinos no puedan scr descrilos de csla rnanera, �-a
quc al intentar aleanzar una eonfiguraci6n de equilibrio procluciran una nueYa configura<,;ion zonal quc
a �LI vez requerira una 11ueva eonrig11raci611 de cquilibrio de los rernolinos.
Parecc posiblc que, en una atml'.,sfera ideal, se pueclan esta blecer algunos siste1nas de c0ua<.:ioncs
aproxi rn ados :' desigualdadcs ordenaclas cuyas inc6gnitas sea11 los datos esLadisLicos. �sle sistcma po<lria
enlon<.:es scr resuelto rigurosarnentc en los li111ites supcriorcs e infcriorc:s, por lo quc se refierc al transporLe
de momc11Lo angular, por los rernolinos a Lravcs de las latitudes media!<. i\ pat"tir de est.a soluci6n, quizas
sea posible formular u11 razonamiculo cualilativo que cxplique pOI' quc los re111olinos ban de Lransporlar
nece,;ariamenlc momenLo angular hacia cl polo y. par lo lanto. por que los Yientos alisios y los vienlos
clominanlcs dcl oestc aparecen en ]as zonas en que Sf' le� obscrva.

INTRODUCTION
The atmosphere is a fluid whose circulation possesses a highly complex structure. The circulation
is governed by a set of laws which are known Lo a fair degree of precision, and in principle it should be
possible to use these laws to deduce the circulation. l'\evertheless, the problem of deducing the behaviour
of the atmosphere presents many obstacles which have not yet been overcome, and the greater portion
of om· knowledge of the atmosphere has been the result of direct observation. As a consequence, many
of the major advances in out· understanding of the atmosphere have followed major improvements in
the process or observing it.
The atmosphere recognizes no political boundaries. The weather above one nation is inevitably
coupled with the weather above others. The circulation which must he observed if a satisfactory under
:;tanding of the atmosphere is Lo be gained is truly global in extent. Yet, at least in the past, it has not
been possible lo observe in any detail the weather above one nation except from within that nation.
Thus it is that advances in meteorology, perhaps more than in any other science, have been dependent
upon a certain degree of international co-operation.
'fhe recogniLion of the need for co-operation led Lo a number of international confe1·ences in the
middle nineteenth ccnlur:,', and finally to the creation of the Tnter11ational Meteorological Organization
in 1873. Jn its earliest days the ]i\,1O was concerned with such basic needs as the exchange of weather
information on a routine basis - a prerequi�ite l'or the construction of adequate daily weather maps
- and the establishmenl of sulf1cient uniformity in weather observations to enable the information
from diITerent 11a1ions 10 serve a common purpose. Subsequently the nro fostered such enterprises
a· the f nlernational Cloud Obscrva t ions of 1.896-1.897, which played a role in overthrowing the accepled
theories of the general circulation of the atmosphere, and in directing the thoughts of meteorologists toward
some of the newet· idea�.
The Interna I ional Meteorological Organization was superseded by the World Meteorological Organ
ization in 1951. ,\t the Fourth Congress of lhe \VMO in IH63, it was decided to institute a lecture to
be delivered at each session or the ·world .\letcorological Congress. This lecture was to be known as the
"IMO Lecture" in comrnernoraLion of the In tern ational \leteorological Organiza tio11.
In consideration of the effort currently being devoted b :-' the W\10 to the development of a global
observation system, it was decided that the first L\10 Lectul'C should be concerned wit.h the subject of the
general circulation of the atmosphere. The present monograph is the rnsult of this decision; the lecture,
prese11ted before the Fifth Congress in l967. was based upon the rnaLerial contained herein.
The general circulation of the atmosphere means many things to many persons. To some it is the
tirne-a\'eraged stale of the atmosphere, with all of its local geographical details. To some it is the instant
aneous world-wide state of lhe atmosphere, whose extended-period 0uctuations are responsible for the
vicissitudes of the weather. To some it is the collection of permanent and semipermanent synoptic features
of the atmospheric cil'culation, including the intertropical convel'gence zone, the jet streams, the major
semipermancnt C)'clonic and anticYclonic centres, and the summer and winter rnoonsoons. To some it
is the collectio11 of all quantitative statistical properties o( the circulation.
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111 :1 rnonogL"aph of Lhis leuglli ii would be possible lo considrr ever:· a�pcct of the cirrulation in a
brief and p<'rliaps pel'funcl.orv mannel', or lo treat a few aspects in a more lhol'ough fashion. f have
chosen tlw latter cow·se. Accol'dingly. a considerable share of the di�c11ssiou is centred aboul Lhe rrnlure
and <.:a11�e of I he fields of n1otiou, lcmpcralurc, and moisture, aYcragr<l with respect lo longitude and
ti,nr.
I I ,d1oulcl not he inf.-r,·cd on this account that thcse field� to11stiLutc 111�· own concept o[ the "general
circulation'· . 01· that the:· arc nrcessarilv the n,osl imporla11t aspect�. Possibh· 1he:· have rccei,·ed the
greatest ainounl of I lic!orc•tical attention. fn realit�· this choice of emphasis is not so rest,·ictiYe as it
111i irht appear lo be. Thi, long-lel'll1 zonalt.,· averaged wind, temperature, and humidity fields are nol by
an:-· means a clo;-cd �et of vropertie�, to be acco11ntcd ror inclcpcndcntlr of the re11 1aining p1·opcrtics of
tl,c atmosphere. Indeed, it has hccorne inel'ea�ingl,,· apparent that a complete expl:rnalio11 of these
fea111res requires a comidcralio11 of rnari;,· if not all of the principal feature� of the circula1iou. ,\ccordingl:·,
in pr·c�(•ntiog a detailed ae('ount of sonre of the tirne-and-longiludc averaged fields. T ha,·e nN:cs;-aril:,
touehcd upon 11iost of the rcrnaining ospe<·ts.
Severlh<,less, in or-clPr to hold the size of this monograph wilhin reasonal,lc lin1its. l have found it
ncecs�ar�· 10 omit all hut passing rrferencc lo several aspccLs wl,id, logical]�- Lielong in an�· complete
lrtatmcnt. Three of lhe�e are of :=-ufficienl i,11pol'la11ce Lo merit a word of mention now.
Firsl lhert' is the liigh atmosphere. Tltc circuhlion of tl1e atrnosphcn' is global in it� vertical a�
well as ils horizontal cxlcnt. The effect of wlwl Lakes place al high le,·cls upon what takes place lower
down is howe,·er· al best difTicult to assess. and il i� not certain Lhal Lhe tropospheric circulalion would
be greatly rnodilird ii' the circulaLion in tlie three per cent of the mass of the atmosphcrr above 25 kilo
metres could somehow he forced lo behave in a different mannc,1'. i\ccorclin)!l.v. l have restricted the
scope of this slud:· h:· co11fining altenlion to the troposphere and lowrr :;Li-alospherc.
Second, I hH\'<' not )!One inlo detail \'Oncerni11g the fluctuations o[ the g-eucral circulation. whi('h
range in dur:;ition fron1 the familia1· index c�-clc lo the glacial and interglacial period� . .c\ 11 apprcci:Hion
of thrse changes is preret1uisitc Lo any rational systen, of exlendcd-rangr or long-range weather forecasting.
Studic's of I he ('irc11lation at diffe1·ent phases of the various oscillations can be a partial substitute for
the controllrcl expcl'inients which ,w ""e 11nahle Lo perform, and they arc capable of :·i t,lding ('On�iderahlc
information concerning the mc'chaui�rn through which the circulation opcl'ales.
Final!:·, I ha,·e 1101 attempted to go into an:· detail rcgar·ding l'adialion, Lhe proecss which is ultimateJ:,.'
responsible fol' the cxis1en1:e of lhe eirculalion. l lere I reel that Lhc mutu;:d interaction between the
field of motion :t11d the ficlcl of rndialion is so complicated that we arc on(:v bcgin11i11g 10 appreciate its
lrue importance. The frequenlh- heard stalemenl Lliat Lhc eircula1io11 would remain nearl,Y the same
i[ onl,· the gi·ossest features of the radiation !ielcl were relc1i11ecl receivrs some supporl from the lahorator:·
model cxperinwnls. where the field of healing is 0111_,. the crudesl approximation to the healin![ i11 tlie
atmosphere. but the stale111e11t is still onlv a h\'pothesis, and it i� in need of mu<·h cal'�ful stud.v. Possibly
ii is onlv
, Lhe grossest fcalu1·rs of lhr circulation whi('h would he ncarl)' I.he sa111e.
Throughout most of this �tud�· the qualitative nature and theory of the C'ir·culation have Leen stressed,
rvcn though q1rnntitatiYr �tatistics arc (WC$c•ntcd, and the "ender who wishc� to pass over the mathematical
<·qunLions will find lhal in most in�tances. witli I he exception of Chaplt>r· f I wlre1·e I he cqualions 1hcmsrlves
arr the principal topic, hr can still follow the text. It would havr hecn possible to 111ake the clisrussio11
complr1cly qualitalivc. and omit the equalions altogether. :'\evr,rtheles�, I do 1101 feel that thi� ,nonogr;rph
would s1•1•yr ils p11rpMe i11 llie best manne1· if this had been done.
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.\!though this work is adclr-cssed largely Lo the 111clcorological w01·ld, iL is m:, hope lhal ii ma�· find
an audience among Lhosc cugagcd in oLhcr fields of studr. Auo,·dingly. T have de\'oted some space Lo Lhc
discussion of s11ch basic meteorological concepts as lhe definition of Lhe gcosLrophic wind, which could
have been 0 111it1.ed altogether if Lhe work had bet•n addres$ed Lo meteorologisLs alo11e.
Jn Lhe cour;.;e of prcp;,1ring this monograph I have received assistance in so 111c111.v forins from so man�·
persons that it is impossible to aclrnowledgr every individual contribution. I have been cspcciall�· l'ortunale
i11 having the opporLunit�· to engage in almost dail�- discussions with m.,· colleague Professor \'ictor P.
Starr, whose ideas concerning the general circulation have al\\ 'a)·s been a source of i11spiraLion. I am also
greaLly indebted to n,�- colleague Dr. Robert E. Dickinson for reviewing the 111anuscript in a most crilical
l'a!-hion, and offering nu111crous sugg-<'slions.
I also wish Lo express m:, appreciation lo I he following pcr:<ons l'or the assistance 111 one fol'l11 01·
another \\'hi C'h Lhe:· have p1·0,·ided: Profes:<or .Jose P. Peixoto of the l 'niversit:· or Lisbon; l)r. lloberl .\1.
\\'hite, .\lr. Ja�· S. \\'inston. and .\fr .. John P. \\'cbher of the Environmcnlal Scien('C Services .\dminis
Lralion: Dr. Halph Shapiro of I he 1\ir Force Cambridge Hesearch LRbonHorics: Dr. \\'alter 0. 1-loberL:;,
Dr. Chesler \Y. ;\°cwLon. and .\lr. llal'l·�- van Loon of the �aLional Center for ,\t rnospheric l{esearch:
Dr. Barr_,. Sallznrnn or the Tra,·clers HPsearcl, Center: Professor,; DaYe Fultz ,1 11d George\\'. Platzrnan
or Lhe l'niversit:, of Chicago: anrl Professor lleginald E. :'\ewell and .\liss .\ladeleine l lc�·man of the
.\las:<achusctts JnstiluLP or Technolog�·- .\1.,· sincerest thanks go to .\lrs. .\[aric L. G:=ihlie for the arduous
t·ask of prep;iring the manuscript.. and to .\liss Isabel Kole 1'01· the prcpar·ation of the nu111e1·ous charts
and diagrams. Finally, I wii d1 to thank Lhe \\'oriel \leteorological O,·ganizaLion for making Lhe publication
of Lhis monograph a 1'ealit y.
Eow,, l{D \. I ,OHEXZ
.\Jassacliusett� l nslilutc of Technology
Februan·
. ' 19(57

CHAPTER J
THE PROBLEM
1 think the C(wses of the Ge11eral Trade-1\"inds have 110/ bee11 fully e:rplained by 011y
of those who l,a11e wrote on that S11bjecl . . .

\\'e have chosen the opening words of I ladley's famou� paper for the opelling words ol' this 1110110graph because they seem lo afford an apt description of the slate of the same subject today. \Ve have
no desire to imply that tremendous progress has not been made, because, in the light of toda:-·'s knowledge,
lfadle/s remark appears to be a considerable understatement. Yet not in any of the thousand or more
excellent works which have appeared since that Lime, nor in an,v combination or these works, is a Iull
explanation of the di�tribution of eastrrlv and westerly winds lo be found.
It is evident that the validity of this claim depends ver:-· nruch upon what constitutes a full expla
nation. It is not lo be expected that there will ever be complete agreement OJJ this matter. At this point •
we s1 1 all simpl :-· express the opinion tbat the requisites for a complete answer Lo a qualitative question
difTer considerably from those for a complete answer Lo a quantitative question. Before considering this
matter in greater detail, we shall -present an account of Hadle/s paper, which will serve to illustrate
some of the points involved.
Prior Lo l ladle/s time there had been sporadic attempts to account for the trade winds, ancl one
of these which pictured the wind� as exhalations from the sa_rgassurn weed in the subtropical seas never
theless found its way into a scholarly journal. ln sharp contrast was the notable work o[ Lhe astronomer
Edmund Iralley ('1686), who presented a detailed and methodical account or the trade winds as observed
in t1 1 ree separate oceans, and sought a common cause for them. l le rejected an earlier notion that the
air b,v reason of its lightness simply could not keep up with the Earth's surface in its diurnal rotation,
and ascribed the north-easterl�, trades on the north side of the Equator and the sout,h-easterly t1·ades
on the south side to Lhe tendenc:-· ot the air to converge toward the most strongl)' heated region, as this
region progressed about the equatorial belt. For reasons which are not clear he a��umecl that the cumulative
effect of the afternoon tendency to move toward the western sun would out,veigh that of the morning
tendency to move toward the east.
Jn concordance with l lalle:-,·, Hadley concluded that, Lhe dis1,ribution of solar heating would lead Lo
a general rising motion in lower latitudes and a sinking motion i11 higher latitudes, the circuiL being
cornpleLed by equalorwal'd motion al low levels and poleward ,notion aloft. but he rejected the idea lhat
motion toward the sun would lead to any average westward or eastward mo,·ement. He then noted
that in the absolute sense the Earlh's surface moves most rapidly eastward at the lowest latitudes, and
he maintained that if the air were initially moving equatonvard with no relative eastward or westward
motion it would, in attempting to converse iLR absolute velocity, arrive al lower lati1 ,udes 1TIO\'i11g west
ward relatiY e to the earth. He fou11d, in fact. that air travelling considerable distances would acquiL·e
a much greater westward velocity than any ever observed, and assumed that the frictional drag of the
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EarLh· s surface would 111 Ilic course of a fow days reduc(' Lhe vcloeitie� lo those acLuall:,· found - Lh 11 s
the trade winds.
l lc next nole<l LhaL lhe required cou11ter-drag of the an· upon Lhc Earth woultl continuall:,· slow
down the Earth'� rotation unless oppo,cd hv an opposiLe drag in other regions: this he assumed to occur
in the belt of prevailing westerlies i11 middle latitudes. To account for the westerlies he maintained lhal
the air initiall_,· moving directly polewanl al high levels would soon acquire an eastward rclaLive velority,
and upon reaching higher latitudes and being cooled would sink and become the prevailing westerlies.
Although I l adlcy·s rcmarkab.le paper contains scarccl,,· a thousand words, mauy hundred thousand
words have since been written about it, and it is not surprising Lo find Lhnt so111e of these have criticized
it adversel_v. Unr fault require� irnmediaLe correction: in the ahsenre of enstw,ud or westward forces.
air 111oving equalorward 01· polc,-vard con�erves its absoluLe angular moment 11111 rather than its absoluLe
veloeity. This lendcnc:,· Lo conserve angular momentum is idenLieal with what is now designated as
Lhc cast-west component. of the deneclivc force, who$c proper formulation has been c1·ediLed lo the nine
LcenLh-cr>ntur:,· mathematician Coriolis among other�. But I ladle:,· preceded Coriolis b:, a century, and
perhap$ he desen·es credit for being as near!_,· correct as he was. 1 ladley's error caused him Lo under·
e�LimaLe the Coriolis force b.,· a facto,· of two, hut since the remainder of his argument was entirel_v
qualitative, his e1·ror did not innucnee it.
Fnr more significant ar·e his po�itive conlr.ibutio11s. Uadle:,· realized what toclnr seem$ fairl_v obviouR,
that, b:,· reason of conLinuit:-· of mass, genernl equatorward 111otion at one level requires general poleward
motion at. sonic 0Ll1cr level: and, whaL i� less obvious, that, b�· reason or conservation of total angular
momen Lum, general westward motion dragg-ing upon the Earth's �urface at one la Litude requires general
eastward moLion aL some other laLitudc. l li,- ideas embod�, Lhe concept of a global circulaLion, no one
of whose major hranchc� can be explained independently or thP re111aining branche�.
rladle,· �tated that he felt il 1111neccssan· lo t:onsidcr the drnnges in ,:olar· heating with the seasons,
and he rejected Lhe diurnal variations of healing, which hatl played a dorninanL role in l lallc/s hypothesis.
as having an:· imporla11t effect. I [e did nol consider Lhe presence of oceans anc.l conLinenLs, whose con·
trasting thermal capaciLies could have de�tro:,·ed LhP s:,·mmclr:,· of Lhe hcafrng, nor the mountains and
other obstacles which could have distorted the How. I le did not consider the presence of water vapour,
whose ther111od:-·11amic properties were in an,,· eve11L not known in his day. I lad he been questioned on
Lhcse 0111is$ions, he rllight have maintained LtpL these i11flur11ccs would alter the flow to some cxtrnt, hut
not so great!:,· a,: to render his ar·gumenLs inn1lid .
.\lauy theoreticians toda:· would take a diHcrent attitude. The:,· would maintain that whal they
were studying was not tlw Earth's atmosphere al all, hut an idealized atmosphere, consisting of a gas of
uniform composition enveloping a planet with a level homogeneous surface. and driven bv an external
heal source not var:,·ing with longitude or time. The:,·· would regard the Earth's atmosphere as onl:,· one
of many' conceivable plane1a1·:,· atmosphe1·es, which in I urn compri�e but one type of 111any conceivable
L�·pes of thermall;v driven rotating Ouicl :--y:--tr>ms. Crrtainh- Lhe general Lheor_, . of pla11cLal':,· almo�phcric
circulations is as suitable a subject fo1· theoretical stud�· as the ,pecialize<l theor_v of the circulation of Lhe
Earth's atmosphere. �lorcoYer, although one cannot dcn_Y that simplifications are often made solcl :,· to
focilitate theoretical Lreatmcnt,:, it would appeal' that. withi11 the collection of possiulc planetary at111os·
pheres, one which is devoid of irregularities occupies a more central and fundamental position than 011c
with an�· specifie artangement of il'regulariLies.
IL is nolcworth:,· Lhat Iladle:-· adopted an ,1pproach which has characLerized numerous subsequent
attempts to aceount for the atmosphrt·ic cireulation, not lo mention man:,· other 11atun:tl phenomena.
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Ilc a Ltcmptcd Lo describe how the final gLcad:1 circulaLion which he envisioned wou Id have de\'elope<l
from a previous �in1ple1· circulaLion which lacked lhc specific fcalurcs whose development he wished Lo
account for. Jn his case the simpler circulaLion was the one which he a,-su111ed would prevail in Lhc
absence of rolation. In man:· subseq11rnt studies it has been a state of resL.
Hadley ha$ been criLicizecl for disreganling Lhc nol'lh-south component of the Coriolis force alLogethcr,
and ii is unlikelv lhat he was awal'c of its existence. Considct'ation of Lhis force would have hccn useless,
in an:' case, in an argument niaking no reference to pressure. As a consequence he appare11Ll :,r supposed
Lhat the verticc1l and meridional (north-south) motion would not change during the development of I he
zonal (east-west) molion, and his Lask of describing the development was relative) :-: simple. In realit:,·,
as soon as zonal 1110Lion has been J)l'Oduced b:, · the deflection of the initial mel'idional motion, additional
mcri<lional motion will be produc-ed by Lhe deflccLion of the zonal motion, whel'eupon additional zonal
motion will he produced h:' the deflection of th e a<l.ditional meridional motion while additional north
sou I h pressure gradienls ,,·ii I concurren l I :,· he pl'od11ced h:· I he convel'gcuce and divergenee of the addi
tional meridional motion. Both Lhc additional pressure gradirnls and lhe <leflecLion of Lhc additional
zonal motion will produce further additional meridional motion, etc.. and it is reasonable Lo conclude
lhal Ifadle:· would have had a difficult time in ca1-r:,·ing his argumenl to completion. Indeed, it is difficult
Lo SC<' how anv argument of this sol't, in\'olving two or mol'e processes whose cfTecls ma:,· ciltcmately
combine and cancel, and requiring n101·c than two or three slcp�. can be carried to a successful conclusion
unless it is made quantitative, so thaL the accumulated changes of each quantit." can be propct·l:· recorded.
In this event the argument is converted into a stepwise numerical integration. R.eccn.tly such integ1'ation�
have been widrl:· used with rxcc•llenl results, but they often require hundreds of steps for completion.
A modem Lhe0t·etician alLc111pling to repl'ocluce Hadle:•,'s description of I he development of Lhc
trndc winds in a rigorous quantitative fashion would in fact find that many :·cars would he needed for
Llw cir<"ulaLion to becorne nenrl_,. slcad:· if he reprcsenLcd the elfecl of friction througl1 a coefficient of
moleeular viscosit,\'. To at"hieve a �tPad:· circulation \\"ii hin a few da:v� he would be 1"01·ced to introduce
the much larger cocffiricnt of turhulent viscosiL:'· Use of Lhis coefficient can he justified on!�• i11 combi
nation with a ru ..Lhcr idealization.
It is ullcrl:· impracticable l.o cle�crihe every gust of wind or· even ever:,· cumulus cloud occurring
at a particular time, even if 1he description is lo appea1· only in the mernory of the lal'ge;;L existing digilal
computer. IL is Lhercfore customary in problems of global scale to define 1he circulation as a sn1oothcd
circulation, from which 11101ion s:,·stems of Lhundcrstonn �i,:c or less have been sublraclcd. .\leanwhile
the erTects of these systems cannot be di,n-egal'ded. Ordina ..il�· it· is ro�tulatcd that· the statistical propcrLics
of the small-scale motions can he described in terms of the smoothed circulation. although l'eallr suitable
formulae which accornplisl1 this have )'Cl lo be established. The �implesl wa�· Lo represent lhcsc properLic�
is through the use of coellicients of lu1·bulcnt ,·iscosil.y and conductivity, which may exceed the corres
ponding molecular coefficients h:, a factor of 10 5 or more. Qualitativel_v, 1his idealization 11·eats the
almo�phere as a highl :, · viscous, highl." thermally conductive fluid.
EYide1Hly Hadley u11knowingl:· used this idealizaLion in his argument, :;mcc he assumed that the
trade winds would be reduced Lo their observed velocities within a l' cw days. ft i� interesting Lo :-peculate
as Lo -whether, in an atmosphere with Yer:· high molecular viscosit:· and conductivit.v but otherwise like
the Earth's aLn1osphere. the Lrnuble801ne small-scale motions would acLuall:· fail Lo develop. If this is
Lhc case, the present idealization, like the ones prcvioush- described, replaces Lhe Earth's atmosphere h:,
a physic-all)' concci,·able system.
In any evenl, in a comprehe11sive study or what is known about the global atmospheric circulation,
it is ncccssar)· t.o recognize both the real and lhc idcaliud atmosphel'es. Tlw idealized alrnosphere ha�
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fm·med tlie subject of the great majority of theoretical studies. The observations needed to co11firm the
results of these studies have of necessity been restricted mainly to the real atmosphere. Since the two
atmospheres arc not the same, certain discrepancies between theory and observation are inevitable.
Jt is remarkable that a few cha.ages in wording, entailing, however, a considerable change in approach,
would have eliminated all the shortcomings of l lndle<s work thus far mentioned. Hadley sought a
steady-slate circulation, independent of longitude. In such a circulation there must be al least one latitude,
separating low-level easterlies from low-level westerlies, where the flow is directly toward the Equator.
If l laclley had referred to a particular parcel of air crossing this latitude at some initial time, instead
of refening Lo an initial cii·culation where all the air flowed directly equatorward or polewa1·d, his ensuing
sentences would have formed a qualitativelv acceptable account of the nature and maintenance of the
steady circulation which he envisioned.
Iladley's only Jaull which cannoL be remedied b .'· a slighL rewording of his arguments is Jess obvious,
and it lies in his original assumption about the vertical motions. It c.:in be shown that in a thermall:v
forced s:vstem the temperature and the upwa1·d motion are positively correlated, but the correlation
need not he perfect nor even very high. Hadley assumed in essence thaL all of the air would rise in low
latiLudes and sink in high latitudes. From this point on, barring further errors in reasoning, he was
forced to obtain the picture of the circulation which he did. Observations ·which were unavailable in
the eighteenth centur.'· but have since become superabundant reveal Lhat this picture is incorrect. Yet
it is within the realm of possibilit,v that there somewhel'e exists a planet whose circulation conforms by
and large to IIadley's picture. Such a circulation, ,vhether real or h>·potl1etical, is now known as a [Jadle_v
circulation.
If such a planet exists, Haclle/s work, wi1 h the indicated changes in wording, is not only a description
of the circulation tl,ere hut also an essentially correct account or Lhe basic reasons why this circulation
occurs. Yet it is in no way a demonstration that the envisioned circulation must Lake place in pt·derence
to some other one. It lacks quanlitati\'e considerations, and on a qualitatively similar bul quantitatively
differenl planet there are alLernative possibilities, one of the more obvious being the type of cil'culation
which actuall>' occurs on the Earth. StaLed otherwise, liadleY's work lacks mathematical rigour. For
this reason, we cannot look upon it as a rull explanation.
A demand ror mathcrnalical rigour is not a demand ror mathematical symbols and rorniulae. It is
perfectly possible for a purely verbal argument to be mathematically rigorous. But, particularly when
the argument is very complicalecl. a non-rigorous qualitative approach ofTers numerous opportunities for
error,; in reasoning. One or the besl wa.'·s Lo avoid such errors is to formulate Lhe problem in mathematical
symbols, and manipulate these symbols according to e�tahlished procedures.
· \\'hat, then, constitutes a full or complete explanation ? This depends upon whether the question
being answered is qualitative or quantitative.
Consider. fo1· exnmple, the problem of explaining why the average surface wind al latitude 20 ° N
is directed from 15° 1\' of E al 5 metres per second (or whatever the exact direction and speed may be).
The wind is influenced h .'' the field of pressure, which in turn is influenced by the field of temperature.
Certainly then the precise wine! \·elocit.'· depends upon the precise amount of energy received from the
sun,ancl upon the precise values of the physical constants which characterize the Earth and its atmosphere.
· water vapour and liquid water ultimate] .'· affect the wind vclocil>' by altering the thermod ;--'namic pro
perties of the atmosphere, and perhaps to an e\'Cll greatec extent by influencing the fields of i11coJ11i11g
and outgoing radiation. The distribution of water in the atmosphere i� in turn aITected by the locaLions
ol' oceans and continents, and of course b:,.· the field of motion iL�elf. If all the rele,·ant ph :,.:sical factors
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could be properly incorporated into I he governing equations, and i r Lhe equaLions cou I<l be solved in a
rigorous rashion, the proper numerical values would be found. The observed wind Yelocitics would then
seem to be completcl :,• explained, whereas no simpler procedure could be expected to give the correcl
re�ull..
A correct answer to the quantitative question of why the wind blows from 15 ° N of E al 5 metres
per second is of necessity an answer to the qualitative question of why the wind blows from a general
caster!�· direction, but it may not be a very sali$factory answer. It may not i11dicate which of the many
physical factors involved are needed to b1·ing about the easterly wind, and which arc mere modifying
influence$. In short, ii: may fail to answer the more general question as lo wh :, · planetar_v atmospheres
sharing certain features with the Earth's atmosphere pos�ess easterly surface winds at low latitudes.
This difficulty need not arise if an analytic expression for the wind velocitY in terms of the various
physical coMLants has been found, but analytic solutions of meteorological equations al'e ralher rare.
If the soluLion has been obtained by numerical means, it would have to be repealed many times, with
different values of the constanLs, in order Lo apply to the general case. At bcsl this would be an extrcmcl:,·
roundabout way of obtaining a desired answPr which is not quanlitative aL all.
.\lorcovcr, even if the inelevant physical factors are all eliminated, and a rigorous solution of the
1·csulting simplified equations is obtained, the reader who has followed the demonstration from beginning
to end ma:v still gain little physical insight as lo why easterly winds must exist, pa1·ticularly if the demon
stration is complicated or lengthy, or depends upon 111aLhematical theorems whose proofs he does not
recall or understand. Whereas a lack of rigour may lead to incorrecl results, rigour- alone does not guar
antee understanding. An argument of the type presented by Jfadle�', if correcl·, rnay well prove more
satisfying. Thus an acceptable answer Lo a qualitative question may well be more difficult to produce
1lwn an acC'eptable answer Lo a quantitative one.
Both quanti'Lalive and qualitalive questions concerning the global circulation fl'equently arise.
The most t::ompletc answer Lo the problem �bould therefore consist of a rigorous quantitative solution
of the governing equations, yielding the observed circulation, together with a qualitative and possibly
verbal explanation of the basic reasons why the principal quali1ative features occur. In this event Lhe
qualitative explanation need not be rigorous, but it should be correct, and it must certainly be consistent
m every respect with Llie quantitative solution which it a<'cornpanies.
From what has heen said it appears that the motion of the atmosphere cannot be explained without
full consideration of the accompanying f1elds of pressure, temperature, and moisture, and that these fields
in lurn cannot be explained independently of the field of motion. Such a statement cannot be made for
all fluid systems. The future motion of a homogeneous incornpres!'-ible fluid, for example, is completely
determined by I he present field of motion together with the external mechanical forces, and the circulation
of such a system may be regarded as synonymous with the lield of motion. In the case of the almosphere
it is more logical and certainly more convenient to regard the circulation as consisting of the field of motion
together with the accompanying fields of the remaining meteorological variablcs.
The question naturally arises as Lo why no complete explanation of the global circulation ha;. �·et
been produced. As alread�· noted, the laws governing the real atmosphere are very complex, and are not
perfectly known. \Ve shall attempt to show now wh�· the circulation of even the idealized atmosphere
has yet to be fully explained.
The equations governing the idealized atmosphere appear to possess a steady-state solution which
is also indcpendenL of longitude; this solution describes the Hadley cil'cula Lion. 1f all. other particular
solutions could be shown lo converge toward this solution, the problem of delel'mining the circulation
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would he simpl :-· the problem of rinding Lhis solu1io 11. The determination of �lcad :-'-stalc sohttiom of
,·arious s :- ·ste111s of equations is one of Lhe 111ore frequentlv encountered problem!' in fluid d_,·nrunic!'.
\\'hen Lhe general solution does not approach the l ladlcy solution a�:•rnpLot.icallv, the equations are
likely lo possess periodic solutions. Again, if all particular ;;olutions. excluding Lhose exceptional ones
which ronverge toward the ITaclle:-' solution. could be !'hown Lo co1werge toward the periodic solutions,
the problem of determining: the circulation would reduce Lo the prohlern of finding these solution!'.
Observations revcnl, however, thal the behaviour of the real :Hmosphere is neither stead :-· 1101· periodic.
Thcorntical studies imply I hat I he idealized atmosphere is likewise non-periodic; indeed, if the almo
!<phere hns been idealized Lo 1hr exlenl LhAL it is forced to behnYe periodically, it has probrihl�· been over
idcalizrd for tlw present purposes. Except in special instances iL is nol possible to express a eo111ple1e
non-periodic solution, even approximatcl:-', with a finite number of s�·mbols, and I he goal of determining
Lhe coinplclc life-history of the idealized aLmosphcrc must br al>antloncd.
This stalr of affairs is brought abouL bv the no11-li11ea1·i1y of the equation!<. ,\ 1 11ong the no11-lincar
terms arc those representing adveclion - the displacement of the field of motion, te. 111pe1·nl11re. woler
vapour, 01· sorne olher quo11LiL:,.·, by means of the field of motion itselL In a s111ficiently idealized atmo
sphere with crudel:-· represented healing and friction, advcclion i,-; the onl.Y 11on-li 11 ear process. Since
the motion which brings about tl1 e displacement is gcncrall :,· not u11ifor111. different portion:- of I he field
of each displaced ,·nriable undergo diffrrr>nt displacements, and Lhe lleld as a wholl: is dis101·tcd as well
as displaced. Unde1· continual distortion it ma,· soon acquire a shape heal'ing lill le resemblance lo its
earlier configurations, and possessing: much fine dcLHil. \\'ith such nn infinite variet:-· of shape� tlwre is
no need for a patlem rver lo repeat itself in all its features simultancoush·. and the circulnLion need not
,·a1·.,· periodically.
Yet 11011-linearit:- · docs not assure non-pcriodicit:- ·. The number of po�sihlc circulation pattern�,
none of which bears any resemblance Lo anv ot the others, is limited, and ultimalcl :- · a pattern must occul'
which resembles a previous paltern rather closely. particularl :,. · in its coarser fealu1·e�. If the further
evolution or tlie pal.Lem is stable, in the sen;.e that small difl'erPnces between 11epara1.e ;;ol111ions of Lhe
equ:,1tions will 1101 amplify, the previous history will lend lo repeal itself and I he 1ml tern will continue
lo 1·rcur al regular intervals. al least in an idealized atmosphere where the external eonditio11� are
steady. If, instead. the behaviour is unstable, approxirnalc repetitions of pr<•vious history will ordinaiily
be only tcmp0Nll'Y, and periodicity need not develop.
Since it is not feasible l.o determine I he complete hist.or�' of the eir<'ulation theoretically, we nausl
turn our al 1en1io11 lo slighth· less a111bitio11� problem�. Orn: of these i� ihc problem of explaining each
pattern in a long but finite succession of 1.:irculatio11 paLterns: this in essence is the proble111 of long-range
forecasting. A different problem, and the one with which this monograph is c.:oncemcd. is Lhal of explaining
the characleristic properties. or stal istit•s, or I lw collection of idl cin:ulation patterns which e,·er occur.
The equations governing the <;irculation are most rnadil�· written in a forin expressing the time
vclociL:· · temperature. water-vapour c·ontcni-, etc. - in lernas
derivative of each a1111ospheric vni·iablr
of the current Yalues of Lhe same set of variables. The:' do nol cliredl�· account ror any particular circu
lation pallern, except in terms of so111e other pattern which has just occuned 01· is jusl about Lo occur.
lL is as though Lhc laws had been created for the convenie111.:1.: of the weather forecaster.
Hui the problem of drtcrinining lo11g-Lerm statistics is noL the problelll of weather forecasting,
even though the governing equations ma :- · be the same. The laller is strict] :-· au initial-value problem;
the former docs not a priori involve any initial values, even though initial-value procedures somr>times
offer the only tractable means of solution. Wlwr<•as the latter is strictly a prohlcrn in clilrere 1 11ial e quations,
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the former is a problem in eegodic Lheor)·, which is concerned wiLh long-t<'rm s1a1istical properties of
solutions of equations.
The resulls of ergodic theory do not assure us even of the existence of long-term �tatistics, s111cc
there arc systems of equations for which the average values or particular solutions over long intervals
do not converge to any limit as the period of aYeraging becomes infinite. Assuming Ll1at the atmospheric
equations are nol o[ this peculiar and possibly exceptional type, each particular solution possesses its
own long-term statistics, but there is no assurance that different solutions possess the same statistics.
For a large class or �ystcms of equations, however, there is only one sel of statistics which a randomly
chosen particular solution has a greater-than-zero probability of possessing. Such systems are called
transitive. A transiLive system may possess in addition any number of particular solutions haYing different
sets of statistics. but Lhc probabilit:,, that a 1·andornl :,' chosen solutiou pos�csses one of these sets of statistics
is zero (in Lhe same sense that the probability is zero that a nun1be1· chosen at random from the set o[
real numbers between zero and one will be a rational f1·action). For example, in an atn1osphere whose
general solution is unstcad.,·, the probabilit:, of choosing at random a solution which asymptotically
approaches I he I laclley solution is zero. If two 01· more set� of slat.is I ics have grcalcr-Lhan-zcro prohab
iJitics of being chMen al random, the s:,1stcm is called intransiti()(i.
Ergocli(" theory has not yet provided us with a general rul,� for determini11g whether u given system
v
is transitive or intransitive. '\l e lherefore do nol know whether the atmosphere is capable of possessing
more than one sel of statistics. Lesl it appeal' implausible I hat the atmosphet'e could actually behave
in an cssenlially di!Terent manner from what is observed, lel us note tha1· ce1·tai11 lobo,·atOI'":-· systems
designed to simulate the atmosphere have proven to be intransitive. linfortunately for our understanding
of the almosphere, huL perhaps fortunately for the continuation of the human race, we cannot halt the
atmospheric circ11lalion and then �cc whether it ,,�II redevelop in a different manner.
J\ssL1ming thaL the atmosphere is transitive, we must then decide which statistics oughL lo be
determined. There is no hard-and-fast rule, bul the long-term time-averaged circulation, or more speci
fically I he limiting form of Lhe Lin1e-averagcd circulation as the period of averaging approaches infinity,
might be regarded as a minimum requirement. Uncloubtedl:v this average circulation has received the
most theoretical atlen Lion in recen l :vears.
Yet time averages per se are not necessa1·ily the slatistics or greatest inlercsl. Perhaps the average
circulation is of more iuterest as a first approximation lo the particular ci1·culation to be expected at
any given Lime. The trade winds, for example, are so persistent that an explanation of the time-a,·eragcd
trades might be considered tantamount Lo an explanation of Lhe ti1ne-variublc trades. The upper-level
wcslerl)· flow in 111iddle latitudes, while less persistent, is still far more than a mere ,-t.atistical residual.
01her 1·e{!ularl v occurring features arc poorl:, ' represented by time aYerages of I he meteorological
variables. :--1 othing indicales the frequenc>· or even the presence of migratory cyclones and anLicyclonrs.
The jet stream appeat'S only in attenuated form, and rnosl of its familiar meanders arc lacking .
.\II of these features arc indicated by suitably chosen statistics, and hence by the collection of all
long-term statistics. This collection includes such quantities as joint probabiliL? dislributions. and it is
of course impossible in practice to explain all of the�e, simply because an infinite amount of labour would
be needed. Conceivably it might be possible to explain any particular statislic. Yet not even the long
term time-avernged circulation has thus far been full :,' explained.
The underlying difficulty is again the non-lineariL:·· By rendering the general solution of the equations
non-periodic, non-linearity makes it impossible to solve the equations by anal:·tic methods and then
obtain statistics b�- integrating with respect to time.
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The most feasible method of solving non-linear equations with non-periodic solutions is as an initial
value problem by numerical means. This method vields finite segments of particular solutions. Statistics
ma:, be easil:' evaluated from these.
Such segments possess one of the principal disadvantages which characterize real meteorological
data; thc:-7 arc finite san1ples from a population. and arc not neccssaril:· repre,-c11lative. The best method
of assuring reasonabl:, representative results is Lo extend the solution over a long time-interval, hut this
method may entail a prol1ibitive amount of computation.
i\lo1·e than any other theoretical procedure, numerical integration is also subject lo the cr1t1c1sm
that it yields little insight into the problem. The computed numbers are not only processed like data
but they look like data, and a study of them may be no more enlightening than a study of real meleoro
logical observati011s .
.\n alternative procedure which does 110L sufTer this disadvantage consists of deriving a new system
of equations whose unknowns are the slatistics themselYes. This prncedure can be ver�· clTectiYe [or
problems where the original equations are linear, but, in the case of non-linear equations. the new system
will inevitabl�· contain more unknowns than equations, and can therefore nol be solved, unles$ additional
postulates arc introduced.
�loreover, even if the new system of equations could be solved, it woulJ not necessarily yield the
desired result. The separate solutions of the new svstem would include the statistics of all solutions of
the original system. The statisl ics of the Hadley solution could perhap� be recognized as such and
eliminated, but there would remain the statistics of an infinity of periodic and otherwise special solutiom.
The �eparate $Olutions of a system of equatioHS whose unknown� are statistics will therefore show
nearly as wide a variet�• as the statistics evaluated from separate finite segments of solutions of the original
equations. For example, thel'e are presumably special periodic solutions representing circulations which
are permanently of the "high-index" or "low-index" type, with well developed or poo'l'!y developed
middle-latitude westerlies; there are presumabl:' a great many more special periodic solutions which
oscillate between high-index and low-index regimes, but do not divide Lheir time bet...vcen the regimes
in the same proportion as docs the general solution. The slaLislics of Ll1c$e special solutions are included
among the solutions of the new s.vstem of equa Lions.
Jn short, the only presently feasible procedure for determining quantitative statistics consists of
evaluating them directl.v fro111 particular time-dependent solutions of the original equations, and the
only known procedures fol' solving these equations are numerical. Even lhese procedures are feasible
only because of high-,peed computing machines. Ultimately with the development of much larger aud
faste,· co111puters it may become possible to estimate the statistics of the general solution with a high
degree of precision, even fo,.· the real atmosphere, although the proper representation of the effects o[
small-scale systems may prove to be a sturnlJliug block. At present the procedLu'e is limited to a rather
idealized atmosphere. �loreover this procedul'e, being numerical. is of the type which contributes least
to a qualitative understanding of the circulation.
There remains the possibility of rigorous procedures which are not quantitative al all. J\n�· quali
tative statement about lhe circulation inay be formulated as a mathernalical ineyuality; for example,
the statement that the tl'ade winds blow from a general easterly di1·ection is equi,·alcnt Lo the statement
that the eastward wind component in Lhese latitudes is less than zero. There is no dilTtculty in deriving
various incomplete systems - systems ,vith more unknowns than equaLions - whose unknowns are
statistics. Sometimes enough inequalities connecting Lhc statistics ma�· be established Lo complete the
system. In thi� event it may be possible to solve the system of equations and inequalities for upper and
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lower bounds of the statistics, and thereb :,, oh Lain qualitative descriptions of certain foal 111·es of the
circulation.
Possibly the relevant systems de1·ivable in this manner are intractable. \Ve reel, l1oweve1', that the
current. failure to have obtained a qualitative explanation through this procedure must be attributed
mainlr lo failure to have exploited the procedure.
If the causes of the ci1·culation have not been fully explained, what can be the nature of Lhe thousnnd
or more excellent studies previously alluded to? Some of these have dealt principal!�· with obserYations,
thereby providing a better picture of the phenomena Lo he accounted for. Some have �ought to reproduce
the circulation or some of its features by means of laboratory model;::, or with the aid of clcclronic digilal
con1puters, thcreb�, making il possible to perform controlled experiments. Some have aimed to establish
relationships bclween various features of the circulation b�· analytical means. Sonic have presented
com-preliensive assessments of the curren l sla Le of progress. In Lhe following chaplers we shall examine
some of Lhese studies, and attempt lo identify the contributions which they have made to ou1· present
understanding of the problem.

CIIAPTER II
THE DYNAMIC EQUATIONS
Before one c:111 make any serious atlernpt to explain the circulaLion of the atmosphere, he must
hecome familiar \\'iLli lhe ci 1 ·culation which he wishes to cxplai1 1 . a11d with the physical laws which govem
il. One might argue lhaL familiarit>· wi1l1 the physical laws sho11l<l he sulficient; from 1hese one should
be ahie Lo ded11ce all !he properties of the eirc-ulation. Cerlainly there arc pli\'�ical s>·stem� whose behaviour
can be inferred from Llie relevant laws, particular]>, when the nou-linear terms in lhc equations reprcsent
iug Ll1csc laws arc o[ seconda1•>' in1porLance. Yet experience suggests that the investigator who aLLe 1 11pL�
to detl11cc 1hc aln1osphcl'ic circular ion without first observing it is pl.ocing himself at a considerable dis
ach·anlage; Lo date we ha\'e nol even accomplished lhe s11pposcdl�- simpler lnsk of explaining thr circuln
Lion after observing it.
Indeed, we arc continual!.,· c11eo1111le 1 ·ing new feature;; whose exislence we had not anticipated fro 1 11
>·en1·� or famili,Hit.,· \\'ilh the g0Yerni 1 1g laws. One of the morr spectacular of these is the r·ecentl:' discov
ered 26-month or quasi-biennial oscillation, who!Se oulstancling feature is the nppearancc of persistent
castcrl:· anJ wcslcrl,\' winds in allernale .vcars, in low latitudes in 1.hr slrato�phere. There now exists an
exlensivr lilel'alurc on the �uhjccl (see llr<'d, l!'.JG5), hut \\'e arc still awaiting a satisfac10 1·:· explanation,
"'hich ii; 11ot sur1wi,;ing when we recall that CYCn the trnd,, winds and lhc prevailing westerlies at sc:i-level
are nol eomplctel:v explained.
The problem of formulating usable equations caunol he cornpletel:· separated l'rom that of observing
the al.mo�phere. Jn au:,· nearly exact form the equations cannot be :sati�facLorily solved by am· known
pr·ocrdure. Cer·tain approximations must be introduced. The possible approximations are so numernus
Lack of
I hat a s11itablc choice among them can be anticipated only if it is guided by observations.
farniliaril:' wilh the atmosphere has Jed lo such incongruities a altempls lo study the circulation with
the equations for irrolational now.
fn this chapler we shall first prescnl Lhc s,·stern of govPrning equations in a fai 1·ly precise form. \Ve
shall then introduce so 1 1 1 c of the more frequently used approximaLions. The approximate s>·stems have
forn1cd Lhe basis for mosl of the alLcmpls to accou 1 1l for the circulation in recent ;-·ears. In the following
chapter we shall desc 1·ilie the circulation as it has been obscn·ed. Xecessarily, however, some of tl 1 e observed
pl'Operties of the circ11lo1.ion must be introdueed in this chapter, while some of the equations must be
examined in the nexL. The readE·r who is alread)· familiar· with the d :-·namic equations or who wishes
lo pass over 1he ma I henia I ical formal-ism may prefer lo proceed i 111media lel:v to Lhc next chapter a L I his
poinl.

The exact equations
It is eonvcuicnl lo group Lhe law� govern111g the atmosphere into two categories. First there are
the basic li_,·drod:·namic and thermod_,·namic laws wbich apply to all or a large class of nuid systems.
The�c include Lhc law of conservation of mass, Newlon's second law of motion, and the first law of therrno
d:·namies, which stale Llial rnaller can neitl1cr lJc created 1101· destrnved. momentum can lw altered only

THE

DYXA)llC E9UATIO:"/S

1l

by a force. and internal energy can be altered 0111:v b�, the pf'rformance of work or the addition or l'emoval
of heal. Tl i c ideal gas law also belongs in Lhis calegor�-. although iL is less general lhan Lhe other laws.
Al great depths in Jupiter's atmosphere, for example, where the dcnsit:- ma:' be comparable to that of
a liquid, the ideal gas law is prcsumabl:, not vnlid, while at extreme heights in ou1· O\\'ll atmosphere it is
also inapplicable.
The remaining lawti arc the ones needed Lo e.xpl'ess Lhe forces and the heating in l.erms oft he cu1TeuL
stale of Lhe a Lmosphcrc and i ls e1l\·ironrncnt. This ealegor:, includes the laws go,·er11ing the absorption,
renection, and scaueri,,g o[ solar radiation, and the absorption, emissio11, and Lransfc1· of infra-red radia
l ion, b)- I ht> various atrnosphcric constituenLs, notahl:1; carbon dioxide, ozone, and the Yario11s phases of
waLcr. lL includes the laws o[ tul'hulent \'iscosi t:- a n<l conductivit�·, i.e. the laws govNning the Lransfcr
of n1ornenlum and �ensihle heal by Lurlrnlenl eddies. ln principle these laws could perhaps he dc1·ived
f rom Lhe basic laws or hydrodynamics and Lhermodynamics, but no one ha:- yeL succeeded in accomplishing
this taslc Finall1, iL includes the lall's governing the evaporation and condensation of water·, and the
conve1 ·�ion of cloud droplets into raindrops and snow cr�-stals. The list is br no means exhaustive.
The equations representing the basic: Jaws may br ,Vl'itten in veclor form, in term� or Lhc indepcndcnl
variables
I i,ne,
1:
I':
position, with respect lo Earth's cenlrc;
Lhc dependent variables
,·elocily, relative Lo r0Lc1Ling Earth,
V:
pres�ure,
p:
a:
specific volurnr.
T:
temperature:
the \'Cctors characterizing the E,nth
.Q.:
Earth's angular velocity,
apparenl arcelcration of Earth's gravity;
g:
Lhe ph:,sical constants characterizing the atmosphere
specific- heat ol' air al constant volume.
c,.:
specific heat of air al consla11L pressu1·e,
c":
R:
c., - c.- , gas constant for au·,
cp /c_., approximaLeh· 7 /5;
y:
and the [riction and heating
frictional force per unil mass,
F:
net healing per unit 111ass.
Q:
A complete alphabetical list. of s:vmboh used in tliis work appears as an appendix. The s:·tnbol� are for
Lhe most part: Lhe �tandard or most frequently used ones in current meleorolo'gical practice. In some
instances it has been nece�sary Lo choose among se\'eral commonly used symbols, while a few less fa111iliar
symbols haYC been introduced Lo avoid using the same s:·mbol for Lwo quanlities. \Ve prefer the sy111bol Q
for Lhc rate of heating to the expression clQ/dt somcti111es used in thermodynamics, since the latter expres
sion tends to inipl:' that there is some quantit)· "heat" whose tirne-deri,·ative is Lhe r-ate ol' healing.
The basic hydroclyna1nic and Lhcrmod,vnamic laws ma:· be reprcsenlc<l, with some redundancy, b.,·
the equations

clV/dt

= - 2.Q.

da/dl = aV . V,

X V - aVp

+ g + F,

(I)
(2)
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dp/d t

= - (y - l)TV-V + Q/ cv.
= -ypV-V + (y- l)Q/a.

(4)

pa

=RT,

(5)

dT/tlt

(3)

or b)· oLher equations c:--actly equivalent Lo Lhcsc. The time-derivatives in equations (J)-(4) are individual
time-derivatives, referring Lo Lhe rate of change at a point which moves with the Oow.
The equation of motion (I) and the equation of continuity (2) represent Newton's second law of
motion and the law of conservation of mass. As writl en they apply equally well to a gas or a liquid. The
equation of mo1ion is wriuen for a frame of reference which rotates �viLh angular velocity n. The true
accclcratio.11 clifTers from the apparent acceleration dV/dt by the Coriolis acceleration 2nxV and the
cenlr.ipctal acceleralion nx(f!Xl'). The rotation of the system is therel'ore [ully taken inLo account by
introducing Lhe "Coriolis l'orce" -2n XV, and ''apparen1· gravity" g which differs from true gravity by
-nx(flXl'), and otherwise regarding the system as if i t were not rotating. Once this has been accom
plished, it is pcrmissil1le for 111osl purposes Lo treat lhe Earth (excep t for topographic features) as a sphere
instead of an ellipsoid, with a graYiLaLional force of constant magnitude directed toward the centre, since,
within the lowest 25 kilometres of the atmosphere, Lhc maximum angle between -g and r is onl.,· 0.2 de
grees. while the magnitude of g varies by onl:· slighll_v more than one per cent.
The thermodynamic equation (3) represents the first law of the1·n1ocl_vnamics, while (5) is the equa
tion of slate. A� written, the:· appl:· Lo an ideal gas. Certain modifications are ueeded to make thern
apply to an nlmospherc whc·rc water can appear in dilTcrenl phases or in varying amounts. In form11lating
equation (3) we have noted thaL the internal energ:· per unit mass is cv T, and we have used the customary
assumpliou I hat the work done upon a unit mass in cornpressing it is given b:v -p da/dt: we shall pre
sently consicle1· Lhe implications of this assurnption. \Ve have then 1i;;ed (2) and (5) to express the work
as - RTV-V, after which (3) follow�. Equation (4) ma:· be derived from (2) and (3) with the aid of (5).
It is ol'ten more convenient to u�e the density pas a dependent Yariahlc in place of its reciprocal a.
Equations (L)-(4) arc prognostic, i.e. they express the time-derivatives of the dependent variables
in terms of the currcnl values o[ these variables. Equation (5) is diagnostic, i.e. it contains no time-deriva
tives. The diagnostic equation ina:v he used lo eliminate am· two of the three variables a, T, p from the
system o[ equations ('1)-(11 ). Tn each case the system then contains one vector and two scalar prognostic
equations. or equivalently five �calar prognostic eqLtations, with the same number of dependent variables.
It is lherel'orc a closed system, i.e. iL is sufficient to determine the future values of the dependent variables
in Lcrms of the present, provided lhat the net frictional force F and the net he;;iting Q are regarded as
kno,rn funclions of the independent and dependent variable$.

For practical reaso1)s it i� often desirable to express the equation of: motion (I ) in scalar form. The
Earth is suflicicnlly spherical in shape Lo ju�tify the use of a spherical co-ordinate system. The equations
ma;' then be written in Lerms of the additional indepc11denl variables
longitude, mcasu,·ed eastward,
J.:
latitude, measured northward,
:
<p
z:
elevation. measured upward,
r:
magnitude of r, di�tance from Earth's centre;
the depcndcrnt variable$
u:
r cos <p (Ujdt. eastwa1·d co111po.11enl of V,
r d<p/dt, northward component of V,
v:
w:
dz/dt, upward component of V;
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and the constauts
Earth's mean radius,
a:
Q:
n,agnitudc of !!,
mean magnitude of g.
g:
The velocity component� u, v, ware the scalar products of V with the unit vectors
i:
(!1Xr)/Jnxrl,
kxi,
j:
k:
r/r.
Because of the curvaturn of the spherical co-ordinate system, the components of the acceleration dV/dt
arc not the tirn e-deri YaLives of Lhe components of V. Additional terms involving the time-derivatives
of i, j, k occur. Thus the equations of motion become
du
Ian rp
dt r

I
r

- - -- lW - - llW

d
rp
= - tan
-u
,.
dt
II

2

-

r

cfo,
=u 2 + - <> 2 +
r
r
dt
J

l

+ .,

a
dp
. ({J V - 1'..,Q· COS ({J W - --�Q Sll1
--

r cos rp J ).

rw - '2Q sin rp u

J
--a. -+F

2Q cos <p u

-g-a
�p
....

p

, J rp

uz

+1

'�"
1

(G)

q>'

(7)

+ F.,,

(8)

where F"l\ , Fq, , F, arc the components o[ F.
The individual and the local tirne-deri,·ativcs of a11 arbitrary scalar quanlit:v X arc related L:-,, the
formula
dX/dt

=

JX/r)t

+ V-VX,

(9)

whence, in view of the equation of continuity (2),
pdX/dt

=

J(pX)/Jt

+ V-pXV.

( I0)

The latter forrn is especially convenient when the equations are to be integrated over a volume. f n tl 1e
curvilinear co-ordinate system,
V•V

L

= -2
cos
,.

rp

(J- ru + -J r cos rp ,, + -J r.
d ({J

J},

dZ

2

cos rp w) ,

( I I)

while an analogous exp1·ession holds for V-pXV. An elel'nent of volume 1s given by r2 cos rp dl drp clz.
It is often advantageous Lo write the equations in terms of the potential temperature
0

= Poo K T/pK

( 12)

or the rclaled specific entropy (of an ideal gas)

= c ln 0
where = R/c
s

( I3)

p

1<
p is ahout 2/7, and the t:on,-tant p00 = .IO00 rnb has been introduced to make 0 and T
dimcnsionall�· siinila1·. It follows from (3) and (4) Lhat

d0fd t
dsfdt

=

K

(p00K/c.,) Q/p ,

= Q/T.

( j l�)
( 15)
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Equntion (15) reveals the naLul'c of Lhe Lhcrmodynarnit: assumpLions which oecur in the usual forrnulation
of the governing equaLions.
According to (15), the c11Lrop:· change equals Lhe ratio of the healing Lo the temperature. It is a
fundamcnla] principle of ther111od�·namics that. this is so during a reversible process, but not necessarily
during an irreversible process. Yet (15) has been derived from (3), and hence ostcnsibl:· from the first
law of thermodynamics, which holds equally well for reversible and il'revPr·sihle processes.
Since lhe enlr-Op:· of the al mosphcre rnust increase during any irreversible process not involving the
environment. we must somewhere haYc introduced the assumption that all processes of this sort involve
some heating, and hence that none of lhese processes involves a performance of work alone. This we did
in fornwlating (3), when we as,umcd that the wOJ·k was ahvay8 given b:· - pda/dt. In order to render (3)
valid despite this assumption we must therefore, \\'hen the slate or lhe atmosphere is altered by an irrev
ersible process, define Q as the heating which would occ11r in a reversible process which would �ilLcr the
stale of the atrnosphcrc in a similar mannPr.
Onr of the most imporla111 irrrvcrsiblc processes in Lhe atrnosphcrc is the mixing of different 1n;1sscs
of air. r◄ or convenience we ma:· dislinguish betwee11 the mixing or masses of different temperature, i.e.
f
turbulent conduction, and lhe mixing of masses of dif erent velocity, i.e. turbulent friction. In the former
process there mu!-t also be some difference in ,·elocit" to accomplish Lhc mixing, hul this ma:' be assu,ned
negligibly small.
The former process docs not per se involve any net performance of work. There is also no 11et gain
of internal cncl'g_,·, and hcncr no net heating, but (3) is Yalid provided that the originall:· colder air is
assumed Lo be brought Lo its new temperature b :,, healing, and Lhe originall:· ,varme1· air is assumed to
undergo an rqual amount of cooling. Exchange of energ_Y h:· radiation may be treated si rn ilarl_Y.
T11 the latter process the total kinetic energy decreases. Since the total energy is not altel'ed, the
internal e11ergy increa�es by a similar arnount. (\�'e may for the sake of this discussion neglect the presence
or gravity, so that potential f'nerg:· need not he eonsidered.) One might be tempted to assume that the
increase in internal ene,·gy could result entirely f,·0111 a performance of work. a>< given by the work term
in (3). In thal case there would be no heating. If (15) is accepted, there would then be no entropy change,
The assumption would then lead to the absurcli-1:--· that the mixing process is reversible.
1L follows, 1hen, that if (3) and (15) arc to be retained, the s:·stern must be assumed lo gain by liea.ti 11.g
as much internal cnerg_,· .is the kinetic energ:, which it loses. This so-called frictional heating must be
included in Q in ordel' that (3) may he valid.
Equations (1)-(11), together with suitable expl'cssions for F and Q, arc in principle suJTicient for a
mathematical sLu<l_Y of the circulation. Qualitative argurnents are nevertheless often more readil:· presented
111 terms of angula1' momentum and encrg:'·
Per unit mass, the alJsolutc ang11lar momentum ahouL tlic Ea ..th\ axis is gi,·cn b:· the formula
ft,J

=

Q,-2 cos 2 rp

+ r cos rp

11.

( I G)

The first Lenn on the l'ight-hand side of (lfi) represents the so-called Q-rnon1entuu1. Lbe ab�olute angular
momentum which would be present ii' the atmosphere were in solid rotation with the Eartli . The second
term is Lhe rclati ve angular rnornenturn. associaLed with the motion rela Live lo the Earth. The lerms in (6)
containing I fr. depending upon the curvature of the co-ordinate system, and the terms containing Q,
clepe11ding upon the rotation. dl'Op out in the angular-momentum equation

dM /dt

= - a dp/di, +

r cos rp F,,_ .

( 17)
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which slates that absolute angular n1omentum is altered only b�· a to1·que. A11 equival(•nt slalemcnt
would be that relative angular momentum is alLered onlv b,"\ a torque, provided tlwt the Coriolis Lorquc:
1s included. Equation (17) could of cour�e ha\·e been used lo derive (<i).
Likewise, per unit mas� the kinetic energy, potential encrg�·, and internal energ�· (of an ideal gas)
are given by

( I 8)

( I !J)

cf> = gz,

(20)

/ = CvT.
The lcr111s in

dl</clt

=

(C-i)-(8)

containing J fr and Q also drop out in the kinetic e11r1·gy equation

-aV•Vp

+ V,F.

(21)

Since ob,·iousl�·

d<P/dt

=

(22)

gw,

while (3) ma:· be writLNr

rl/ /rlt

= - a p V•V +

(23)

Q,

we obtain the equation of total encrg:,

d(K

+ c.P + 1)/dt = -a V,pV + V-F + Q.

(24)

'Ahen integrated over any region with a fixed boundary. the term -a V-pV represents the work done
on this region b:· the pr·essure force 011 the bounclar:·; thus in general it de;,crihcs a transfer of energy
from one region to another .
The angular-momentum and energy principles arc fundamental in an:· treatnrcnt or the circLilation.
If in some approxirnale formulation of the equations lhe:· are not retained, I he results are likel:· Lo be
unrealistic. A spurious energy source ma,·. for example, cause the wind lo increase without limit.
The usual mathematical foemulation of friction and hcatiug is much less precise than that of the
procc�scs which we have so far considered. Friction seems lo act mainly to transfer horizontal momentum
111 the vertical direction, so thal, lo a good approximation,

F

=

(25)

a dt/Jz,

where t is a horizontally directed vector representing the drag o( the air above a given level upon the air
below. The drag is often expt·cssed in terms of the ,·ertical shear of the wind thro11gh a eoeflicie11l of
Iurbu !ent viscosi I:· µ: thus
t

= µJU/Jz,

+

(26)

Pj, as distinguished from V. The Ya)uc ofµ should preferably
where U de11oles the horizontal vclocit:· 11i
depend upon the intensity of the lurbulence, but in an idealized atmosphere it is frequenlly taken lo be
a constant.
Likewise, in an idealized atmosphere (j ma:· be taken as the difference between a function of latitude
and height alone. representing incoming radiation, and a function of temperature alone, l'epresenting
outgoing radiation. For the real atmosphere Lhe many equations governing radiation, Iurbulcnce, phase
changes or water, and other proce�scs, are required. TI is bc:,ond t.he scope of Ihi� cli�cuS!<ion Lo presen l
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all of the relevant cquaLions. We shall, however, indicate the modifications of equaLions ( I )·(5) required
by Lhe presence of water.

The hydrodynamic equations (I) and (2) appear to l'etnain vii·tually unalLcrcd. In the equation of
stale (5), the gas constant .R nrnst be replaced by tl1e slight I:' geeater variable ga,- "constant" appropriate
to a mixture of air and water, or, alternatively, the temperature 7' may he replaced by the slight!:· higher
vi1·tua I I em pera I ure
Tv = (J.- q)T

+ (Rw/R)q T,

(27 )

where Rw is the gas constant ror water and q is the specific humidity. Throughout much o[ the atmo·
sphe1·e 1'v and T differ lw less than a degree, but near the surface in the tropics Lhc diITercnce ma:· exceed
L10 C.
The more important effects of water vapoL1r appear in the thermod:·namic equation (3) and Lhe derived
equation (4). The internal cnerg:, must be replaced by the internal energ,· of moi::<t air, given b�·

I= c,(1- q)T

+ (c - Rw)qT +

(28)

Lq.

where c is the specific heat of water and Lis Lhe latent heal or condensation aL temperaLur·c 7'.• \ltcrna
tivel:-, the release of latent heat, given approximatcl:· b:'
L dq/dt. ma:· be included as part of the
healing Q. ln either event the specific- hurnidit)' q n1usi be included as an additional dependent variable.
A common simplification is Lhe assumption Lhat liquid water falls out immediate[�, upon forming
from condensation. ]n this case q may be considered to remain constant, except in a�ccnding satuealed
air, where it retains its saturation value. and near the Earth. where il may increase as u result of turbulent
difTusion. Thus
dq /l
c1 = {

-a;JJ,; /rh

dqs /dI

it
·,r

q < (fs or dq./clt � 0,
q = q. a 11d clqs /dt < 0,

(29)

where/!, is 1he up"·ard turbulent transfer of water n1pour per unit horizontal area, and q�(7', p) is the Yal11c
of q which saturated air at temperature T and preswre p would possess. The li!lliling value E:0 of E as
the surface o( tl1e Earth is approached is simpl:- tlic rate of evaporation from the surface.
11 would be more realistic to retain the liquid water content as another dependent variable. in which
case q would retain its saluraLion value in llescending air containing liquid wale1·. [[ the solid water con
tent is r-eLained as still another variable. Lhc po�si bili I y of supercooled. water clouds in place of icc·cr:'stal
clouds must be recognized.

The hydrostatic equation and the pl'imitive equations
Equations (l)-(5) are Lhc so-called exa(·t equations. allhough thry evidently contain a number of
approximalions. Jn a sense the) a,·e Loo exact. E.xaminaLion rcYcals that the:, possess certain propcrlici,
which render them somewhat awkward for a stud:· of the global ci1·ctllation.
One of the most prorninent features of the circulation is h:'clrostatic equilibriu111 - Lhe approximate
balance between gravity and the vertical pressure gradient force. The familiar hydrostatic equation
Jp /;J;:,

= - gp

describing Lhis equilibriu111 1 · obtained b:· equating lhe appropriate terms
motion (8).

(30)
111

lhc vertical equation of
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Tf systems of thundersLorrn size or less are eliminated, the remaining circulation possesses vertical
motions with t:'pical f<peeds of a few centimetres per second. These motions may develop during the
course of a da�• or less. Vertical accelerations of about 10--4 cm scc-2, or about 10- 7 times that or gravity,
are therefore of considerable intere�t.
Reference to equation (8) for the vertical acceleration reveals the term - g. Since this term is almost
exactly balanced by the term - adp /dz, accelerations comparable Lo thaL of gra ,·i Ly do not occur. Tt is
evident however that rather minute disruptions of the field of pressure or densit:· w.ill upset the hydrostatic
balance sufficiently Lo cause accelerations far in excess of J0-4 cm sec-2• One may therefore ask why such
vertical accelerations do not appear.
\\/hat happens is that these accelerations do occur temporaril:·, but the ensuing vertical motions
alter the pressure and density fields in such a way as to reverse the sign of the acceleration a few minute!<
or even a [ew seconds later. \Vhat develops is Lherefore not a strong vertical cuneut, but oscillalions about
some n1ean state. These oscillations are �impl:· vertically travelling sound waves. They do not appear
to have much significance for.· the global circul:i1ion, but their possible presence greatly complicates the
mathematics.
lL would be awkward lo try Lo describe the effect of heating 01· some other disturbing influence b:·
LJ·acing the evolution of the atmosphere through each sound-wave oscillation, when one is interested onl:·
in the state about which the oscillations occur. It is more satisfactor:· Lo replace equation (8) b:• the
hydrostatic eq LLation (30). This cq LLation a l111ost exactly describei- the mean state wil11ou t descri biog
the oscillations about it. In most theorelical studiei< of the circulation except those dealing spcciftcally
with motions of smallet· scale, the system of governing equations has been 111oclified hy substituting (30)
for (8).
Since the h:'drostati.c equation is diagnostic, its introduction leaves I he new S:'Stern with no pl'ognostic
equation for w. There are, however, two prognostic equations for p, namely the thcrmod:·namic pressure
tendenc:· equation (4) and the hydrostatic pressure-tendenc:' equation

j•

J p /Jt=-g

'

oo

V-pVdz,

(3 l)

obtained by integrating (30) with the upper bouodar:· condition p = 0 at::= oo. Elimination of dp /clt
and dp /dt from (4) and (31) :·iclds an additional diagnostic equation, which ma:· be solved for w in terms
o[ the remaining variables, using the lower boundary condition w = 0 at z = 0. In effect the horizontal
motions alone tend to alter the pressure and density field� in ,:uch a manner as to upset the existing
h�·drosLatic equilibrium. The field of vertical motion is assumed to be that field requ.ired to maintain
hydrostatic equilibrium b)· cornpensating for the efTects of the horizontal motions. With w itself defined
in terms of the other variables there is no need [or an explicit expression for dw/dt, and with tl1e aid of
the diagnostic equations the system reduces to a closed system of three equations in the three dependent
variables u. P, p.
There arc certain objcclions to this system as i l stands. It is desirable to retain the angular-momentum
and energy principles. With equation \8) replaced by (30) the kinetic energy equation (21) no longer
holds. lL rna.v be r·estored, however, provided first that kinetic energy is redefined to exclude the energy
of the vertical motion, so that /( = U- U/2, and second that the terms in the hor-izontal equations of
motions (6) and (7) containing w are discarded. These approximatio11s seem to be as acceptable as the
h :, ·drostatic approximation. in view of the general smallness of w. However, the angular momentum
equation (17) now no longel' holds. [t may also be restored h:· replacing,. b)' the Earth's mean radi. us a
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in Lhc dellniLion (Hi) of absolute angular n1omentum M. and in the equation or eastward rnoLion (6). The
energy principle is now upset again, but it may again Le restored h :-· replacing r br a in (7). In essence,
in replacing r b:-, a, the diverging of the Earth's radii as the.\' extend upward fl'Oni the surface is comp le Lei :-·
disregarded.
\Ve present the new sy�tem of equations i11 two forms. The rirst form uses the co-ordinate syslem
of equations (6)-(1:1 ). Tn the second form pressure p instead of eleva Lion z is used as the vertical co-ord ina Le.
\Vith z as Lhc vertical co-01·d·i11ale, the new system ma:v be written
clU/dt = -ikX U -(1/p)Vp
dp/clt=-ypV-U

=-

ypJw/Jz
p

+ F,

yp JwfJz+(y

ypV- U - U, Vp

= -(1/g)Jp/Jz,

J)pQ.

+ r... £

'oo

V-pUclz

+ (y- l)pQ.

(34)
(35)

where f = 2Q sin <p is the Coriolis parameter. The h :-·drostatil' pressurr tendency equation (3J) could
have been Ltsed instead of (33). In Lhis system it is to be understood thal all ,·cctors (except k) a1·e lwo
component horizontal vector�: V is a horizontal difforcntial operator. \\"herever I /r would ordinarily
ol'!cur it is to be replaced b:,, I fa; thus the components or the equation or motion become
tan 1p

- lW
0

I
+ /<'• - pI --a

Jp
-

t'O:l Ip ;)).

+ /,'

'A

(36)

,

(37)
The individual and local Lime derivatives ol' a scalar X are connected h ;-· the relation
pdX/dt = J(p.Y)/Jt

+ V,pXU + J(pXw)/Jz,

(38)

while the horizontal di,·ergcnce is

=

V. U

I
(l

(!,

_
1/J OA

COS

LL

+:
01/J

P

(39)

cos <p) ,

with an analogous expression for V-pXU .. \n element of volume is assu111c<l to be a2 cos

If/

di-. d i{! dz.

For man�· purposes this new s:--rstern is suitable. For other purposes it i� far more co1wenienl Lo intro
duce pressut·e p as a new vertical co-ordinate; thus p becomes an independent variable while z hecon1es
a dependent variable, and w = dp/dl replaces w as a furthei· dependent variable. In this s:-·stern the
equation or continuit:-· becomes the diagnostic equation (42), and the complete s:,-'stcm mav be written
dU/dt =

dT/dt =

V·U

ikxU-gVz
K

Tw/p

+ Q/r

+ Jw/Jp = 0,

Jz/Jp

= - RT/(gp).

p

,

+ F,

(40)
(4 I)

(42)

(li3)

lt is equally possible to use a or O instead ol' T as a dependent variable in I he Lhermouynamic equation (41 ).
The components ol' the equal ion or motion arc

TIIE

d11,
n </J
= la
-m,
rlI

a

+ /•<' -
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-i, + 1.

'{{- Jz
a cos <p v /,

'A,

dy
tan <p
.
-= - --II2 -ju
a
dt

(45)

The individual and local Lime derivatives arc related b:-' Lhe equation

d.\' /dt

= rJX /rJt + U-VX + w rJX /rJp,

(4G)

01· with the aid of Lhc equation of continuit_v (112}
dX/dt

= rJX /dt

+ V-XU + rJ(Xw)fd

p,

(4 7)

where
V. u

I
a cos

= __-

<fJ

(:
v ).

ll

+ vrp
: y cos <p) '

(48)

and an analogous expression hold;; for V-XU. It is understood Lhut the pa1·1ial derivatives rJ/dt, dfd)., d/d<p
and V arc now lo be interpreted as derivatives with p held con;;tant, so that their meaning is not the same
as in (32)-(35}. Formally (48) is identical with (3H), but the partial derivatives have their altered meaning.
An elerncn L of mass is a;;sumed to he ( J / g)a 2 cos <pd). d<p dp.
This conside1·ably simpler systern or equations is obtained oul:-· aL the e;,.;pen;;e or a 111ore complicaled
lower boundar:-· condi1io11. The condition w = 0 rnu;;L now be wriUcn dz/dl = 0, while the lower boundar:-r
p = po is no lo11ge1· a co-ordinate ,urface.
For some purposes a satii;;factor:-· approxin1ation is obtained b :-· assuming as a lower boundary the
co-ordinate surface p = p00 = consLant, wilh w = 0 a:- a lower boundar:-· condition. The height of lhe
lower boundar:-· is Lhcn considered va,·iable. In particular this approximation does not introduce spurious
1-ource:- of angular momentum and energy. It has the efTecl of eliminating the so-calh)d external gravity
waves, who�e propagation involves oscillations of the total mass within a vertical column.
Equations (32)-(35) or their equivale11L forms (40)-(113) are the so-called primitive equations. This
dc�ignation has arisen from their use in numerical weather prediction, where they haYe been taken as the
sla1·ting point for the derivation of the simpler geostrophic model which we shall presently consider.
Apparent]�, it was thought improbable that anyone would attempt to use the exact equations, which
arc more pl'imitive than the primitive equations.

Vorticity and divergence
Fo1· many purposes it is adYantageous to express the h01'izontal wind field U in terms of its vorLiciL�• C
and its divergence o:
(= V-Uxk.

o= V-U.

(49)
(50)

llerc V will cle11ole dilJ'erenLiation along an isobaric (i.e. constant-pressure) surface, although the slightly
different vorticity and divergence fields defined by the same formulas, with V denoting differentiation
along a horizontal surface, have also been used. The vorticity might, morr properlv be termed the com
ponent of I he vol'licit_v vector V XV normal to an isobaric surface.
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H the stream function If/ and the velocity potential x are defined b. v the equations
r:721/1

= (.

(51)

v2x = -o,

(52)

the roLat.ional non-diYergenL wind field U, and the divergent· irrotational wind field Un defined as
U,. = kXVI/I,

(5 3)
(54)

satisfy the rela1 ion
Ur+ Ur1

= U.

(55)

I[ U and hence ( and o arc defined over a complete sphcl'ical surface,
and l1cncc Ur and Ud are uniquely determined .

!fl

and x (except for additi,·e constants)

lt should he observed that in a cil'culation which is symrnctric with respect lo the Earth's axis, such
as Hadle/s circulation, the zonal motion u is completely determined by U,., while the meridional motion v
is completely determined by Ud, In the more general case, the eastward and northward motion, averaged
about a latitude circle, are determined respectively by Ui- and Ud .
A form of the equation of ho1·izontal motion (40) which is exactly equivalent bul more convenient
for many purposes 1s
JU/Jt = -((

+ /)kx U -w tJUfJ

p-V(gz

+ U- U/2) + F.

(56\

From equation (56) one may easily derive the vorticity equation
tJ(fJt = -U-V((

+ /) -wJ(/J

p

- ((

+ f)o

- Vw-JU/J p xk + V-Fxk )

(57)

and the divergenc(' equation
Jo/Jt = - U-V((

+ f)xk-wJo/rJ + (( + /)(-Vw-rJU/J
p

p -V

2

(gz

+ U-U/2) + V,F.

(58)

EquaLions (57) and (58 ) may appear at first glance to be more clums�· Lhan the equations or moLion (44)
and (45). The adYanLagcs to he gained from using thelll stem from a combination of two circumstances.
First, iL is a matter of observation Lhat the vorticity ( is ordiuaril:, considet·abl�· larger than the
di,·ergencc exccpL in low JatiLudes. Thus the rolational field Ur lend� to he stronger than t.he divergent
field UJ, so 11111ch so Lhat Ur aITords a fair apprnxiniation Lo U.

o,

Second, the heighL z is cornpletcl�· absent in the vorticiL�- equation (57). The equation therefore
specifies the t.irnc-dcrivalive of one feature of Lhe wind field in terms of' Lhc wind field alone.
Jn dealing with certain featureR of' the circulation, rather than the total circulation, one ma�' neglect
the weaker field U, and hence o and w alLogeLher. The vot'Licity equation by itself I hen becomes a closed
system, provided that th<· fricl ion F can be expressed in terms of U ,. Tf Fis also neglected, the vorLicily
equation reduces to
(59)
01·,

equivalcnLly,

d(( +/)felt= 0.

(60)
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2J

+

The Slltn (
f is the absolute vorticity, since Lhe Coriolis parameter/ equals the absoluLe vorticit�, which
a fl L1 id at rest with respect lo the 1·0Lating Earth would possess. EquaLion (60) expresses the conservation
of absolute vorticity, and is the equation used b :--· l{ossby (193!)) in his famous study or the propagation
of large-scale waves (now known a� Hos�by waves) in the upper-level westerly-wind belt.
Equation (5D) contains no sources nor sinks for absolute vorticit:-,·. lt stricll.'· conserves the toLal
kinetic energy, and also Lhe total absolute angular 111omentum, al each level, and hence allows no con
version between kinetic and other forms or energy. [t therefore cannot be used to explain the existing
amounts ol' kinetic energy and absolute angular momentum, or the statistical distribution of absolutr
YOr·Licit:--·- Tnclusion of friction would merely lead to a dissipation of all the kinetic energ?, with an u1Limate
slate of solid r·oLation. In dealing wiL11 the total circulaLion it is therefore necessar:--' to retain the divergence.
Sub!-Lantial simplifications are nevcrlhcless possible.

The geostroplric equation and the geostrnphic model

.\Ithough the troublcson,e vertical!�_. travelling sound waves have been eITectively filtered out of the
primitive equations, there remain other modes of motion which are of questionable importance for the
glohal circulation. These rnay also be eliminated h�- furthrr approximations.
A feature of the circulation in middle and higher latitudes which is almost as prominent as hyclro
st:.ltic equilibrium is geoslrophic equilibrium - the approximate balance between the Coriolis force and
the horizontal pressure gradient force. The familiar gcostrophic equation

U = (g//)k X Vz
describing this bala11ee is obtained by equating the appropriate tcl'ms in
1s often l'ega1-ded as a definition of the geostrophic wind U�-

(G I)

(40). The right hand side of (61)

.Jusl :is lemporar:-: departures from h�·droslatic equilibrium lead to oscillations about a mean stale
with periods of rninule� or less, departures from geostrophic equilibrium lead to oscillations with periods
of several hours or less. These oscillations are gravity waves, of which the previously mentioned external
gravit�· waves are a special type. Like the vertical!_,· travelling sound waves, thev arc often assumed to
have liule significance for the global circulation, although it is less certain that this assumption i� valid.
In an .' · event ii. is ·inconvenient Lo trace the devc1opme1 1l of the circulation through each gravit�·
wavc oscillaLion, and the substitution of the geostrophic equation for the equation or motion �uggests
itself. It wo11lcl be possible to replace the eastward equaLion or motion (!�4) by the north·ward component
of (61), or the 11orthwa1 ·d equation of motion (45) b:-,· the eastward co111ponent of (Gl), and in eith
. er case
obtain a closed sYslem containing one prognosti<' equalion, but this procedure does not appear particularly
appropriate. In the former case I{ would have to be defined as v 2 /2, and ir1 the latter ease as u 2 /2, in
order· to presene the energ:-,· principle. Since both horizontal components of the wind contain an impor
tant fraction of the total kinetic energy, it is to be expected that neither procedure would lead to realistic
results. It would also be possible to replace both components of the equation of rnotio11 (!lO) by (61), ar1d
retain Lh<' Lhermoclynarnic- equation as a single prognostic equation, but in that case the effects of vertical
motion on the temperature ftclcl would not appear Lo be ,·e1·y well represented.
However, since the wind U is expressible as the sum or U, and a smaller residual Ud, and also as the
surn of Ug anda smaller residual U - Ug, it follows Lhal U,. is the sum of Ug and a reasonably small residual
(U
U 8)- Uo. The geosLrophic vorticiL.'· V-Ug xk is generall .'· a f:.lir approximation Lo the vorticity(,
although it i� a comidcrabJe overestimatr in intense c.'·clones. The geostrophic divergence V, Ug , on the
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other hand, is alwa:-·s positive in poleward flow and negative in equatonval'cl flow, and bears little resem
blance to the divergence bas observed in the atmosphere.
Just as the vertical equation o( motion (8) ma:-· be l'eplaced by the hydrostatic equation (30) obtained
h :-, retaining the rnost significant terms in (8), so the di\·ergenec equation (58) may be replaced by a variant
of the geoslrophic equation
(62)
obtained b :,, retaining the lineal' terrnf' in (58) not involving Ud. Just as Lhc substitution of (30) for (8)
reduces the number of prognostic equations from five lo three, so the substitution of (62) for (58) effectively
reduces I he nun1ber from three lo 011c. The system no longer contains a prognostic equation for b, but
an additional diagnostic equation may be obtoined b :-' differentiating (62) with resp<'CI top lo ohtain thr
relation
V · (/V dl/J lrJp)

=

(H/p)V 2 T,

(G3)

and then differentiating (63) with 1·cspecl lo land substituting from the vorlicit:-· eyuation (57) and the
thcrmod:'namic equalion (Iii). The new equation, the so-called w-cquation. ma:-· in principle bC" solved
for w (or b or x) in terms of Lhe remaining variables.
In effect. the rotational non-diYergent motions alone lend to alter the wind and Lernper·alure fields
in such a wa:· ;:i� l.o upset Lhe existing gcostrophic equilibriurn. The cliYergent irrotational wind and its
accompanying field ol' w are assumed lo be those fields needed to maintain geostrophic equi'libriurn hy
compensatin� for the effects of the rotational wind.
Further rnodificaLions are now needed to retain Lhe energy princ ·iple. The kinetic encrg:-· must be
redefined as /( = Ur · U.-/2, :rnd all the quadratic terms in the vorticiLy equalion except those invo'lving U,
onl :-· must be discarded. The vorticity equation and the thermod :-·namic equation then as�umC' the form

= -V'/l•V(( + i)xk +

+ V-Fxk.
oT/ot = -Vw-V Tx k + VT-Vx + aw + Q/c,,,

o(/rJt

V-(/Vx)

where

a=

(oT/op - K Tfp) .

Together wiLh (63) and the w-equa I ion, either (64)
conditions are given.

(66)
01·

(65) forms a closed system if suitable boundary

The atmosphere is said to be statically stable or unstable according to whether 0 increases or decreases
with elevation. Fro111 the clefi11ition of O and the hydrostatic equation it follows that
(67)
so thnt a is a measure of the static stability. ThroughouL most of the aLmosrhere a is positive. Static
instability favours the deYeloprnent of small-scale convective motions, which ordinarily act to stabilize the
slratificatio11. The quantitY cp T, which plays an irnrortant rolr in the atmospheric enei·gy bc1lancr, is 1hr
�o-called sensible ltcrll per unit mass. J l follows that the stratification is stable or unstable according
lo whether the sensible heat plus potential energy increase� or dec-reases with elevation.
We shall not present I he w-cquation explicit!:'· Sufnce it to say that iL is extreme!�, awkward to use.
Much o[ the awkwardness results from the variability of/ in (64) and (65).
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EquaLions (63)-(65) describe the so-calletl geostrophic rnodrl. qsed extensively in numerical weather
prediction. usually with atldi1ional ;;implifications. Although it is convenienL to be rid of most ol' the yua
dratic terms in the vorLicity equation, this simplil1calion is Loo extreme for st11d�·ing man�· aspects of the
genera!· cil'culation. An approximation which is less dra;;tic than (62} is the rqualion of balance
(68)
obtained b�· eliminating from the divergence equation all terms which involve the divergence, and hence
retaining some o[ the imporLanl quadratic terms. It rnav be noted that in the ideal case or a stationary
circular cyclone or anlicyc·lonc the familiar gradient wind formula, which is obtained by equating the
pressL1re-gr..�dienL. Coriolis, and centrifugal force;;, and which i� often L1sed as a refinement of the geostrophic
formula for the purpose of estimnting winds from pressure data, satisfies the equation of balance.
Whrn equation (68) is 11sed. the quadratic terms in the vorticit�· equation (57). excepting those
involving Ud alone, 111ut-l be relaincd if the cncrg_v principle i� to be preserved. Thus the equation becomes
Vl{l•V((

+ i)xk + V-1( +/)Vx-V-wVJl/f/Jp + V Fxk.

Thr appropriate l'orm or the w-rquation is corrcspondingl�· more awkward.
ever hec11 flltt lo use without numerous furtlwr simplifications.

(69)
Ii. 1s doubtful thaL it has

The beta plane
Jn low latitudes Lhc geostrophic wind is gcncrall :,, regarded a� a poor approximation Lo lhc actual
wind, and at the Equator it becomes infinite. Equation (62) involves onlv the products of/ with Lhc wind
and the gco�Lrophic wind. and need not lead l.o mathematical in1possibililies at the Equator, but it is
doL1bt.ful that it can yield realistic 1·esults al low latitudes. The new system of equations may thei·efor·e
be llSed Lo best advantage in problems where the circulation in middle and higher latitudes is of primar�,
concern. For such problems the beta-plane approximation, firsl inlroduccd by Hos�by ( 1939) in Lhe
previously cited paper. gl'eally si111plifics the mathematics. A similar approximol ion could he used in
conjunction with the primitive cqllalions.
1n the beta-plane approximation, the spherical surface of the Earth is replaced b!• a plane iJJ which
rectangular Cartesian co-o!'dinales (.1·, .l/) are introduced. T}1e lines y = constant and .r = constant arc
identified with the parallels and meridians. In Hossby's original work the plane was or infinite horizontal
extent, but in many subseqllenl applications it has been restricted lo the area between two parallel lines,
which are identified with latil udc circles. In the x-direction all depcndcnl variables are commonly
assumed to var:' periodicall\', acquiring their original values after a distance which is
· identified with the
circumference of the Earth.
In t1 1e divergence equation, or in the grostroµhii.: equation which replaces it, the Coriolis parameter/
1s assigned a constant value. It i� also taken as a consLanl in the vorticity equation, except in the
term -Vl/f•V jxk where its northward derivative Jf/Jy is assigned a second conslant value (J. Thus the
Lern1 reduces to -/Jdl/f /J:c.
The remaining awkward features of the co-equation result from the variability of
or the Le1·m VT. Vx in (65).

(J

and I.he presence

The latter term represents the ach-ection of temperature by Ud, and in practice it is usually cliscardccl.

a,

The static stability (J i$ also frequently replaced b�·
whei·e the tilde(~) denotes an average oYcr an
isobaric surface. Both or Lhcse approximfltions upset 1hc energy p1·inciple, but this may be restored hy
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adding a suiLable term depending upon p and t alone in the thermodynamic equation.
equations may then be wriLLcn
J(/Jt=-Vf//•V( X k-/Jdlfl/dx-fo+V-F
JT/Jt = -V lfl· VT
fJ lfl/Jp
frJ2w/iJp2

x

k

x

The system of

k

(70)

+ aw + ,, dlr/p + Q/cp

(71)

= -RT/p

(72)

+ (Ra//p ) V2w = !___p (Vlf/•W X k)-V2 (vlf/-Vdplf/ X k) + /J

The term containing
Usually the variations of
obtained from (71).

iJ

iJ

rJF
d2 lfl
-v
X k- � V2Q.
Jp
iJxiJp
IP

(73)

wT

a

may be omitted in applications where Lime variations of Tare irrelevant.
are also suppressed; if they are to be included, the appropriate equation is

a

is
The greatl ;v· simplified co-equation is now seen to be an elliptic differential equation in w, �ince
almost invariably positive. In applica. tions i1wolving specific features of the circulation, Lhe lerrns
containing F and Q are often omitled.
J\luch eITort has been de\·oted lo justifying the use of the bela plane. The general conclusion is that
it should yield qualitatively realistic results if its application is restricted to middle ;;ind higher latitudes.
Certainly it has rendered some problems tractable when they could not otherwise have been handled by
analytic procedures.

CHAPTER III

THE OBSERVED CIRCULATION
The characteristic features of Lhe circulation of the Eartl1's atmosphere form a rather heterogeneous
set. They include such familiar qualitative properties as approximate hydrostatic equilibrium, which
prevails throughout the atmosphere, and approximate gcostrophic equilibrium. which prevails in middle
and higher latitudes. They include the quantitative spatial distributions of simple statistics such as
the ·time-averaged wind velocity, and more complicated statistics such as joint probabilit:-,· distributions.
Finally they include the existence of such entities as fronts and migratory c�·clones, whose presence ma:,
not he apparent fr·om an inspection of the quantitative time aYerages. All o( these features serve to
distinguish the circulation of our atmosphel'e from the circulations which may be found in othe1· fluid
�:·stems.
In this chapter we shall consider the various aspects of the observed circulation. vVc shall give parti
cular attention to the fields of motion. temperature, and moistui·e, averaged v,-ith respect to longitude
and tir11c. \Ve shall see in the following chapters that even a partial explanation of these fields requires
careful consideration of man�· of the remaining aspects, including the structure of cyclonic and anti
cvclonic disturbances.

Measurement of the circulation

The meteorologist who wishes to observe the circulation of the aLmosphere cannot follow the customar:,
procedures of the laboratory scientist.. He cannot design his own experiment in such a manner as to
isolate the effecls of specific influences, and thereby perhaps disprove certain hypotheses and lend supporl
to others. He can only accept the circulation as it exists. Moreover, since the circulation is global in
extent, he can11ot even make his measurements singlehandedly, but must rely for the most part upon
those which have been made by other persons, in most instances for difTerent purposes.
Tf the circulation were completely steady, the task of measuring it could be a straightforward matter
of geographical exploration. Expeditions could travel Lo various points of the globe, in the manner of
the famous Challenger Expedition of nearl)' a ccntur�· ago (see Buchan, 1889), to measure the weather
elemen Ls at various elevations, and the data gathered by these expeditions could be assembled into a
three-dimensional picture of the atmosphere. If the circulation pattern varied with the time of the day
and the season of the year, but not otherwise, the task would be prolonged but not too greatly complicated.
But perhaps the most easily obserYcd characteristic of the circulation is its unsteadiness. Fluctua
tions occur on all space scales and all time scales, and include simple gusts and lulls in the local winds,
the development and deca)' of individual thunderstorms, the pa�sage of migratory c;-·cloncs and anti
cyclones, the extended-period oscillations between high-index and low-index circulation patterns, and
the world-wide changes which presumably took place as the prehistoric continental ice-sheets advanced
and retreated. ff attention is confined to features of larger horizontal scale, the fluctuations of shorter
time-scale largely disappear, but the long-term Ouctuat.ions rernain�d undiminished.
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In Chaplcr l we 11oted thal Lhe unsleadincss ol' the al111osphcre ofTercd u� a choice of theoretical
problems; we could consider Lhc �equence o[ instantaneous weather patterns or confine our attention to
v
the long-term s1atistical propcl'Lies of these paLLerns. 'Ve chose the latter problem. \\'e noLcd that iL
would be convenient to explain the long-term properties withoul first· deducing the inslantaneous pallerns,
but the possibiliL_,· did not seem pl'omising. [t would likewise be convenient to measure Lhe Jong-term
propertieti without first observing the in:;Lantaneous patterns, but this possibility i� also precluded.
\�'r are forced b :-,· our slandal'd instruments to measure instantaneous quantities, or, more precisely,
ver:,, short·lerrn ::i,·erages, since the instruments do nol respond 10 the most rapid flue! uations. The
desired long-term statistics must then be estimated b:-,· processing the instantaneOllS measurement�.
ldeall�· the long-term average ci1·culation is the limiting value or the average over a long interval,
as the interval becomes infinite. For an idealized atmosphere which is governed hr ,;pccified inathernatical
equations, the existence of such an average is sometimes assured. For the real atmo,-pherc such an average.
even ii' it docs exist, is nol likcl :-,· to be the one which we desire, or· which we can readily estimate fron1
our available data. Over sufficient(�- long -intervals the geographical features will cha11gc. and the atmo·
spheric circula lion will presumably change in response to I he changed gcograph_,.. Per hap:; the most that
we can hope Lo estimate from modern data is the Jong-term average circulation which would prevail if
Lhe geographical features of lbe Eat'lh, and the output from the sun, could br prevented from undergoing
any further changes.
'vVe can never precisel:· determine long-term averages b:· computing averages over short Cl' intervals.
One-week averages vary within a season, seasonal or annual averages vary within a decade. and tcn-,·ear
averages vary within a century. ,.\I] the weather data ever collected form no more than a slaListical
sample. The saving (eat,urc is that averages over separate inte1·vals of a season or lo11ger are often near
enough alike so that either one affords an acceptable esLimate of the other for man:,, purposes; thus it
1s like(�, that both arc acceptable estimates of longer-term averages.
lt would therefore appeat· that averages over complete seasons are a mrn11n1ir11 requirement, while
considerably IO'lrger·term averages are preferable. It would clearly be ini possible for· one invcstiga Lor
or one small organization to embark upon a programme o[ performing all the needed measurements. Fortu·
natcl�·, weather data have bc<'11 collecled on a r-outine basis for a ce11tul'y 01' mOl'f' at many locations.
and the set of upper-level wiHd, lernperalurn, and humidity observations which have been ,nude daih·
or several Limes a day al each of several hundred stations during the past ten to twelll:V �-ears forms one
of the most remarkable data collections existing in any science.
These obserYations have been made p1'imaril�· for the purpose ol' weal her forecasting. and it is doubtful
that an�· other potential use would have brought forth the necessar:-,· fumls. The need� of weather
forecasting have dictated to a consider-Ahle extent the locations of the ob�en·ing stations. which are lllOst
abundant in densely populated regions. Over much ol ' the ocean Lhe,Y arc virtuall.,· absent; even during
the International Geoph :-,,sical Year there was but one southern hemisphere sl'alio11 r·epol'ling upper-level
winds in the 50 degrees of longitude immediatcl�· west of South America. .\ more regular dist,·ibulion of
stations, perhaps at the intersections of standard parallels and meridians, would belier serVI ' the interests
of global-circulation research. ?\evertheless, lhe study of the circulatioH owes a great deht lo the practice
of weather forecasting, for without these observations our understanding could not haYe approached its
present level.
Yet certain gaps will continue to exist in our knowledge of' the circulation as long as c.xLe11sive regions
without regular· observations remain. l [ we acknowledge Lhal the dcnsit:-,· of oh�ervations i11 Lhe 1110l'e
heavily populated regions is adequate, we must conclude that the present situation could in principle
be remedied sirnpJ�· h:· establishing more weather stations in sparsely populat.ed ai·eas, and maintaining

TIIE OIISRHVEO C:IHCULATIO:'<

27

a sumcienL nun1bc1 · of wcalhcr ships in those parts of the oceans where there is little comrnereial shipping.
But even a single weatl1er ship is a costl,. · affair. always vulnerable to disconLi1111ation h:· an econom>·
rninded. government, while even a hu.11dred weather ship� would not provide sulficicnt coverage. Tf tnily
global weathel' inforirn1tion is lo l,e ohLained in the foreseeal,le future, some olhe1· procedure must hi'
adopted .
C11rrent plans call for internaLional participaLion 111 the \\'oriel \�ealher Walch - a lr11l�· global
observation s>·stcm in which Lhe Wol'ld :Vleteorological UrganizaLion will pla:v a co-ordinating role. The
prirnnry ain, of Lhis s>·�Lem will he Lhe furll1e1· improvemenL of weather forecasts, parlieularl>· at a range
of several days. but it is also intended thaL Lhe :;ysLem should enhance ou1· understanding of Lhc global
circulation, c�pcciall_,. since thi$ 1111del'standing seems to he a prerequisiLc for succe;;,�ful extended-range
forecasting. Cer1;1in feasibilit>' studies arc alrcach· in progress. Jn addition to the expansion of the
existing observational network Lo cover less densely populated land area;;., Lhree techniques of observation
whic-h are not present!>· in ro11ti11e 11se are under considel'alion.
Firs I, under tlw proposed schclllc scvcrnl thousand balloons are to be kept aloft, drifting with Lhe
wind at various constant Je\"els. Successive obsen·aLions of their posiLions will make ii possible to cornpulc
1hr wind fields at these le\·els. On an experimental hasis a number of Lhese balloons have been released
in the southern hemisphere. Sr,·cral balloons drifting at 200 mh have made one or more complete
cil'cuils aboul the globe, and. on 31_ December 1866, one balloon had been aloft for 220 da�·s, and hacl
completed 18 circ11its. ""hile it;;, latitude oscillaLed between subtropical and subpolar region� . • \t 500 lllh
Ihe balloons ha,·e thus far brcn prevented from remaining aloft for long intervals b�- the accun111lation
of I('('.
Second. the ha110011 ohsel'vations arc lo be supplernenled by more convcn Lional u1ca�u l'emenls 1'1"0111
a la1·ge nulllbel' of floaling buo.,·s. These may be anchored or allowed to drifL. Like the balloons. the
huo:-·s ma>· he considered expendable, to be replaced as needed.
Finallr. artificial satellites arc to be used for remote sensing of the atmosphe,·e . . \ wealth of infor
mation ma:-· be gathered b:· rneas11ring the radiation received Crom the at111osphere or the undrrl :-·ing
Earth o,·er a ,\·ide porLion of thr spectrum. :,Jcasure111enls of infra-red radiation in several wavelengths
are expe1•1ecl to >·icld 1·easonahl:· reliable vcrLical pl'ofiles of temperature and l11.1midit:' above Lhe cloud
lops. Observations in ,·isiblc light will continue lo disclose the cloud :;:·stern:; of various sizes. :-leasurc
mcnl,; in the ulll'a-violet al'e expecLed to reveal Lhe disLribution o[ ozone. Lt has even been propo�ed
that the satellite, in addition Lo measuri11g natural radiation, ma:-· cany a downwnrd-directed laser,
and gain further iuforrnation b)· measuring the back-scattered light.
The othel' es�ential role of the satellite will he one of data-collection and transmission. �fan:' of Lhc
balloon;;, and buoys will be in remote regions where conYentional n1eans or transmitting Lheir 1neasuremcnts
will be impracticable. It i� planned LhaL a balloon 01· buo:1 will store its information until such a time
as one o.f a scl of co111munica1ion satellites passes overhead. At this Lime the information will be tra11s
mi1lecl to the satellite. LaLcr. when the satellite passes over a receiving station. it will reLl'nnsmit its
inforrna1ion, which can then be dispaLched h.,· conventional procedures.
Despite the well-known high cost of satellites, such a svste111 is expecti>cl to be [ar less expensive
than a large fleet of weather ships. and the neces�n.r:· funds can reasonably be expected to be rorLht�oming.
al least for a long enough Li111e Lo determine wheLhct· the s:·stcm is feasible. Unf• can onl.v speculate now
as lo Ilic C\'cntual benefits Lo be gained from such a s:·sl.en1, bui- it may well mark the beginning of a
new el'a in thr measurement of global weaLher.
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Hydl'Ostatic and geostrophic equilibrium
The mosl prominent qualiLative characteristic of the circulation is the presence o( hydrostatic equili
brium, i. c. the approximate balance bet,veen gravity and the vertical pressure force. Close]�, associated
with hydrostatic. equilibrium is the tendency of the motion Lo be nearly hot'izonlal. It may be noted
that in small-sca'le turbulent !low or inLensc cumulus convection the vertical velocities are not small
compared to the horizo11tal velocities, while the smallest-scale features need not even be hydrostatic.
lt is these ver:-· features which we prefer not. to regard as part of the circulation. The smoothed circu
lation, which remains when the small-scale features have been subtracted out, is quasi-hydrostat· ic and
quasi-horizonLal.
The familiar hydrostatic equation expressing hydrostatic equilibrium (equation 30) may be Wt'ittcn
in a form relating pr·essure, temperature and elevation thus:

;J ('In p)/rJz = - g/(RT).
For a moist atmosphct'C the slighLly higher virtual temperature should replac:e the Lemperaturc.
lt is perhaps somewhaL odd that hydrostatic equilibrium should head a list of observed properties
of the circulation, because it is not actual! ;-· observed on a da:,,-by-day basis; it is taken for granted.
Ever since the baromeler was invented the supposition that it measures the total weight or a colullln
of air has seldom been seriously questioned. Near]:-· all routine upper-level obsen·ations measure tempe
rature and humidity as functions of pressur·c, and the elevations at which the specific measurements
are made are then calculated with Lhc aid of the h�'drosLatic equaLion. Such measurements can neither·
confirm nor den:-r hydrostatic equilibrium. Nevertheless, the barometer has been used as an altimeter
on countless occasions other than routine wea I her observations, even to measure small difTerences in
elevation. The general agreement obtained whenever these measurements are compared with measure
ments by othet· methods indicates that approxirnate hydrostatic equilibrium is practically always present.
�lorcover, appreciable departures from hydrostaLic equilibrium, oLher than those of short duration
which are associated with small-scale motions, would soon lead to large vettical motions, which arc not
observed. J\lt·hough the average upward velocit�1 over a large area cannot be directly measured by any
existing Lechnique, it is reasonable Lo assume that it could easily be measured if it were comparable in
magnitude to a typical horizontal velocity.
The importance of hydrostatic equilibrium lies in the restrictions which it places on the form which
the circulaliou may assume. The measurement, description, and explanation of the circulation are Lhcrehy
grcatl:-· facilitated. ,\s we have noted, once h�•·droslatic equilibrium is accepted, it is not necessary to
measure both pressure and tempel'ature as functions of elevation: it is sufficient to rncasure temperature
as a function of pressure. The fields of pressure and temperature (or vi1·tual temperature) become mani
festaLions of the same field - tht: field of mass. The pressure field completely determines the temperature
field, while the ternpcraLurc field, together will, the distribution of pressure at sea-level or any other
single level detern,incs Lhe pressure field. Contrary Lo what has often beell as�umed, however, there is
no method of inferring the sea-level pressure field h�·drostaLicall :-• from the three-dimensional temperature
field alone.
Hydrostatic equilibrium also renders it unnecessary to measure the nearly unmeasurable vertical
velocity field. The field of vertical motion is assumed to he that field which is needed lo maintain hydro
static equilibrium by offsetting the tendency of the horizontal motions to disrupt it. �loreovcr, if h?dro
static equilibrium itself can he explained, iL is no longer necessary to explain the verLical rnotion in
Lcrms of unl>alanccd Yertical forces; the vertical motion must be that which is l'equircd to maintain
the equilibrium. This motion is ordinarily found to be very weak compared Lo the horizontal motion.
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[n the previous (;hapLer we observed that Lhe presence o[ h�·drostatic equilibrium rendered it conve
nient Lo use pressure as the verlical co-ordinate in the system of d�,namic equations, a11d to let height
become a dependent variable. It is equally convenient to use pressure as the vertical co-ordinate in
presenting the observations. Since \\'orld \V
· ar II routine weather reports have been transmitted in the
form o( heights, temperatures, humidities, and winds at �Landard pressures, and constant-pressure weather
maps have replaced the previously used constant-level maps.
In this co-ordinate system the hydrostatic equation becomes

cJ::./cJ (ln p) = - RT/g.

(75)

Our earlier remarks concerning the fields of pressure and temperature now apply to the fields of height
aucl temperature.
Further qualitative properties which are somewhat analogous to hydrostatic equilibrium and quasi
horizontal motion and nearly as prominent arc geostrophic equilibrium, i. e. the approximate balance
between the horizontal Coriolis force and the horizontal pressure force, and quasi-non-divergent motion.
Again, these proprrties are not characteristic of small-scale motions.
The geoslrophic equation expressing geostrophic equilihrium may be written (sec equation 61)

U= (g//)k X Vz.

(7G)

Thus it relates the wind Lo the slope of a constant-pressure surface. Combined with the hydrostatic
equation, it becomes the thermal wind equation

cJU/cJp

= - (R/fp) k

X VT

(77)

which relates the vertical shear of the wind to the gradient of temperature along a const.ant-pt·essure
surface.
\\·bercas Lhe hydrostatic equation is often treated as exact, the geostrophic equation must be treated
as only a fair approximation for many purposes. ft is especially unreliable in low latitudes. Thus it
has become customar:, Lo distinguish between the wind U and the geostrophic wind Ug, the latter being
the wind which would have to accompany the existing lieight (or pressure) field in order to render equation
(76) exact, and therefore being defined by the right side of (76). It would be equally logical to speak of
the gcoslrophic height gradient (or pressure gradient) in referring to the gradient which would have to
acconipany the existing wind field to render (76) exact, hut these expressions do not seem to be in common
use. The unfortunate result has been a frequent tendency to assume that the wind field is somehow
produced geostrophically by the height ftelcl, and to overlook the possibility I hat the fields determine
one another through mutual effects.
Unlike hydrostatic equilibrium, geostrophic equilibrium is directly revealed by modern routine
observations. Historically it was not always recognized. During the early nineteenth century there was
considerable debate as to whether the wind tended to blow around or into a cycloue. By the middle of
the century observations had become sufficient to decide in favour of the former alternalive. Kear the
Earth's surface there is also a noticeable "frictional" component toward low jlressu1ie, which undoubtedly
made the interpretation o[ the earlier observations more difficult.
Geoslrophic equilibrium, like hydrostatic equilibrium, is important m that its presence facilitates
I he measurement, descriplion and explanation of the circulation. vVhere wind measurements are absent,
the gcostrophically measured wind ma�, often be used with fair confidence. Until fairly recently muclt
of our knowledge or upper-level winds was det'ived in this manner. To the extent that geostrophic
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equilibrium prev,1ils, Lhc wind, height (or pressure), and temperature fields become separate manifestations
of a single field.
The field of horizontal divcrgeocc is not quite strong enough to he l'eliabl:· detern,ined directly from
the wind observations. It is often assumed Lo be that field which is needed lo maintain geostrophic
equilihriurn b:' offsetting the disruptive efTects of the rotational part of the wind. If geostrophic equili
brium can he explained, the field of divergence need not be explained in terms of unbalanced forces; it
must be the field needed Lo maintain cquilihrium. This field is generally found to be weaker than the
field of vorticiLY. Jt must be emphasized. however, that the geoslrophic approximation does not compare
in accuracy wi Lh the h:•drosta Lie approximation, and for nrnn:v purpose;; separa Le mcasurements of wind
and height (or pressure) and direct measurements of the divergenrc are <l<'sirable: this is cspeciallv true
in tropical regions.

Resolution of the circulation
The obsen·e<l fields of motion, te111pcratu1·e, and moislure iu lhe ,11 rnosphe1'e carwol be repr·esente<l
by any simple analvtie formulae. and quantitative statistics of the circulation arc most easily presented
in Lhe form of tables 01' graphs. The th1·ee-di111en�ional 8pati1d clislribuLion of an)· particular statistic,
such as Lbc time-averaged wind velocity, can be reasonably \\"ell rcpresenlcd by a sel of I wo-dimensio11al
charts, which may be horizon Lui lllHJ)S or vertical cross-sections. However, a collection of charts consisting
of a separate set of maps or cross-sections for ever:,· statistic of interest would he al1ogcther unwieldy,
and it would be quite incomplete if Ll1c statistics were limited to �uch familiar quantities as means and
standard deviations. \\'hile a map of the lime-averaged field of motion might afford a good description
of the trade winds, it \\"onld not reveal Lhe pre,·alence of migratory c�1 c:loncs in higher la1i· tudes. �laps
of covariances at suitable Lime-lags and space-lags 111ight imply the existence of eycloncs, but a map of
cyclone [requency would serve the rurpose more readily.
It is evident that nothing short of a co1nvrehensive ntlas containing hund1·ccls (or more likely thou
sa11cls) of charts coul<l present nearly all of the quantitative statistics of possible importance. \Ve shall
therefore limit our quantitative presentation to a few statistics which will have a special bearing on the
remainder of this work, recognizing that lhe�e n1ay 1101 be the statistics of greatest interest to one who
is pursuing a slightlv difTerent problem. We shall follow this account with a qualitative description of
sorne of the 1·e111aining features of speeial significance.
rt \\"ill be convenient to clas�if:,· the principal features o[ the circulation into four categories, as follows:
('I)

Features which appear when the variable:; are averaged with respect to Lime ancl longitude. These
are typified b)· lhe familiar Lrade winds. A time average ma:,· mean au average over all time,
or over all years al a particular Li1ne of the year. Sorne wrilers prefer Lo resLr·ict the term "general
circulation" to features in this category. aud it is these features which. directly or indirect! :,·,
will receive the major altenlion in this monograph.

(2)

Features in addition to those of the first catl'gory which appear ivhen the Pariables ,ire averaged
1vith respect lo time alone. These arc typified by the Asiatic summer and winter monsoons. Jlost
writers include thc�e as featut•f',- or the general circulation.

(3)

Fealnres in arlrlition to those of the first category which appear when the variable$ are twemged with
respect lo lon{!illule nlone. Tlwse are t:,·pi· ried I>:,· the familiar Iluctuatiom of the zonal index.
:-,Ludics of these features arc ordinarily regarded as general-circulation studies by those engaged
in them.
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(4)

Fea tures in addition to those of the first three ca tegories which appear when the ( 1ari a bles a re not
rweraged. These arP t:·piried by migraL01·:· cyclones. .\fan'"
. of Lhese features :ll'e ordinaril:·
regarded as secondary circulations; so111e of their over-all statistical propei·t.ies arc frequent I)·
considered lo be characteristics of tlie general circulation.

Following the modiried notation of Stan and \\'hile (1�)5�), we shall let a bar(-) dcnole the time•
average of an:, quantity, and a prime (') the departure of a qua1 1tit_\' from its Lime avcrnge. Likewise
we shall let b1·ackets ([ ]) denote the average of any quantit:· with respect Lo longitude, and a star (*)
the departure or a quantity from ib longitudinal average. It is eYidenl that t.hc operators-. ', [ 1
and • are commutative.
Tl1c wind field U 111a)· now be resolved aecorcli11g 'lo the formulae
U= TI+ U'
U=

[UJ

+ U*

(78)
(7H)

and thus, in grcatcl' d.cuiil,
(80)
H.csoluLio11s of the fields or lemperalul'e T. spcciric· liun1idit:· !J, and otliel' 4uantiLies n1a_v he similarh·
pcdorrncd.
There rc111ains son1e a 1 11lJiguity in the definitions of th<' average$, which musl be re 111ovcd. ,\ 11 avcra::rc
on:r time I 111a�· be an a,·crage for fixed ,·.:dues ol' J.., If!, z, or for lixcd values of }.. If!, p. 01· foi• some olheT
ehoicf' of independent ,·arial>les. One t:,pc of a,·eraging is not identical with anotl1 cr. Since 011r cfotn
consi,;L mainly of obsen,llions at standal'd pres$111'f' levels, we ,-hall let U rcpres<'nL the timf' a,·erage
for fixed}., If!, p. Likewise, [UJ will he the average with respect to longiLude). l'ol' fixed /. If!, p. i. e. the
average along a latiLude cirele on an instantaneous isobaric surface.
Strict!,,· speaking Lhe featuC'es of U in the four categoric$ previous! .,· e11u111eratcd a1·r respectively
those features appearing in Lhe field of [U], in U but. noL [U], in [U] but not U]. and in U but neithcl' U'
not· [UJ. To a considerable extent thc�e arc Lhc features uppcaring i·espectivcl�· in the field� of [U, U*,
[U]' and U*'.
imilar rema ..ks appl ,'· lo the features of T and q. Some fe<1tu1 ·cs. su<'h ns the jct strca111.
do nol cle::irly fall inlo any one catcgor�·.
1\llhough the notation used in (78)-(80) has heen adopted b .'- a nurnl,er or \\'riters, there �ecrns lo
be le:<s uniformity in Lhe accornpanying terminology. \Ve shall l'cl'er Lo I he fields of U and U' in(78)
as the long-Lenn or Lill\e-avcragecl or· standing motion and the transient 111 0Lion. \Ve shall refer· to Lhc
components [u] and Lv] of [U] in (7D) as tile zonal circ1dation and the meridional eirculation. and to the
con 1ponents of
as the eddies. 'v\'e shall also include tl1e field of [w� dernandecl by co11ti 11uiL,Y as part
of the meridional circulation. Thus the ler111s in (80) become respective! .'' the ti111e-a,·cragccl or standing
zonal and 111eridional ci1·culations, tlw Lime-averaged or slanding ed<lics, the Lransienl zonal and 1 1 1er.i
dionol circulations, and the: tl'ansicnt eddies.

u•

The customar�· use of the terms "zonal" anJ "n1ericlional" has led Lo �oinc arnl i iguit:·· ,\ "zone"
generall_y means a latiLudc circle or a region extending along a latitude ci 1·cle. "Zona! 111otio 11 " gcHcrall,,·
means motion parallel to the zones, and is s�·nonymous with u, while "meridional motion" inen 1 1s moLions
parnllcl to the meridiam or rncridional planes, an<l may l,e s:,nonymous with v, 01· with 11 and w. A
"zonal aYeragc'· general I�· means an a"crage within zones, 01· with respect to longitude. ··Zonal sym111ctrv"
generally denoLes invariabililv within zones. We shall adhere to Lhis usage.
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The ambiguity arises in connection with the term ·'zonal circululion", which is sometimes used to
1 11can the zoual motion u, some Ii rncs the zonall_,·-averagcd motion [U], and sometimes zonally-avcragcd
zonal motion [11]. \\' c shall use the term on)�, in the last sense. Likewise we shall use "meridional circu
lation" onl)· to clenolc zonall�·-averaged meridional motion. The term "mean meridional circulation"
has been used for the latter purrose, but it l1as also been used for the timc-aYeragecl mcridioual circu
lation. The f1·ccJ11cntlr used term "mean rnolion" is not specific enough when both time averages and
zonaI avcragcs arc heing considered.

The long-term zonally averaged circulation
Within this ch;;i ptcr we :shall lin1i1. the quantitative slat1st1es lo 1hc ficlch of [UJ, [T] and [q]. \Ve
do not i 111pl)· b�· this limitation I hat the long-tcnn zonall)· averaged fields are the only ones of importance.
TI does appear that these fields haYe re<'ci,·cd the greatest amount of theoretical attenlion. \\'e shall
prcsen Ll :,· sec I ha I a proper ex plana I ion of them a !so i nvolvcs t lie transient motions and I he eddies.
\Ve consider first the distribution of [u], the long-term zonal cit·culation. Tn ,·icw ol' the copious
dala which is continual)�, nec1111111lati11g in ever grcaler amounts, it might seem thnl this field should
be rather pr·eci�ch- kno\\ 'n by now. This docs not appear to be Lhc case.
The logislics ol' weather data are rather intricate. The fact lh::1t :1n observation has been performed
in the pl'cscribed manner is no a�suran<.:c Lhal it will find its way into an:,' particular data collection:
it i� even less certain th,11 ii will arrisc without errors. Those ·who make immediate u�e of the data the "·cathf'r fol'ecasLers - arc generally not the ones who arc chatged with storing them [01· possible
future use. So man:,· data a,·e now stored in various collections that the mere process of extracting tlie
porlion needed for a parlicular stud :,· is a formidable task. The use of large digital computing m.-1cl1ines
has 111adc it possible lo handle sels of data which would otherwise be completely unwield:,·. hut it has
al�o 1m1cle it eas_,. to overlook 1he t�·pc ol' erro 1· which would have hec11 immediately eYiclent in the clars
when tl 1e processing ,u:1� done b :,· hand. One or two wind speeds recoedecl on punched cards or magnetic
tape as 500 111 sec- 1 instead or 50 m sec-1, for example, will render a romputed statistic quilc worthles�.
In an:,· event, I here appea1· to be no csti1 11ale$ of [t"i] based upon a majot portion of the upper-level
wi 11 d ob:;ervations which haYe been c0llcded since \\'orld \\ iar 11. A number of studies have hee11 based
upon smaller portions ol' the data.
Figures 1 and 2 present the dislrih111io11 of [ u] for northern winter and southern su1 11 111er (October
�Tarch) and soulhern winlcr and northern $t11nmer (April-. eptemhcr), as computed in separate sludics
b :-,· Buch (L\JS/i) and Oha�i (IH63). The daLa samples f01· these studies were somewhat limilecl. Buch
used norlhcrn-he111ispliel'e data for 1930 only, while Ohasi used southern-hemisphere data for J958 only.
Howpver. Ll i r studies arc cli�ting11ishcd in that the:, are ba,cd cntirel:, · on wind obsrl'vations, whereas
the mo1'e extensive stuclie� thus far co111pleted han depended partly upon winds e£-timated rrom pressure
ohservatioJJ;;. �loJ"eO\'er. Buch and Obasi used the same computational pl'ocedure, and the number of
stations ( 145) available in the �ouLhern l1emispherc in 1958 was <'omparable Lo the number (81) available
rn the northern hemisphere in [950.
The method of co111put.-1tion consistNI of determining the Lime aYerage ii at the 850-, 700-. 500-,
300-, 200- and 100-rnb levels at each station, using all availahl<' data. These aYcrages were then e11tercd
on he,ni,phcric maps, and isopleths were drawn. Pro1 11 the isopleths. values of t"i al the inlerscctions
of stamlard parallels and meridians were recorded. and these values were avcragccl to obtain PSI imates
of [a].
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The mosl complete compilation of norLhern-hemisphere winds seems lo be that of C !'lltcher (J959,
196J), who has prepared horizonLal maps of u and other sLatislics at Lhe 850- ,800-. 500-, 300-. 200- and
100-mb levels, and vertical cross-sections of these sLatisLics fo1· each Len degrees of longitude. It i� a
simple matter to average Crutchcr's values; the resulting value,; of (a] are shown for winter (Decen1her
February) and summer (June-AugusL) in Figures 3 and Ii.
CruLcher's values are based upon al lcasL ftvc )·ears of data in most regions, and in this respect are
superior to Buclt's. We prefer, howe,·er, nol Lo combine CruLcher's values and Obasi's in the diagrams,
since Lhey were computed by diiferenl procedures and probably do nol afford a reliable comparison of
the hemisphet·es. In particular, in regions where observed-wind data were scarce, Crutcher used winds
which had been estimated by the gradient-wind formula from conslaut-prcssure charts, although he
avoided the simpler geostr·ophic-wind formula.
.\nother thorough study coveri11g both hen1isphcrcs 1s Lhc one by lleastie and Stephemon (1958),
also based upon five years of data. Cross-sections for .lanuar:,· and Jul:,: appear in Figures 5 and 6. Here
no attempt has been made lo utilize obset·ved winds except in the tropics. .\orth of 25° :\1 and south of
25°S lhe winds are gcostrophically estimated from the contours on consta11l pressure chart;;.
Finally, we mention a detailed and freq1.1e11Li :,· quolcd study by �linlz (1954), based essential) :,, upon
all available appropriate data prior Lo 1950. ,\gain, the winds arc geostrorliically estimated. cxccrt
between 20 ° N and 20 ° S. Except near· .\ntarclica, .\hntz's southern-hemisphere data are restricted Lo the
longitudes of Australia and .\cw Zealand. \Ve therefore present only his northern hemisphere vahres
of [ u ]; these are shown in Figures 7 a ncl 8.
Heturning lo Figure J, we note thal Buch finds a winter· westerJr wind 11wx1111Lu11 of 23 m �cc- 1
slightly below the 200-mb level at about 35° ;\. Jn Figure 3, however. the maximun1 has increased Lo
34 m scc-1, and it is found slight! :,· farther south. In Figure 5, it is similarl_v located. but it has atLained
a sti-ength of 37 m sec-1. Finally, in Figure 7, �Tiolz locates the maximum south of 30° 1'\, with a strength
of 42 m sec- 1. Tn view of this great diversity of estimates. we find iL clinicull to maintain lhaL the average
zonal wcstcrl)· wind field is quanLiLatively known.
Some of Lhe disageeemcnt among the estimates can be easil:,· explained. Buch found it necessar,v
Lo combine Lhe six months October-March for his winter computations, to obtain a rea�onably large
sample. Crutcher and �li11tz, having more years of data at Lheir disposal, used December-Februae>·,
when the winds are stronger than in October and November. while Hcastie and Stephenson used January
alone.
Perhaps equally important is Lhe bias toward light winds which is ordinaril_,. present i 11 ohserved
wind dala. One of the principal causes of missing upper-level reports is the occurrence of excessiveh
strong winds, which carry the balloon beyond Lhe range of lhe t'eceiving instrument before the highest
elevations are reached. YirLually all collections of upper-level wind data. but particularl�r the lc�s recent
ones, are therefore biased in favour of light winds. Geoslrophically estimated winds suffer onl>· slighLly
from this bias for, although strong winds will cause a pressure obscrvatiou as well as a wind observation
to be missing, it is the pressure on either side of a strong currenL ralher than the pressure within the
current which is used in estimating the strength of the current.
�loreoYer, even without missing data the gcoslrophic approximatio11 :;�·stcmatically overcsLi rn ates
the winds in the zones of strong westerlies. In t.he free atmosphere a wind equal Lo the geostrophic wind
would have no horiwn tal acceleration, and wou Id therefore Lend to follow a grea l-circlc tl'ajeclory. Ilul.
on the average, trajeetories in the zone or westerlies arc curved al least as gl'eal I:, as Lhe latitude circles;
the average winds arc therefore s11 bgcostrophic. From (45), (ti7) a11d (48) we find upon averaging thal
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The fimd term in (81) i� pl'esumabl�· small, and the preceding Lerm is diflicult Lo esLimaLe, buL since it
disappear� in the vertical average it cannot l>c of one sign cvcr")'Whcre. The other terms depend upon
readily estiniated statistics. Crutcher·'s chart;; include the distributions or ii" and the standa,·d deviations
of u and 11 . from which [u 2] and (v 2] may he evaluated. Holopainen (1966) has cvaluaLed Lhe annual
av<'l'age nongeo!Slrophic zonal wind [ii.]-(ii. g} i t is �l1own in Figure 9. For the winter alone, [tt�] exceeds
[u] h_v 2.:3 m scc 1 at 200 mh and 30° :\, and th1' disparity between Figure 3 and 5 is L1111� nearl�· acrounted
for.
Yet, lest we l1e Loo hasty in maintai11ing that the Lhree inf1uenccs just mentioned cornplctely explain
the di�cr<'pancies, let us note that they al'C cquall�· pr-csent in the southern hemisphere. Ohasi's wint.er
maxi111un1 o[ [ii]. based on obserYcd winds, 01.1gl11 tl1crefore to fall far �hort of the maximum giYcn b�·
IJcastic and Stephcmon. Yet reference to Figurns 2 and 6 reYeals essentially no difference. It appears
that wmc of the dif1"c-1·e11ccs between the e�timatcs mu�t result �iinplv frolll the finit·c �izes of the samples.
Different sal!lple� incvitobl�· possess different 111eo11 values.
lJespiLc Lhe qn,111lilatiq� difference� .iu�L noLPd, the qualitativC' fcaLures of [11,] seeni Lo he fairly well
ddine<l. Al the surface there arc the fan1iliar trade wind� a11d prevailing westerlies, 1vith ·weak easterlies
again in the polar regions. The eastward wind component incrPases upward from the surface to about
200 mL evcr�,where, except in low latitudes in northern summer. From 200 mh to considerabh, above
·100 rnb iL decrea�c� ever�cwlwrc, eX!'f'Jll in high latitudes in winter. where it continues to increase. In
the southern hemisphcn• thcwe is a double n,axinium in winter. The on]�, signilicant disag1·eeme11t i� i11
tl1c equatorial regions, where .\linLz's data show easte1·lic� at all levels, while the remaining studies �how
WC$tcrlir•� near 200 mb in winter.
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Since Lhe gcostrophic wind airords a rather good estimate of [ii] despite its trndcncy to overestin,ate
the westrrlics, many of the principal fealul'CS jusL cited should have their counlerparl� in the field of
[T]. This proves to be the case. Fo1· uniformity, we present first the cross-seclions of Peixoto (I9GO),
supplemented b)' values al 50 mb and 30 n,b obtained by Peng (1963, 1965). in Figures LO and 1 1; these
h:we been computed by a pi-ocedure similar Lo Huch's. Peixoto's data arc again for the )'ear Hl50, and
the network of stations is essentiall ;-· the same; Pcng's data arc [or· 1958.
The cross-�ections usi11g the mo�I complete compilation of dnta appear to he t.l1osc of Palmen and
Newlon (ID67). They arc sh0\\·11 in Pig11rr;; 12 and ' 13. The:-· have been based largely upon the detailed
maps of Goldie et al. ( 1958), whic-11 were constructed mainly from observa Lions made during lD41-1952.
Some aircraft measurements were used ·in regions where radiosonde data were scarce.
Unlike the estimates o[ [ii], the estimates of [T] arc in good <ruantitativc agreement. The $Omewhat
higher lcmperalures during lhc winter· nnd lower temperatures during the summer obtained by Peixoto
presumnbly occur becau:-;c Peixoto's ,vinter and summer were actually lhe six-month periods Oelober
March and April-September. while Palmen and Newton presented dnla [01· January and July. \Ve might
add Lhat no investigator has seen LJL lo estimate the lernpel'atul'e field gcostrophically l'rnm wind obser
vations.
The one fcatme of the Lcmpcral.urc field which possesses no geostrophic counlcl'parl in the wind
field is its ve1·tical va1·iatio11. Jlcrc the principal feature is lhc separation of the atmosphere into the
troposphere, where - except at low elevations in Lhc polar regions in winter - the temperature decreases
with clcvatio11, alld above it the stratosphere, where - again except in the polar region;; in winter - 1he
tc111peral11rn no longer decreases. The tropopause sepa1·ating thcsr regions is not sharply defined in the
aver·aged ternperalurc lields, and will be mcntionNI latrr.
The incrcasC' of [ u] with height in t.he troposphere is the geostrophic equivalent of the poleward
decrease of [T]. The decrease of [ii] in the slralORphere is the e4uivalenL of the poleward increase o[ [T]
there. In the polar regions in midwinter Lhc telllperature cleu-cascs poleward even in the stratosphere,
and the wcstcrl)· wind speed increases with elcvalio11. Near Lhc Equnlo1·, where the gcostrophic equation
is less dependable, no in,portant huriwntnl varialions or LT] are revealed.
Peixoto and Crisi (l9G5) have also rnade esLimatcs of the zonally averaged specific hur11idity [q],
using northern hemisphere Llala for IU58. Data became much more plentiful Letween l950 and J.958,
and 345 stations wcl'c available. Their computational prol!edure was aga111 similar to the one used by
Buch. Their cross-sections arc �hown in Figures lli an<l L5.
.Al the surface in tropical latitudes (q] is \·ery high; in fact it is higher 1ha11 the values which would
prevail at temperatures a few degrees lower under saturated conditions. Thus [q] fall;; off with increasing
latitude and clevalion, and lo a first approximation is determined by the field of [T].
Indeed, the variation� of q follow those of the saturalion specific humidity q, so closely that some
of the interesting aspecls of the field of moisture a1'e more readily seen in Lhe field of zonally :weraged
relative humidity [g/qs]- Figures 16 and L7 present tropospheric estimates b;-· London (l957). The out
standing fealuee is Lhc dry region in the subtropics al middle levels in both winter and summer.
Other estimates (see the discussion hy l\[anabc et al . .1965, p. 77G) have indicated much lower relative
humicl.ities in the upper troposphere. Abo,·c 500 rnb all estimates �eem lo be based upon rather limited
data.
\\'c linally co11�ider the long-term meridional circulation [i,] and the field of [w] related Lo it through
l!Onlinuity. unlike [ii]. which oflen affords a modernlelygood approximation lo inslanlaneousYalues ofH,
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[ii] is essentially a statistical residual which results frorn averaging large values of v l1aving opposite signs.
An exception occurs within the trade winds, where the equatorward component is fairly persistent.
Hence far less confidence can in general be placed in estimates of ["i,] than in those of [ u.], which themselves
are somewhat uncertain. In Figures 18 and L9 we present recent estimates of tl1e time-averaged meridional
circulation b�• Palmen and Vuorela (1.963) for winter, and by Vuorela and Tuominen (J964) for summer.
The lines shown are streamlines of mass flow. On the basis of eciuations (4.2) and (48) it is possible
to introduce a "stream function" lJf for total mass flow such that

a lJf I o
cos rp [w] = - g a lJf I J

2n a cos rp [v] = g
2n a2

p

rp .

(82)
(83)

\\:ith lJf = 0 along tbe Earth's surface, the values of if aloft can be determined from observed values
of ["i,].
A meridional circulation ordin<uily consists of one 01· more meridional cells, each cell being a circu
lation about an extreme val11e of lf/. A cell in which lhe warmer air l'ises and the colder air sinks j� called
thermally direct; if the warmer air sinks and the colder air rises, it is thermally indirecl. The circulation
envisioned by Hadley contains a single direct cell in each hemisphere. As we shall show in Cltapter V,
in a thermal!�· forced circulation a direct cell converts the energy introduced by the heating into kinetic
ener-gy; an indirect cell has the opposite effect, and must depend upon the remainder of the circulation
for its kinetic energy.
Figure '18 shows a strong direct, ceJI in low latitudes.. uch a cell is now called a "Hadley cell". In
higher latitudes there is a weaker indirect cell. In northern summer the southern-hernispheee I ladley
cell extends well into the northem hemisphere. The equatorward flow in the [fadle_v cell is confined mainly
to the surface friction layer, while the return flow, ra1 her than being uniformly spread through the
rem.:i.inder of the atmosphere, is concentrated near the tropopause.
l\"eedless to say, various estimates of [v] and [w] diITcr considerably. Tucker (1959), (or example,
finds a less intense Hadley cell (in winter), a well developed middle-latitude indirect cell, and good incli
cations of another direct cell in the polar regions. The long-term meridional circulation can also be
estimated by various indirect methods. 'vVe do not regard these estimates as paet of the "observed circu
lation", and we shall delay their description until the following chapter.
The eddies and the transient motions
As noted, a reasonably complete presentation of the features in Lhe 1·ernarnmg three categories
peeviously mentioned would require an inconvenient!�- large collection of charts. \Ve shall me. rely describe
some of the main qualitative features. The quantitative influence of these features upon the fields of
[U], [T], and [q] will be considered in the following chapter.

Features of t.he second category serve to distinguish the clicnate of one locality from that of anothel'
in the same latitude, and have received much aLL ention fl'Om climatologists. They would not be present
in an idealized atmosphere without geographical features to distinguish one longitude from another. As
a result, they have been disregarded altogether in many theoretical studies of a fluid dynamical nature,
while in othe1· studies simple idealized oceans and continents have been introduced.
In general there is a tendency toward high sea-level pressure with anticyclonic eireulalion over the
continents and low sea-level pressure with cyclonic circulation over the oceans in winter, except at very
low latitudes. The opposite ,-ituation tends to prevail in summer, except at rather high latitudes. This
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tendency 1s most clearly re,·ealcd by llie Asiatic winter and summer monsoons - the intense winter
anlio.;�·clonc centred over northern Asia and Lhe cquall.v grcal summer cyclone ccntJ'ed over souLhern
Asia. The great Icelandic and Aleuli,10 cyclones in winLer also fit this pallcrn. In the southern hemisphere,
where the contincnls arc smaller, the tendency is presenl but lc�s pronou11ced.
The temperature lends lo he low over lhe continents and high over lhc oceans in winter, while the
opposite tendency prevails in summer. Thus, in agreement wilh the 1her111al wind rcln1io11, Lbc monsoons
decrease in inlemily with elevation. The temperature field is also innucnced b�• the circulation itself,
and the Jcclanclic and i\ leu I ian cyclones a1·e colder on their western sides, whence, again in agrccrncnt
wil11 the thermal wind equation, thcv arc displaced westward wilh elevalion. ln the 111iddle and 11vper
troposphere LhPre are two principal tro11ghs in the wcslerl!· flow, located neat· the east coasls of l'\orth
America c1nd Asia. In the sou I hem hernispl1ere the time-averaged flow is more nearly parallel lo the
latitude circles.
Lt rnighl be supposed that features of the third category, like lhose of the second. would be ab�cnt
i11 an idealized at111osphere, but numerical solutions reveal that pronounced time Yarialions of [u] and
[T] ma:· occur. even though longitudinal Ynriation of u and T do nol occur. Tl1e distinction is that the
Lime interval ove1· which the averaging is performed is infinite. while the �pace interval is limited b:, the
circum l'erence of the Earth. In an idealized aLmosphcrc circulaLing above a plane of infinite west-east exlenL,
[u] and [T] would presumably not Yary with time, while ii and T would vary with longitude if the averages
were taken over finite ti· n1e interval�.
Tn the real atmosphere the best-known feature in Lhe third categor�· is prnbc1bly the coutinual irregular
oscillation between high-index and low-index patlems. The index of 1he zonal wesler-lies, or ;;imply the
zonal index, was originally defined hy Rossby ( L939) as I he average g:eostrophic eastward wind eomponent
at sea-level belween 35° N and 55° X. A t:,pical low-index situation is however regarded as one where
the weslcrl:· winds are 11ot only weaker than avel'age bnt arc also displaced farLher toward the EquaL01·,
while thr northward and southward motion;; arc unusuall:-,, well developed. The opposite conditions
clwraclerizc a t�·pical high-index situation. Successive maxima or mini111a of lhe zonal index lend lo
occur al int:er\'als or from l\\'O weeks to two lllonths. but lhe interval;; arc not unirorm enough for the
index to show any 1wriodici1y. The zonal index serves as a fundamental quantit,v in some s:·stcms of
extended-range forecasting.
Irregular nuctuations also characlerize the easterlies. The trade winch, arc virtualh- alwa�-s J)J'esenl,
and vary only in inten;;ity, bul the polar ea�Lel'lies are often replaced b )' westerlies. Indeed, there is
usually neither an anlicyclone nor a c:·clone ccnlred al the Pole, and a negatiYc or positive value of
[11] near the pole is simpJ!, a measure or whether lhe ,·ortieity i� anticyclonic or c:·clonic. As .\lintz (1954)
poiuts out in his discussion or lhc long-Lcrm zonal ein:ulation. the polar eas1erlics i,1 the northern hemi
sphere haYe even been absen1 in averages OYer enlirc s�asons; in essence they ;_H'l' u �tatistical residnal.
Tn marked conlrnst Lo lhe non-periodic fluctuations in middle latitudes arc the variations in the
middle slralospher·e i11 equatorial latitudes. During lhe past len :·cars the zonal winds have been observed
Lo alternate between strong easterlies and strong westerlies, wilh a period of slighLI:· more than two years.
l\[orcover, supcrposc<l variations of 8horler period arc rather minor. The varial ions of u at dilierent
longitudes appeai· lo he in phase, so that [u] exhibils similar variation$. The oscillation is rnost intense
al the 3O-mh level, and the various phases or lhe ogcillation occur later al lower elrvations. This so-called
2G-monlh or quasi-biennial oseillation is general! :"· regtil'lled us a scparalc phenomenon from the irregular
fluctuc1tions whil'h predorninalr in 1J1Osl of the atmosphere, and it has been I he subject of numerous
studies (see Heed 1965). Five or six complele c�·clcs, which al'c certainly nol perl'ect. duplical ions or
one another, do not provr Lhnl the equatorial slrntospheric zonal ·win<l will continue to oscillate in this
manner. Assuming, however, thal it con I inues lo oscillate as it has ever since it was first regularly observed,

THE 01-!SERVED c1ncur,ATtC:,N

47

it can he predicled Lwo �-cars or mote in ad\'ancc wilh ronsidcrablc accuracy. Crrtninly Lhe zonal index
cannot he predicted a whole e:·c'le in advance, muo.;h less two :·cars, on the basis of its own p,1sl behaviour
alone (sec Namias 1050).
,\t the end of the spectrum arc the fluclu.itions of the circulation which presumahl :-,1 accompanied
the changes between glacial and interglacial epochs. Despite the c,·idcncc ror major temperature variations,
iL is difficult to reconslrucl Lhc uccornpan:,ing variations in Lhc field of 111otion. [t has nevertheless been
surmised that Lhc changes ::ire ,·cry 1nuch like those charactc1·izing Lhc changes of I he zonal index, w.ith
a low-index t:-,·pe of circulation prevailing during periods of extensive glacial ion (sec \Villcll 1!>49).
Features in the fourth catcgor:-,· include many of those entities most familiar 10 the synoptic meteor
ologist. Thr most obvious ones arc I.he migrator:· anlic_,·clones and cyclones. including tropical cyclones.
Al upper levels large troughs and ridges, which give a wave-like appearant:e lo the westerly wind current,
frequenLl�• occur in preference Lo closed c:-,·elones and anticyclones. \Vhilc individual cyclones anu anti
cyclones and ind·ividual troughs and ridges arc usually regarded as scconJar:· eir·culation systems, their
frcqnencv or occ·urrrncc, average inl<'nRi_ty, and .:iverage daily di�placenienl as functions ol' geographical
localion arc properl:· rcgar<led as addiLional characteristics of the general circulalion. Likewisr the wave
number. or the number of principal troughs or ridges intersr•eting a giYcn latitude circle, is a general
circlllaLio11 characteristic.
Fronts and l'ront::i l sudaces form another fcat11re in thr fonrth calcgor�·- While frontal pas$age�
al individual locations arc usu�ill�· regarded as rather small-scale phenomena. the enlire polar front the principal discontinuity bctw<•en air masses of tropical and polar origin - i� ofle11 looked upon as a
feature of the general circulation, and it has played a pro111i11rnt role in sornc theo1·ies. Because its position
is conlinuall)' oscilla1 ing, no corresponding discontinuities appcar in Lhe Lirne-avcraged or longitude
averaged Gelds or motion antl tempera I ure.
::iimilarly the interlropical eo11vergencc zone - the prim;ipal zone of convergence between low-level
currents originating in the souLl1crn and norLhcrn hemispheres, generally extending most or the way
aro1111d thr globr near the Equator - is logical!:· regarded as a gcncral-cireti'lation fc:alur·e. Since its
position also oscillates, it appcnrs as a fairly hrnad zone of Lransition rather than a narrow zone in averaged
fields of motion.
A furLhcr feature which is not clcarh· evident in aYcraged temperalnrc fields because its position
is conlin11all�· oscillating is the tropopause - the s11rface separating the stratosphere from the ll 'Opo
sphere. The upward temperature decrease which pre\'ails in Lhe troposphere ordinaril;-' ceases rather
ab ru pt!)· at the lropopause. hut in Lhc fields of Tor [TJ il ceases more gradually. To obtain an ahrupl
Lropopausc in I he rield ol' [T] one would havr to perform the averaging in a new co-ordinate s:·sLem in
which elevaLion ahove Lhe lropopause replaced ahsolutc elevation as a verLical co-ordinate.
The presence or a narrow meandering jet stream in either hemisphere, or often several jcL streams,
i� not cl Parly represented hy any single term ill equation (80). The zonal westcrl;v wind maximum which
is such a prominent feature in thr l'i.clcl of [ ii] is sometimes idenliued with the jct, but it does not possess
Lhc full avel' age strength or the jet, nor docs it occup:· the proper aYerage latitude. ThP fields of ii al
difforcnL longitudes possess maxi Illa at di!Tcrenl 1::ititudcs and elevations; ir Lhese maxima aJ'e ,werage<l
wiLh rcsprct to longituclP, I he result- according to Crutcher's winLel' data is 38 m sce-1, as opposed to a
maximum of 3-4 m sec- 1 l' or [u.], while at longitude lli.0 ° E. just south of Japan, ii.1·eaches 65 rn scc- 1. Like
wise the fields of [u] al different times possess maxi1na al different latiludes and elevations. But the
full strenglh of the jrl, often exceeding JOO m scc- 1 at intli...-idual points, and the full amplitude of its
meander�, arc evident onl :-,· in observations which ha...-c nol been averaged.

Cll/\PTER TV

THE PROCESSES WHICH MAINTAIN THE CIRCULATION
In Chapter 11 we introduced the physical laws which govern the circulation of the atmosphere, and
the dynamic equations which cxpt·css these laws in mathematical form. Jn Chapter II [ we described
some or the features of the circulation as revealed by observations. gi,·ing particular attention lo the
average fields of wind velocity, temperature, and water-vapour content. The application of the physical
laws Lo the explanation of the observed circulation is the task which now confronts us.
The most direct woy Lo accomplish this task woul<l be lo solve the dyna111ic equations.
we lack a suitable means or solution. \Ve must therefore proceed more indirectly.

At present

Tn their usual forrn the dynamic equal ions enumerate the physical processe,: ·which directly affect
any quantity. For example, the thermodynamic equation states that the temperatur·e may be altered
by advection, adiabatic compression or expansion, and net heating. Tt is sometimes possible to evaluate
the long-term influence or each process affecting some feature of the circulation by recourse Lo Lhe obser
vational <lala. A knowledge of the rnagniludc of each process will not by itself constitute an explanation
of the circulation, since iL will not reveal why each process assumes the value which it does. i'\evcrthclcss,
an understanding of the relative importanC'c of the separate processes can be of considerable aid in
formulating a qualitative explanation or in assessing the worth of any explanation which may have been
offered.

The balance requirements
Consider the total mass of water contained in the region of the atmosphere north of a given latitude.
This quantity may be temporarily incr·eased b:, evaporation from the underlying Earth or decreased b :-v
precipitation falling to the Eal'Lh. It may also be increased or decreased b�• an inOow or outflow of moist
air acro;;s the southern boundm·�·- There is no necessity for the amount of eYaporation taking place
north of a given latitude Lo balance the amount of precipitation falling there, but, ir the long-term a\'erage
rates of evaporation and precipitation rail to balance, enough water must ho transported within the
atmosphere into 01· out of the region to balance the deficit or excess of evaporation. The need for this
condition to be fulfilled con�titutes the balance requir·ement for· Lhe transport of wate1· in the atmosphere.
It is a matter of' convention that the evaporation and precipitation are regarded as determining a bala11ce
l'equiecment for the transport rather than vice versa; notbi11g implies that one process is the cause while
another is lhc eiTect.
Tt has been known for some time that evaporation exceeds prcc1prtation in subtropical latitudes,
while precipitation exceeds evaporation in middle and higher latitudes and also near the Equator. It
follows that the motions of the atmosphere must he such as to transport water from the subtropics to
lower and c1lso Lo higher latitudes. A compensating ret11ru transport result� from the combined effect
of oceans, rivers, and flow within the ground.
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A number of esLimatc� ol' the a\'crage nnnual evaporation and precipitation at \·ar 1ous latitudes
arc available. Figure 20 illustra1cs a recent Pole-to-Pole compilation of estimates by Sellers (1866). From
I he excess o[ prcripilation over evaporation the required northwar·d t1·ansporl of wa Ler by the atmosphere
has been derived, and i� shown in Figure 21. The peak nt!ue!' in the tl'opics and in middle latitudes arc
the 111 ost prominent fealures.• \n interesting detail is the northward transport across the 8quator needed
to focd the inlertropical conve,·gencc zone, whose mean position is somcwhnl to the north.
The precipitation curve in Figure 20 is based main!�• upon direct mea!'urcments. These, however,
are almost non-existent OYer the open ocean, while the amounts measured at island stations n1ay differ
considerabl_v l'ro 111 the amounts falling over the oceans ncarb:- ·- The evaporation curve is derived largcl:-·
fronr the detailed work or 8 11 dyko (1956, 1063) and hi� collaborators. Ovel' the oceans the rvaporat.ion
has been computed f1·0 11 1 an empirical formula involving Lernperal11re. humidit:-·, and wind speed, wh1le
over land areas ii has heen computed from precipitation and run-off. l\luch care has gone inlo the cstimales
of evaporalion and pl'ecipitation, bul in view of the 111�111 )· 1111ccrtainties we cannot yet regard them as
thr final word.
For cornpttlational purposes it 1s desirable lo express the waler balance in analytic form. lf we
i11 Lrgrale the general formula (10) o,·e,· the volun1c of the region north of latitude 'flt, using (I l), anti then
average over ti111e. we find that
J'2rrr cos (()1 [pXP] dz =

(X)

-

11

.r

f

(X)

U

Tr/1

2rrr2 cos (() [pdX /dt] rlrp t[::;'

'!'>

where X may he any scalar quantit:-·, [pXvJ is measured al latitude rp, and it is assunted that there is no
transport across the lowrr boun<lar:-· b:-· the motion or Lhe atmosphere. An approxirnalion to (84.) obtained
b :-· integrating (117) over the mass ol' the region, using (48), is
Po

(2rra co� rp1 [Xv] g- 1 rlp

.

=

tl

-.rf
Po

-rr/,

2rra2 co� rp [dX /dt] g- 1 d<p dp.

ll

,1

(85)

In (84) the longitude and lime averages de1 1oted by brackets and bars arc [or fixed <p aud z; in (85) they
are for fixed rp and p. The latter fol'm is 111orc convcnienl for computation whc11 I he available data are
al standard pre�sure-levels.
lf q represents the mass ol' water per unit 1 1\ass of mr,
J>o

j'(dq /dt) g- 1 d p

=

'o

1_-, ·0 - P0,

(8G)

where E0 and P0 denote the rates of cvaporalion from the Earth and precipitation upon the Earth.
Equating X. to q in (85), we obtain the water-balance equation
�

.

r2nci co;; <p1

II

[ qv]

g-- 1

clp

=

-.J

ff

,2rra2 cos rp [li0 - P0] d<p.

(87)

The lrft-hun<l sidt> of (87 ) rcprcsc1 1 ls the total transporl of water across laliludc <p1. The right-hand side
has heen used in constructing the transport curve in Fif!urc 21 from the \·alucs of E0 and P0 in Figure 20.
In most applications the horizontal transport uf liq1 1 id and solid water is <lisrega,·ded, and q is assumed
lo represent specific ,humidity.
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It is lo be sti·r•Rscd that llil' cvapol'f1lion and 111·eC'ipitation l'('(]ttire a transport or water onl) in. the
sc·nse that if the>' exist, the transport must (•xisl. Tlw� ("annul l,p regarded as the cause• or Lhe L1·ansporl.
Ir the cirl·tilation w<•rc· unable lo c·arry watl'r into th<· !'f(l1atorial zone, for <•xample. tlH·rr would �imply
br less prl'l'ipitation or more evaporation there.
TlH' atmosphere does not exchange- cir�· air
1hr fraction of the air 01he1· than wuter in its var·ious
pha:;es - with its environment in significant amount�. The h,ilance rcqui1·e111rnl for d1·> air is tlwrefore
ver>· si111plc•; there can he no net long·ter111 flow of <lry air across an� latitude•. [1 follows that tlwr(• i-.. a net
flow of uir ac1·oss each latitude, equal in rnass Lo the net Oow nf at 111osphcric water.. \s much 111a�s flows
across latitude t'.i0 ° S, for exarnpk, as would if there w<·r<• a unifo1'111 north wi11d of 0.3 c111 s<·c-1 at all levels.
The fact that there is no net flow of dr� air rather tlwn no rwl total flow or air anoi-'- each ln1i1udc is
inconsequential for many purpoi-es. hut it must be n·cog:nizcd for· a prop1•1· appreciation or tlw l'nerg;·
halance.
The hala11ec uf absolute angular monw11lum i,- nnalogou� lo that of water.. \ngular mo1111'11lum
111a�· he (':-..changed hetween tlw atrnospht•rc· and tlw underl>ing �urfacl', and it ma� be transported
horizon I a II:,· hy the rnol ion of lhe atmosphere. . \Ithough indivirl ual masses of air do not conscr,·e their
anirular mo111l'11Lum c,·<•11 approxi11mtcly, still the p1·essure lorque within the aL111osphcr·e transfcl's angular
111ome11t11rn only fl'0111 one lo11gitude lo another, \\hilt• the fridional torqu<· trnnsfrrs it almo�I <·ntirel>·
from 0111• el<•,·ation to another.. \n>· net <•xc·hange or angular mo11w11turn ,\ith the unJl•rl>·ing Earth by
the region of the atmosphere north of a given latitude 111ust thereforP be balanced hy a tn111sport of nngular
111ome11l11lll al'ross that latitude·.
As l ladley notNI long ago. the atmosphere exert, a westward h·ietional drag upon the Earth in the
latitudes or the trade winds. wlwnce angular 111omcntu111 is tl'an:,;ft•rr·<·d lo tlw at111uspht•n· from 1lw l�arlh.
In middle latitudes wlwre the wel';lC'l'lies pr<·,·ail, angular rno111(•11lum is rl'lurncd lo !he Earth. Tliere
rs an additional wcuk transfe1· In the atmosphere in llw polar l'ap-..
The fridional drag i;; oflen �poken of a:-- if it \\'t'l'C' the onl�· nwam; for l'�l'hanging angular mo1111•11lum
lH•I ween 1.hc almosphc·1·r ond the liarth, hut a11olhcr nlC'clwnism l'.lll operate 1d1erever I IH•t·e are mountain�,
l1ilb, or s111allr1' ir•,•pgularitics. If thel'r is a horizontal pressure diffc·renec across a 111ou11tain rang<•, the
air will <•ff<•l'tiYe)�• push the mountain. and the rest of the J,:arth with it. toward lower pressur<•: the
111ounlai11 I herefore pu�hes the air toward higher pressure. _\_Jthouirh it :-c<·111s natural lo pictur<' tlw .1ir
as piling up on the wi1H.lwnrd sides of 111ountains, a11d thereby a11gmenli111-< Lhc frict io11al torqu<•, it is
not olwion� that this sl1ould he the eosc, since man> 111ountai11 masses ar•p so large lhat the 111·cssure
difference across them depends 11iai11ly upon the position;. of mig1·ator :, C) l'lones and antic> clo1ws.
H X rppresenls the angular 111omenlu111 J\/ in (�ti), we find fro111 (Ii) and (25) !hat
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(88)

where 1:p •: :ind Epw arc the sum� of the 1u·<·Hsures on I he east a11d west sick� of the mountains or· olher
�loping l1'nain inter�ecting the latitude c·ir1·le in qu<'slion. and To">. is the 1•astward 1·omponenl of the
frictional sl r<·ss T0 al Llw Earth\ surfacr. The lernr� on the lt•ft reprc�ent the transport,; of r1•lati,·e
a11guln1• 1110111enlu111 und Q•mo111Pnlum.
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Figure 22 shows the fri<"tio1w l Lorquc as deLermined Ly Priestley ( 1951 ), togethc1· with Lhe 11101111 Lain
Lorque north o[ 25 ° 1\ as determined hy vVhitc ( 1949), and south of 25° N as gi,·en b�- 11 olopainen (1966)
on the basis of a study h)' Yeh and Chu (L958 ). PriesLley useJ the familiar e11 1pirical formula
To?.

=

Cop [u2

+

11 2)½

u

(89)

to compute lhe frictional drag over the oceans, choo�ing the \'alue 0.0013 for the dimensionless dr:=tg
coefucienl C 0. l le then dcte1·mined tlw torques which would follow i[ Lhe oce;;1n stresses were representa
tive of entire latitude hells. IIe omilted the polat caps, whcnJ Lhe Lol'qucs should he small in an:· case.
\Vhitc based his computalions upon normal pressure charts and :::implifiecl pl'ofiles of' the principal
mountain ranges.
Evidently the mounlain torque is by no means negligible; in lemperalurc anJ subll'opical latitudes
it tends Lo have the same sign and order of magnitude as the frictional torque. II' this result l1olds also in
die southern hemisphere, lhe effect of the mountain torque might be fairl,v well incorporaled by increasing
the drag coefficient C 0, whose pt·oper ndue is not ver�· well known in any case. Hutchings and Thornpson
( 1962) have found I.hat the relatively small New Zealand ,\Jps acid nea1·I�· JO per cent lo the total to1·que
in LLeir latitude hand; perhaps the much higher ,\ndc� could nearh· double lhc torque. Possibl>· there
is a further contribution of the sarne sign from hills a11<l other irregularities of intermediate size, whose
effects are presumably not accounted for b)· Priestley's ndue of C n ,
It is ,vell to note the implications of Lhe apparent agrre111e1 1t between lhe mountain torque and the
frictional torque. lf the torques were of eqLtal strength, and if the mountain lorque did not agree in
sign with the frictional torque, Lhe total torque could nol he inl'errcd from lhe sul'l 'ace wind field. The
lheory or the general ci1·culation on a11 idealized uniforn1 Eorth would Lhen 110L he applicable Lo the real
atn. 1osphere.
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Prieslle�- observed that his middle-latitude Lorques were insufficicnl Lo balance his low-latitude
torques, and noted that Lhc situation could not be l'emedied simply by assuming a larger drag coefficient
over land. lle thereupon multiplied the middle-latitude torques by the ractor l.t� needed to achieve
a balance. His amended torque, and Lhe transport of angular rnomentum demanded by the balance
requirements, are shown in Figure 23. The mountain torque is not explicilly included. The outstanding
reature is the poleward transport across the subtropics in either hemisphere.
This transport must he almost entirely a lransport of relative angular momentum. Although
Q-momentum is t�'picall_v much greater t.han relative momentum, it is nearly consLant at a rixed latitude,
and in the absence of an? appreciable net mass transport there can be no large lransporL of Q-momentum.
Actually, since Q-rnomc11tum increases wiLh ele,·ation, a direct meridional cell will bring about some
poleward transporL, while t.he net flow of mass across certain latitudes requil'cs an additional flow of
Q-mornentum; these amounts ma�· be computed from the second Lenn on lhe left of equation (88). The
intense Hadley cell determined b�· Palrnen and Vuorela ('1963), shown in Figure '1 8, yields an extreme
poleward Q-111omen1um LransporL of 2.2 X L025 g em 2 sec- 2 across latitude J2 ° N in winter, but there is
liule transport across this latitude in summer. i\lorcover, lhe contribulion by the Badie�· cell is virLually
cancelled by an cquatorward flow of 1.4 X t0 25 g cm2 sec- 2 across 12 ° N brought about by the net mass
flow. The extreme poleward Lr·ansports by Lhe mass flow of 1.3 x .L0 25 and I. 7 x I 0 25 g crn2 see- 2 oecul'
neat 35° N and 40° S, where the meridional cells arc too weak to contribu Le appreciably. Comparison with
Figure 23, where Lhe required transporLs reach 20 X l0 25 and LiO X 10 25 g C'm2 scc- 2 in the two hemispheres,
suggests that most. of the Lota! Lr-ansport is a lranspot·t of relaLivc angular momentum.
There can be little doubt that the estimates in Figures 22 and 23 have Lhe proper sign and order
of magnitude, bul by comparison with Pigures 20 and 21 the actual values are poorly known. The moun
tain torque has rrceived insufficienL attention, but the uncertainty of t.he friclional Lorque is due largely
to our inadcquatc knowledge of friction, particular!�- over irregula1· land areas.
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1\s in the rase of Lhc wal('I' balance, the to1·c1ues are not a causal rcquirr111enl for Lhe transport of
angular momentum. H the cia·culation were unable Lo transport angular momentum Lo middle latitudes,
the sul'face weslerlics there simply wo1dd not occur.
The balance of Lota] energy presents a more conaplicatcd pro1]en1. ·xot onl.v dors I he at11108phere
exchange energy w
· ith tl1c undcrl�·ing Earth, but both the atmosphere and the underlying Earth gain
e11ergy from the sun and lose it lo ouler space tln'ough 1·adiation. On this aceo11nt it is dcsi1·able to exn
mine first the rnerg�· balance of Lhe entirr atmosphcrr·ol'ean-Earth s�·ste111, and then lhe n10l'e complicated
energy balance of Lhc atmosphere alone.
The incoming solnr energy, whirh is the 11ltimalc dl'iving force for the atmospheric a11J oceanic
cireulations, is more intense in low than in high latitudes. Some of this energy is l'eflected 01· scattered
back Lu space .:111d pla;,s 110 furlher role i11 lhe cHcrgy balance. The remainder is absorbed lJ)' Lhe almo
sphcre and the Earth's surface; 1his pol"tion, like tl1e total, is ll'Hll'e inte11sc in low l,1tiLutles.
The cnc1'g:, re-radiated to space by the atmosphere and the �arth·s surface is also more intense
in low la lilu<lcs, '111 hougl1 noL so much mol'c intense as one might expect in view of the higher Lem pera I ure.
Much of thr outgoing radiation Lake� place from Lhe uppermost. 'layers of wate1· vapour in the atmosphere;
these extend lo great heights in low latitudes and arc therefore about as cold as the uppermost water
vapour in highel' latitudes. The nel resulL is Lhereiore a cons· iderable excess of lieating in low latitudes.
It follows that there must he a poleward Lransporl 01· Lrnn::<fer of ene1·gy ac1·oss Yir-tually e,·ery latitude.
This lranspo1·t may occur within the atmosphere 01· the oceans.
ln conlrasl to the scm·eity of nurnerical estimate8 of the angular-momentum exchange, I here ai·c
numerous cstimaLcs o[ the incoming and outgoing radiation. Figure 21t is i1gain based upon the values
compiled b;-· Sellers ( l.9GG) from a number of sources. The upper curve shows the solar energ:' reaching
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Lhe exlremity o[ Lhc al.mospherc; b�· comparing this amount wiLh Lhe amount absorbed, we sec that the
albedo, or Lhe rraction rcflccLed or scatl ercd back Lo space, is about 30 per cent in low latiLudes but
exceeds 50 per rcnL in the polar regions. Figure 25 prescnls Lhc net radiaLion and Lhc required norLhwarcl
transport and Lransfer of energy. The principal features arc agai· n Lhe peak values in middle latiLudes.
The usual method or esLimaLing Lhe ouLgoing 1·adiation requi1·es rather involved computations of
the emission in various wavelcnglhs from the various atmospheric constituents, and indi,·idual estimates
arc far from being in complete agreement. DirecL measurements have recently been made possible by
Lhe saLelliLe. figure 26 compares the Yalues already sho\vn iu Figure 23 wiLh the values obtained by
Winston (l!)G7) from one year of satellite observations. The calibration problems of the satellite-borne
radiometers are noL completely solved, and il would be premature to l'eplace Lhe conventional values
by the new ones, but Lhe general shape of Lhe satelliLc curve is of considerable interest.. Lt shows a pro
nounced relative minimum at 5 ° north, which actuall�- appears near the Equator in every season. This
is apparently due lo Lhe presence of the intcrtropica I convergence zone, where the clouds and moisture
ordinarily extend to great heights and hence radiate at a lower Lemperaturc than do the surrounding
laLitudcs. Some of Lhe pre-satellite estimates have indicated a si111ilar although less pronounced minimum
just north of the Equator .
. \gain lhe net heating cannot be regarded as the cause of Lhe e11crgy LransporL, except in the seme
Lhat healing is the ullimale cause of the entire atmospheric and ocea11ic circulation�. If the circulations
were unable to Lransport so much energy, lhe low latitudes would simpl? be warmer and the high latitudes
would be colder, and the excess net heating in low latitudes would not be so great.
The energy balance of the atmosphel'e alone presents still further complicaLious. Total energy need
noL include all forms of energy, bul, having included one form, it must include all others which are directly
or indirectly convcrLcd into this form in signiricanl amounts. ln Lhe atmosphere and the undcrl.ving
ocean and land the impo!'Lant forms are kineLic energy, potential energy, and internal energy, Lhe last
form including Lherrnal internal energy and the latenL energy of condensation and fusion of water.
:'11oreover, in addition to being directly transported in each form, enel'gy may be Lransferrcd horizontally
by Lhe pressure forces.
Befol'e describing Lhe atmospheric energy balance we must nole that Lhel'e is some ambiguity in
defining the transporl of energy by Lhe atmosphere alone or the ocean alone; this ambiguity is the cornlJined
rcsu 1t of two circumstances. FirsL, the zero marks on Lhe scales [or measuring internal and potc11tia 1
energy are somewhat arbiLrar�1• Second. there is an exchange of mass between the atmosphere and the
ocean, and hence a net flow of mass within the atmosphere and also within the ocean. The ambiguity
may be removed by choosing zero marks, but different choices will lead Lo cli[crcnt pictures of the energy
balance.
Ordinarily sea-level is chosen as the surface of zero potential energy, in which case the atmosphere
will not exchange potential energy wiLh the oceans, although the Earth will gain some pole11Lial energ�'
when rain or snow falls al higher elevations. Likewise, absolute zero is generally chosen as the temperature
of zero thermal internal energy, in whicl1 case the horizontal transfer of energy by internal pressure forces
will be proporLional to, and additional lo, the Lransport of thermal internal energy, in the ratio R/c,.,
or abouL 2/5. The sum of Lhese quanLiLies will then equal the transport or sensible heat, whose value
per unit is cp T.
Both the liquid and vapour phases or water have hecn chosen as Lhe phases of zero latent energy.
The former choice is Lhe mosL l'rcquenl. In this eYent the oceans L1·ansport uo latent energy, but the
atmosphere transports large amounls poleward across middle latitudes. If Lhc vapour phase is chose11
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insLcad, the ocean,: transport large amounts of negative lalenl energy equatonval'd ac,·oss middle latitudes,
1.e. they Lransport energy poleward, while the atmosphere lJ•ansports only mi1101· amounts.

Since the atmosphet·e must satisf,v the balance ·requirement for total energy in eithcI' event·, this
requirement rnu�l also depend upon the choice of phase. If Lhe liquid phase is chosen, the net radiation
received or emitted by the atmosphere, the thermal internal energy t1·ansferred to the atmosphere from
Lhe Eartl,, and the latent encrg:· supplied lo the atmosphere b:· evaporation 111usl together be balanced
hy transports of sensible heal, potential energy, kinetic energ:-', and latent energy within the atmosphere.
H the gaseous phase is chosen, evaporation adds no energ:,• to Lhe at.rnosphcrc. but precipitation removes
negative energy, i.e. adds encrg:··
If we set X

f

=

1(

co

n

'2nr cos <p 1 [P (T<

+ <fJ + 1
+ <I>+

111

(8tf). we find [rom (211) after some arrangement of terms thaL
co

I)"+ pF] dz

--=-c----ccc--------

rr/t

= -J'j'2nr
o �

2

cos <p

[Q + V-F] drp dz.

(90)

The term pY on the left reprcsenls the work clone agninst a unit area of the southern bounda,·y by the
pre�su1·e forces. As alread:· noted, for· a dry almospherc it would he proportional to, a11d :cidditional to.
the term pfv, which would repre�cnt Lhc Lransport of internal energ:·· For the real al mosphcre P" is
still propoi·tional to the lransport of thermal intcl'llal energy.

In the sLrietesl. sense equation (flO) is not applicable, because the mass transport across the Earth's
surfnce was neglected in deriving it. l lowcver, it may be used if J includes both thermal and latenl internal
energy, and if the gain of latent energy resulting from cvapor·ation from the surface 'is included in Q.
Alternativel:·, I may include only thermal internal cncrg:', and the release of latent heath:· condensation
may be included in Q.
Fig11l'e 27 show:; the amounts of energ:· gained or lost by the atmosphere by vanous processes,
including evaporation ralher Lhan precipitatio11. Again Lhe values arc those given by Sellers. The sum
of these amounls and the required transpor·t of energy in the atmosphere arc shown i11 Figure 28. Again
the transport pt·escnts a rather snioolh curve, with peak n\lues in middle latitudes. One rnay aga111
question how accurately the various curves are really known.

The transport of latent energy in the atmosphere is for practical purposes proportional to the transport
of water. which balances the excess or evaporaLion over p1·ecipitalion. ft fo!lows by subtraclion Lhat
the transport of the remaining forms of energ:' must balance the ncl r;,diation, the internal energy s11pµlied
from the Earth, and the latent energy released by condcnsalion. This is the result which would have
been deduced directly if the vapour phase or water had been chosen as reference.

The curves in Figure 29 are determined directl:• from the curves in Figures 21, 25, and 28. They
show separately the required transports or thermal internal energ;v by the ocean currents, o( sensible
heal plus potential and kinetic encrg:· b ;v the atmospheric circulation, and of latent encrgv. The last
quantity is regarded as being tt·ansported b)' Lhe atmosphere under the usual convention, but. would be
considered Lo be transported mainly by the ocean under· the less connnon convention that the vapour
phase possesses zero la Lenl en erg;-·.

The transport of internal cncrg_,· by the ocean again conforms Lo the paLtern of a single peak in each
hemisphere, but a �triking feat·ure of Lhc remaining transports is tlreit· relative inegularit�· as compared
to the total transporl. The two curves have sleep slopes or oppo�iLe signs in the tropics. A simple expla
nation, which however requires ve1·ifi<'ation, would be that the air flowing into the intcrtropieal convergence
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zone is loaded with latent energy; as the air rises and precipitation is relea ·cd this latent energy is converted
into thermal internal energy and potential energy, which is then transported out of the convergence zone.
lL is lo be stressed that the preceding curves show only the transports demanded by the observed
exchanges o[ water, angular momentum, and energy between the atmosphere and its environment or
between the system and its environment. vVhereas the general features of these curves have been known
for many years, it is only recently that observations have enabled us Lo evaluate the transports directly.
Former theories of the general circulation
Before considering the manner in which the balance requirements now appcnr lo be rulfillcd, we
shall examine some or the views which prevailed in I he past. So-called theories of the ge11eral circulation,
whether they were real attempts to account for tl1e circulation by dynamical theory, or merely descriptive
schemes unaccompanied by explanations, appeared in abundance during the nineteenth and early
twentieth centuries. Bergeron (1928) even remarked that there were as many theot·ies as authors. \Ne
cannot discuss or even mention the great majority o[ these, but we shall attempt to identify those ideas
which most greatly influenced the subsequent development or the subject, and which have led us to our
present state or knowledge.
It is a 1·elativcly easy matter today to deterll!ine whether any new]�, proposed scheme of the general
circulation agrees in its main features with observations, and to discard the scheme if it. does not. Tn
judging the worth of an older theory, we must therefore recall that much of what we now look upon as
the observed circulation was unobserved as recently a� \Vorld 'War 11, and that at the close of the 11ine
teenth century even such familiar entities as the stratosphere had nol been discove1·ed. Thus the main
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features of some of the former schemes were their speculntions as to the circulation in the regions where
observa Lions were not a vailablc.
H the circulation were uniquely determined b�- the governing laws. any proposed scl1emc later found
not Lo agree with the newer observations would necessaril:v violate some dynamical principle. \Ve must
therefore note that tl1cre may be man\' diITerent circulations which s::itisf�- the d�·namic equations.
Sforeover, even if the external conditions should determine the circulation uniq11eh-. considerably different
circulations might be properly deduced from �lightly different assumptions concerning the exlernal condi
tions; this possibility has been cited by Bergeron (1928) as a contributing factor Lo the abundanct' of
theor-ies.
\;\Jc should therefore regard a tl1eo1·.v as a worth:-,r contribution to the knowledge of its time if it contains
no flaw in its dynamical reasoning, and if it i,, consisten1 wiL11 the obscn·ations available when it was
formulated. A necessary condition for a theory lo be dynamicall_v sound and also compatible with
observations is that it satisfy the balance requirements demanded by these obserYaLions. The condition
is not sufficient: a proposed ci1'culation may transport the proper amounts or angular monientum, water,
and energy acf'oss each latitude and still be deficient in other respects. i\'oting this possibility, we may
yeL judge the worth of a proposed scheme parLI�- by its ability lo satisfy the balance requirements.
The circulation pictured by Hadley (1735), discussed in detail in Lhe firsL chapter, satisfies the balance
requ·iremcnts demanded by observations which were then aYailablc, although not all of ll1e requirements
which more recent observations demand. The upper current carries as much mass poleward as the lower
current carries equatorward. Tt carries more angular momentum. since the westerlies aloft arc stronger.
It also carries more sensible heat and internal energy. if the st1·a1ifi.caLion is stable.
Hadley's scher11e docs not contain the weaker c4uatorward flow or angular momentum al high
latitudes, but neither does it contain the polar easterlies which would demand it. Iladle�· did not consider
water, but prcsumobly his circulation would carrv more water equatorward 1lian poleward across every
latitude, yielding the eq11atorial excess of preeipiLaLion and perhaps Lhe deficit in the sublropics, but
also giving a deficit in the polal' regions, in contrast Lo wl1at is observed.
Figure 30 illusLrates I ladley's circulation schcn1alical1�,. ITadle�· himself presented no figure; we
have introduced Figure 30 for comparison with Lhe figures which have accompanied the numerous sub
sequent ,vorks.
Jn l ladlev's picture the horizontal transports needed to satisf_\. the balance requil'cments are accom
plished by the simplest possible mechanism - a meridional circulation where the uniform poleward
current at one elevation carries a dilforent amount of each LransporLccl properly rrom the uniform equa
torward current al another· elevation. Since the aLmospherc is not constricted to behave independent!�,
v
of longitude and time, other mcchanisllls arc available. '\'henever large-scale eddies such as cyclones
are prc:-en I, poleward flow al one longiLucic is accompanied by cquaLorward flow at the sa111e tinae and
elevnLion at another longitude. The oppositely directed currc11Ls ma�· carr�' different amounts or any
properL.v. Theories or Lhe general circulation therefore conform to one of two general schemes - Lhose
in which eddy 111otions arc either ah�ent or irrelevant, and tho�c in which the eddies influence thr zonally
averaged motion by Lransporting some, properl,\' from one latil ude to another.
Following lhc publicalion of Hadle<s paper there was a period of n101·c than haH a century during
whicl1 the scientific eorn1111111iLy was generally unaware or its cxistcnrf'. Si 111 ilar cxplanatio,rn were even
redi�covcrcd b)· such Ravanls as Immanuel !,anL (J 7$(j) anti John Dalton (1793). Later Dalton encounLcred
[Iadlcy\ paper, and, in ncknowledgin!l llral his own contribution had been completely anticipated. noted
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Figur·c 80. - A schematic representation ot the
general circulal ion of the at mosphcrc
as envisione<.l by 1 fadley
(1735)

the lendenc:, for currenL wol'ks to continue Lo quote 1he older -inadequate theories, while continuing lo
ignore the more recent and more acceptable ones. His remarks remain true Loda:-·.
Jn clue time, however, Hadley's explanation became the one which was quoted in the standanl works.
Early nineteenth centur)· ob$ervations being what the:-· were, there was little reason to doubl 1he expla
naLion in -iLs essential fealures.
As the nineLeenlh century progressed, observations began lo cast sonic doubl upon I ladley's scheme.
Jn particular. there was growing evidence that the prevailing westerlies in the northern hemisphere tended
to blow from somewhat south of west, instead of from somewhat north of wcsl as l ladle;-.'s expla11ation
would have demanded. Cndoubtedly the available data did not really justify such a conclusion, as they
were confined largely to oceanic regions. �everthclcss the conclusion was evidently correct, as indicated
by Loday's vastly more compleLe obserrnLions.
vVith the realization that the surface separating the trade winds from the south-westerlies above
them sloped downward toward the north, and reached 1he E:.Hlh's surface in the horse latitudes, Lhe
notion became established that the middle-laLitude soulh-wcstel'ly current at Lhe su1·face was simply
an extension of the current above the Lracles. The question then arose as lo how the air returned from
higher laLitudes.
An answer was provided bv Lhe eminent 111eLeorologis1 and climatologist lleimich Wilhelm Dove
('1837). Earlier ( 1835) Dove had been one of those to rediscover Hadley's explanaLion of Lhc trades, again
under Lhe assumption that absolute velocity rathe1· I han a hsol11 Le angular momentum would be conserved
in Lhe absence of east-west forces. He now accepted Hadley's ideas comp.letely as fat' as low latitudes
were concerned, but he favoured the prevailing idea that the south-westerly winds in middle latitudes
were a continuation of the souLh-wcsLcrlics above the trades, since he felt that their warmth alld humidity
demanded an equatorial origin. AL that time it was not generally realized LhaL air rising Lo hjgh levels
and sinking again would have Lo lose mo�t or its rnoislure.
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Tt followed natural!�· that the trades themselves should be a continuation of a return current from
higher latitudes. Dove rejected the possihility that this current could occur at uppet' levels, since it
appeareu impossible for oppositel_v dirf> cted curren1s Lo cross in lhe horse latitudes -without altering one
another. He was thereby led to a scheme where south-westerly and north-easterly winds in middle latitudes
nowecl side by side al different longitudes at the same level, rather than one above the othe1·. His warm
moist equatorial current was feel by the south-westerlies above the trades wl1i.lc his cold dry polar current
fed the trade winds. The equatorial current preferred the oceans and the west coasts of continents, while
the polar current prefened the interiors and east coasts, but the longitudes of the currents were not fixed,
and familiar local weather changes accompanied the replacement of one current hy the olhcr. Ilc could
explain the net northward flow, volumcwise at least, by the greater speci11c volume of the equatorial
current, but he also felt that it might be largely llctitious, since I he observed northward now could be com
pensated by southward flow over the interiors of continents, where observations ,vcre less abundant.
Ile eYen maintained that there were only two winds in middle latitudes - the north and the south
- other directions being simply va1·iants. Thus his polar and equatorial currents seem to be none other
than what we now call polar and tropical air masses, which he chose Lo identify by their preferred motion
rathel' than their quasi-conservative thermodynamic proper Lies. fle furthermore regal'ded I he middle
latitude storms as resulting from the conflict of the two currents. His circulation is shown schematically
in Figure 31.
Dove's scheme can certainly �atisfy the energy bnla11ce requirements, since the equatorial current
is warmer than the polar current. It can satisfy the momentum balance requircnicnts, since the south
wester!�, winds cai-ry mot·e momenlu111 Lhan the n0rlh-castc1·Iics. Under the assumption Lhat the equatorial
current cannot carry its water aloft at low lntitudcs, as Dove had supposed, but 111ust lose it and then
reacquire it from the ocean after descending, the scheme can satisfy the balance requirements for ·water.

Fi�ur� 3'1. - A schematic represe11Lalion of the
geueral circulation of the a t,nosphe1·e
as e11visioneed by DoYe (1837)
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Yet it does not have the appeal or Hadley's scheme. As a keen observer rather than a theoretician, Dove
offered no tidy explanation for the circulation which he so carefully recorded. His :ugumenls involving
the Earth's rota I ion are more applicable to Hadlc;v's circulation than to hi$ own.
Among the ruost diligent compilers of weather observations was the naval officer :\Iatthew :\Iaury,
whose charts of the winds over the oceans had led Lo considerable reductions in the normal sailing times
between distant points. In 1855 he came forth with his own scheme of the general circulation, which
departed considera hly rrom I JaJley's, and contained precise I�• the fea lures which Dove had rejected
some yea1·s before. It is shown in Figure 32. [nstead of the single meridional cell in either hemisphere,
or opposing currents side by side, there are two cells - a direct cell like Hadley's within the tropics,
and an indirect cell in higher latitudes. The flow above the north-east trades is from the south-west,
and the upper-level flow at higher la1itudcs is apparently supposed to be from the north-eas1.
Like Dove, j\'faury used no mathematical formulae, but he was extremely conscious of the balance
requirements for water. A dislinctiYc feature of his scheme was the crossing of the meridional currents
as they sank in Lhe horse latitudes and also as they rose in the doldrums. an<l he devoted greal efforts
to justif) ing these crossings. He was a great believer in the Grand Design, and he rejected the possibility
that the converging currents would mingle and then derart, now in the dirrction from which they came,
and now in the opposite direction, on the grounds that the circulation could nol be left so completely
to chauce. He could sec no reason why the currents must cross instead of returning, but he insisted
that the lack or halancc between precipitation nnd evaporation in low latitudes and also in high latitudes
indicated that lhe�· did cross. Like Dove, he was unaware that a high-level current cannot retain its
moisture. Ilc believed that crossing without mixing could occur by liaving vertic·al columns of air pass
one anolher; his envisioned columns seem Lo have the dimensions of cumulonimbus towers.
1

:\laury was unable however to offrr an explanation for what seems now to be the principal feature
o[ his scheme - the indirecL cells in higher latitudes. He accepted Hacl.ley's explanation for the trade
wind cells, and simply said Lhat the cause of the indirect cells had not been explained by philosophers.
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Figure 32. - Tue general circulation o[ the atmosphere
according lo i\laur)' (1855)
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,\laury's scheme seems to satisfy Lhe balance requirements for angular momentum, in view of the
assumed crossing c11r1·ent� in the horse latitudes and the upper-level easterlies in higher latit,udes, which,
howeve1'. arc inconsistent with modern obscrvaLions. It certainly cannot satisf�· the energy balance
requirements. except for an nLrnosphere which is heated at the Equator and the Poles and cooled in between.
;--/ever·theless, �laury's book is extremely readable. It became rather ropular in his day, and it ,.vas instru
mental in initiating some of the more rational theories which were to follow.
Among those who read i\Taur/s book was I he school teacher \:Villiam Ferrel. whose interest in the
subject was thereby aroused. l Lere he first learned that the nol'rnal pressure was not uniform over the
EarLl1's surface. but highest in the horse latitudes, and lower in Lhe doldrunrs and especially in the polar
regions. He found that he disagreed with sornc of i\'laury's ideas, parLicularly the crossings of the meridional
currcn Ls, which hr Cell ough I to mix 1·aLher than cross. In l he following year ( 1856) he came forth with
a theor�• of his own.
The circulation which he envisioned is shown in Figure 33. It is somewhat like :\laury's, except
that there arc now Lhrce cells in eiLher hemisphere, which he felt were demanded by the observatious.
Unlike :\laury, however, f:i'errcl believed that he could present a complete explanation.
Fenel's great contribution in this paper was 1 he introduction of a "new" force. the north-south
component o( the Coriolis force. which he incidentall;v identified with one of the terms in Laplacc's tidnl
equations, formula Led long before Coriolis, and which he believed had not been previously recognized
in any rncleorological work. Actually he had been anticipated in an unnoticed paper by Tracy (1843),
who with inadequate arguments nevertheless deduced the proper direction of I he deflection. Fel'rnl
believed that proper consideraLion of the new force would account for the prcviouslv unexplained features
not onl:,· o[ the general circulation but of cyclones and smaller disturbances as well.
Ferrel agreed with lfadley that the prime moving force of the atmospheric circulation was the Pole
lo-Equa Lol' densi I y gradirnt brought about by solar heating, which he believed should lead lo meridional

Fi g urr 33. - Tlw g(•ncral circulalio11 of the alnoosphe,·�
nccordin� ro Fcr,·t•l (185!i)
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motions, and hrncc, 1hrough tlw action or the rasl-wpsl Coriolis for·re. lo enslrrl�- and wcslcrl:· winds
di;;trihutcd rnul'h as l ladlP:· had >'upposed: hut he did not find in [Tadlt•: 's thcor� any explanation for the
disu·il,11tion of press11r1•. l lc tlwn noted Ihat through lhe action of the new force the easterlies in low
latitudps and the westerlies in higher latitudrs sho11ld be defl(•t·led ;iwa:· from the Equntor and 1hr Pole:
towai·d lhe suhlrnpics. tlwreb:· crrnling the ob:-ern•d deficit of pressurt• al the Equator and the Poles and
the excess in lhc subtropics. To 1•xplain the poleward drift in the surface Wl'slerlies. he ohser\'l•cl that
beca11s!' of sud,H·P friction. the winds near lhc ground would he considcrahly weaker· than thr winds
somewhat higlwr up. whilt• the horizontal prPssure gradient would lw rN1sonahl:· uniform. The so111hward
Coriolis force ,war lhe gl'011nd would thrrdore lw insuflicicnl lo balance the pressure l'.!ra.<licnt, and the
weslcr·lies would Iurn poleward. laler to rist• and rt'I urn equaLorward.
Fcrrf'I also noted that for h�dro:-lali<" rea:<on� the lalitude of hii.!hf'sl prc•:,.surP must be di�placec:.I
Loward the Etptalor ,vii h elevaLion. J le apparentl_v foll thal I he opposing currents alofL must rtH•el al
this latilude in order lo maintain lhe high pressure. whence IH' showt'd inclined boundar·it•s betwre11 1hr
low-lalitu<le and rniddlc-lalituclc l'dk
There arc < ·<·rtai11 obl'ious dcfkienccs i11 Fcrrl'l's scheme, as wrll as in his cxplanntiou of it. The
indircet cells in middle latitudrs mu�l transport anp:ular mo111entu111 and en<·rg:· lowal'CI the E<ptator,
and ,wither halnnce rcquiremf'nt ,·an hr satisfied. Thr 111iddlc-latitudc "·eslcrlie!S alofl were originally
supposPd lo br maintained h�, the action of the Coriolis forer 11pon Ihe poleward currents, buL now these
currents haYe lwcn repl:H'c•cl by Nptatorward eurrrnls while tll!' westrrlics arr allowed lo ren1ai11 .
.\c,·crlhclPss it would be diflic11ll lo o,·r,·esti111alc the i111porlanet' of Fcrr·cl',; paper. Here he firsl
presenled Lo the meteorological world a correct a<.:eounl of llw Coriolis force, n quan1ita1ivc clcsrriplion
of the gcostrophi1· wind. ;ind a parlial explanation for its occurrence. l lis demonstration thal lhc pr<'ssurc
field l'011ld adjust itself lo fit thr wind field, r·alhcr than forring the \\irr<l lo do all of lhc adjusting, has
ofLen h('cn overlooked h.,· :-ucceNling gcrrcrnlions of' mclcorologisls.
. \nother scic11ti�l who read .\laury · s book was the physicist and inventor .lame:; Thom:;on. who found
himsplf in considerable disugree111enl witl1 sonic of .\laur:·· s idc<1s. Thomson was 11nderslandabl:• unaware
of Ferr<•l's work, which had been publislwd in a loral medic·al journal. but lw had atlcndcd a lrclure
delinrt•d h:· .\lurph:· 11:-\i)fj. who had al:;o read .\laur:· · s hook and hnd suggeslrd that the low pressure
al the Pol<'s resulted fro111 lhe ccnlrifugal for<'e of the weslcrl: currents, which l'Ould hr treated as large
circumpolar vortic!'s. Tho111�on soon prod111·ed his own schc111p (1857). which is shown in Figure :Y, .
. \ftpr noting I lad lr:"°s rrror t·onecrning the conscr,·ation of angu Jar velo<·it:. he olhrrwise accepted
I ladley's argunwnls will1 rcgni·d In the bulk of' the atrnosphrrc, but 111:iintaiJJcd that Ihe westerly winds
near I lw :rround, being slow(•d hy fril'lion, "011ld possl'"i- a defil'il of centrifugal for<·r relativc to the slronger
weslerlit•s immedialel:· above. and would tliereforp drift poleward. 111 this rr-.p<•<·t his argumenl i, the
same as Ferrel's, di1Ter1•11II:· wordc•d. Tlw southward or norlhward co111ponent of tlw Coriolis ro1·c·e, ::1s
Fenel pointed out. is 1:-impl: lhe exrcss or· cJpficit of l'<'nlrifugal force as <"Ompa•·<•d lo lhc crntrifugal foree
of a particle rolaling wilh the Earth. The t'xcess Coriolis force of a 1·apid wr-<I wind o,t·r that of a slow
wesl wind is thrr!'rore tlw same 1hi11g as tlw excess ec•ntrirugal force of the rapid wind over lhe slow wind.
.lusl as there was little• ohsrn·ational 1·videnee in l ladlPy's da:· lo contradil'l his �dieme, so there
was litllc c,·idcrH·e in Thomson's da.,· lo contradict his. Thomson's sclwn1c is ad111irable for its simplicity,
tind ii also sati'ifil's the l>ala11te requirernrnls. The indi1·cct c·1•II is confinC'd t.o such a shallow layer· I hat it
lr:rn�porh Yery little angular momrnlum or r1wrgy. \1 the "a111c lime it can prnduce the nc<•dcd pol<•ward
lransporl of walrr. siner the walPr-,·apour content dPncasc:- so rapidl: "·ith 1·le,·a1ion.
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Figul'c 34. -The general ci,.culalion of lhe .ilmospherc
according I() Thomson ( 1.857, 1892)

Thomson's published contribution was lirniLed Lo an abstract, buL years later ( l892) in his Bakerian
Lecture. delivered Lwo months before his death, he returned to the problem of the atmosphere, and
reiterated his belief in his forn1er scheme. He also discussed criticalJ�, the other schemes which had been
offered, and noted the difficulties entailed hy \faur/s and Fcrrcl's converging currents aloft.
Ferrel was, however, a relative newcomer to the field, and his ideas were anything but static. He
set about formulating his wod{ in mathematical terms, and as result he came up with a revised scheme
( 1.859). lt is shown in Figure 35. It is very much like Thom.son's, except in the polar regions where
definitive observations were lackiug in any case. It is therefore equally effective in [ulfilling the balance
rel1uircmcnts. His paper contains the complete equations of motion for the atmosphere, and an accOLllll
of the thermal wind relation.
In justifying his scheme, he maintained that if surface friction were absent, while internal friction
still existed, the atmosphere would assume a condition of uniform absolute angular momentum. It is
often pointed out that such a condition ,,·ould lead to unrealistically violent winds at high latitudes,
but Ferrel wcnl a step beyond his successors and noted thaL the accompanying pressure gradients t'Cquil'ed
by gcostrophic balance would leave the polar regions completely devoid of air. In his computations he
had treated the atrnosphere as a liquid; as a gas the only real singularities would be at the Poles, but
even between 30° and 60° latitude the pressure would drop by a factor of three.
Ferrel maintained thut with surface friction the atmosphere would tend Loward the same distribution,
hut lo a much lesser extent, the latitudes separating the easterly and westerly surface winds being
ultirnaLcly determined by the requirement of oo net surface torque. He thus purported to account for
the observed distribution of zonal wind. He explained the poleward drift of the surface westerlies as
in his earlier paper, obsen·ing that this dl'ift required a return current somewhere aloft. fie noted, how
ever, that in view o[ the thermal wind relation, the upper-level westerlies must be stronger than the
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Figure 35. - The general circulaliou or lltc alrno�phere
according Lo Fer1·el (1859)

surface westerlies and must be maintained by the acLion of the Coriolis force upon a poleward current.
He therefore placed the cquatorward current at an intermediate level, no Ling LhaL according Lo observations
it should lie above the fair-,Yeather clouds.
V'·lc cannot agree with Ferrel's premise that with internal viscosity but without surface friction the
atmosphere would Lend to acquire a state of uniform absolute angular momentum. Such a circulation
would possess strong internal stresses. :'-icither does it seem very likely that the ultimate circulation
with surface friction would he an attenuated form of the circulation without friction, despite Ferrcl's
observation that there can be no resistance to motion until tl,ere is molion. \i\lhereas Thomson by-passed
an explanation of Lhe sul'face easterlies and westerlies by simply agreeing with Hadley, Ferrel's attempt
in this respect yielded no improvement. Beyond this point, Ferrel presented some penetrating arguments,
and he used the thermal wind relation to good advantage.
Ferrel's suLsequent wotk led to further modifications, his final scheme (1889) differing slighth, from
his second one. He was intrigued by the possibility of deriving malhematical expressions for the circu
lation, bul felt that this could not be done because the frictional forces could not be properly formulated.
He conLinually maintained that the circulation must be derived from a knowledge of Lhe ten1perature
field, rather than the field of solar heating, and his system of equations does not contain the thermodynamic
equation. It was a great Joss to nineteenth-century meteorolog>' that the man who introduced the
equations of motion never saw fit to seek a complete solution of them.
The task which Ferrel had regarded as unfeasiblc was finally attempted in a pair of papers by Ober
beck (1888), who represented the cITects of friction by a simple coefficient of viscosity. Like Ferrel,
Oberbeck sought to derive the motion from the temperature field, and he did not use the thermodynamic
equation. He represented the Lcmperature by a simple analytic function of latitude and elevation.
Oberbeck sought first the circulation which would prevail in the absence of rotation and advection,
and the set of equations which he first solved expressed a balance between the effects of friction and the
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pressLu'e forces. The circulation which he obtained was necessarily enl irely meridional, and consis I ed
of a single direct cell. To obtain the next approximation he balanced the cast-west Coriolis l'orce, as
determined by his first approximation, against friction. The added circulal ion was entirely zonal and
proportional Lo the Earth's angular velocity Q, and consisted of low-lalitude caslerlics and high-la1i1ude
westerlies at low levels, and westerlies at all latitudes al high levels.
On lhe whole his circulation bears considerable resemblance lo l ladley's. V\'c feel, however, that
this resemblance is fortuitous. In a sleady symmetric circulation, the Coriolis force resulting from lhe
net north-south motion in any ,·erlical column is zero. l lcnce Oberbeck was balancing Lhe frictional drag
at the base o[ each column against the net Coriolis force resulting from the weak ve1·tical cu1Tents,
and he thus obtained easterlies and westerlies ju8t above the surface, in their propel' latitude. 111 a.
mathematical description of J laclle.y's circulaLion, the frictional drag is balanced by 11011-li11car terms,
which Oberbeck had not used at this poinl.
In his second paper Oberbeck sought the final corrections needed for a11 exact solution, but since
the s�·ste,n of equations governing these corrections was as ,·ontplicaled ns the original system, conlaining
all the non-linear terms, he found iL necessary to make further ttpproximaLiom. The added circulation
was again entirely meridioual, and proportional to Q2, and consisted of a direct cell in low laLitudcs and
an indirect cell in high latitudes. In essence he had found the first three term!i or a power scl'ies in Q.
For the value of Q appropriate to I he Earth, the added cell in l1igh latitudes wa!- insuflicient to reYersc
the direction or the origin,11 cell, and simply weakened it there while i11Lensir)1ing il in low latitudes.
ll is no discredit to Oberbeck that he was fo1·ced to slop with lhe quadratic Lcrms in Q, �·et it musl.
be conceded that on this account his solution is not n particular]�- good approximation to Lhe exacL
solution which he sought. flis increase of westerly wind speed with height is proportional to Q, whereas,
according 10 the thermal wind relation, it should be invcrseh· proportional to Q. Lt is not at all certain
that Oberbeck could have i 1nprovcd his results h:· co111puLing more terms, since, as noted b�· Brillouin
(1900). there is no assurance tha l 1 he series would coirvergc. A power-series expansion docs not reveal
that Q/(1
Q2), for example, becomes small as Q becomes large.

+

Oberbeck' ,; work tnal'ks the beginning of a new field of endeavour - eeprescnti11g the global circu
lation by �olutions of the dynamic equationR, as opposed to using the equations sirnpl�- Lo deduce general
properties. A maLhernaLical solution is sirnpl�· one type of description of the circulation, but its aclvan
·tages are obvious. If the equations have been correctly formulated and COl'rcct.ly solved, with no crippling
approximations, the description is assured of being internally con!'.isLcnL in e\·ery wa:', and in particular
iL will salisfy its own balance requirements.
If more theoretical meLeorologists had followed Oberbeck, and had sought actual solntions of Lhe
dynamic equations in preference Lo circulations which could 111ercly be rendered plausible by qualitative
arguments based upon the dynamic equations, mauy of the impossible schemes which wei'e subsequently
offered might never have appeared. Still, the idea that manipulation or mathematical symbols ought
to replace qualitative reasoning could sc.ncely have appealed lo the many competent r11eteorologisls
who were nevertheless not mathematicaJI�, inclined. vVhen further allempts to soh·e the equations
.vicldccl circulations which were no more realistic than Oberbeck's, this was cited as evidence that the
whole procedure was meaningless. The facl that lhe equations liucl not really been solved was disregarded.
It must be admitted that even very recent analytic solutions or Lhe equations have bad a certain
unrealistic flavour. lt is onl.v with the advent of nurnerical solutions by digital computers that the
equations have begun Lo acquire the status which they deseJ've.
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In Oberbeck's work, as in that of rnost of his predecessors wilh Lhe notable exccpLion of Dove, the
general circulation was trealed as being cornpleLel:i symmetric with respect lo the Ea'l'th's axis. ft must
not be supposed on this accounl thaL the various auLhors were unaware of the presence of cyclones and
other disturbances. Both Fenel and Oberbeck we1·c deeply concerned with Lhe cyclone problem, and
Ferr·el often dealt with the general circulation and c:-rclones in separate sections of the sarne papers,
regarding Lhe cyclone circulations as being much like the general circulation on a smaller scale. YeL
no,vhere in Frrrcl's work is there any suggestion t.hat cyclones owe their origin or subsequent behaviour
lo the general circulation, or that the general circula Lion in turn is affected by the presence of cyclones.
The idea that storms were dependent. upon the general circulation had been proposed long before
Ferrel's time, and it fonned an essential part of Dove's woJ' k. ln modern studies where the field of motion
has been analysed into "zonal" and "eddy" components, there is often a Lendenc:,,· Lo regard all departures
frorn zonal symmetry as having a similar nature, and to rcf' cr to them loosely as storms. As an observer
of weather phenomena rather than a formal is I. Dove disting11ished between cyclonic storms on the one hand
and the equatorial and polar currents on the other. regarding the storms as originating from disturbances
of the opposing currents. TL would have meant nothing Lo him lo inquire whether these currents
influenced the general cieculation; lo him the:-• were the gener(ll ci1·culation. [ndeed, such a question is
meaningful only if the general circula1ion has been defined. ,\ less ambiguous question would ask whether
the zonall:-1 aYeragcd motions are different froni what the:-,· would be if departures from zonal s�·mmelr:-·
were absent. Dove might have answered this question in the anirrnativc.
It is remarkable that Dove's ,·alher advanced description of the ciJ'c11la1ion, which would have been
dynamically po;;sihle in a cir:-· atmosphere, went completely unmentioned b;v many subsequenl writers
(for example Brillouin, 1900) who included Lhornugh treatments of the works of \Taur�,, fi'errel, Thomson,
Oberbeck and others in their hi;;torical disrussions of general-circula Lion theories. Among those who
did mention Dove, \Valdo (1893), while presen1ing extensive reviews of thr other worki<, merely slates
that Dove made certain modifications of Hadlc/s theory: he does not even say what these modification:'<
were.
Perhaps thc neglect of Dove's work ma:-, he traced to his refusal in his later years Lo accepl any of
the newer ideas, with the result !hat all of his work !ended to become discr·edited. Perhaps his work
was ignored because he offe!'cd only descriptions rather than explanations, although the same criticism
could be made of _\laur:-,,-. It seems very likely. however, that rnost of the writers of the later nineteenth
century simpl :- · did not consider tha1 lhe motion of which Dove spoke was the general circulation. The
notion Lhal Lhe general circulation meant the ti111e-averagcd or the Lime-and-longitude-averaged circulalion
had become rather well established, and Dove's currents varied with lime and longitude. [1 is noteworthy
that Hann ( 1901 ), in what is still one of the most comprehensive meteorological treatises yet produced,
makes no mention or Dove in his chapter on Lhe general circulation, but reYiews Dove's ideas in detail
rn the following chapter on storms.
Yel despite the apparent rejection of Dove's scheme, the s:-·mmeLrit: theories of Lhc gc11cral circulation
could not endure fo1·ever. Even as Ferrel and Thomson were mak-ing their final conLribulions, �pceific
objections to I hem were being raised.
One of these wa� based mainly upon Lheorerieal considerations. Except near the 1£arth'� surface,
friction ,vas generally considered lo be negligible. [1 wa� often pointed out thal in lhe schemes of Ferrel
and Thomson the poleward-moving air alort would acquil'c unheard-of Yelocitics in middle latitudes,
in conserving its absolute angular moment uni. Some writers took the attitude that �uch high velocities,
never being observed, could not possibly exist, and that the schemes were dynamically impossible.
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Others took the more moderate attitude that the high velocities simply di.cl not exist, and that the schemes,
while perhaps possible, were incor1·ecl. Jn any evenL the thermal wind rela Lion, adhered to b�· Ferrel,
would not allow such high velocities to occur aloft unle,;s excessive]:, higl-1 velocities occurred at the Earth's
surface also. The si111ple schcltlc o[ having the poleward cunenl aloft so weak that there would be ample
time for even weak friction lo reduce the westerlies does not seem Lo have found favour.
In a remarkable paper the 1·cnowned ph:,sicist Hermann von Helmholtz ( 1888) alLacked I hi� problem.
He haJ previously (1868) been the first to emphasize that the motion in a fluid need not br. everywhere
continuous. He began the prescn I work by noting that friction was extremeJ�, inelTective in the a lrno
sphere, except at the Earth's surface and al internal surfaces of discontinuity. Clearly, he was here
refening to Jllolecular friction. He then noted the large velocities which would be required by a circulation
between the EquaL01• and 30° latitude, and maintained that while such a circulation did oecu1·, the large
velociLies were not found. I le thereupon sought the means by which the winds were prevenLed from
attaining them.
fn seeking a �olution Helmholtz vil'tually developed a theory of the general circulation. B:, reasoning
somewhat like Ferrcl's, he clccluccd that in the absence of friction there would be easterly winds in low
latitudes and westerlies in higher latitudes. He then proceeded Lo determine how this ciT culaLion would
be modified by heating and friction. Like Ferrel and Thomson, he found that surface friction would
produce a poleward drift in the surface westerlies, and intensi[_v the equatorward drift in the surface
P.asterlics.
Jn his next step he proceeded beyond the earlier authors. He maintained that the i·eturning air above
the trades must come into immediate contact with Lhc cooler and more slowly moving air below, with the
formation of a surface of discontinuity. AL such a surface the equilibrium would be unstable, so that
vortices would forn1, and ultimately bring about vertical mixing.
In the polar regions he fell that the efTcct of cooling would outweigh the effect of surface friction,
and lead to additional cquatonvard spreading. Easler! :-,, winds would thereby develop, and the resulting
friction would cause further sprcadi11g. Again a surface of discontinuity would form between this air
and the returning air aloft, and vertical mixing woLt!d ago in occur.
He concluded wilh Lhe opinion that the principal deler1·cnt to stronger ·winds aloft was not surface
but the mixing of layers of difTcrent velocities by means of vortices forming on surfaces of
discon tinuiLy.
.fr iclion,

Hclmholtz's papel' is often regarded as the original statement that cyclones must form upon surfaces
of discontinuity, and thal these cyclones will in turn alter the general circulation. J\d rn iltedly some
statements are subject Lo more than one interpretation, but we do not feel that this is what Helmholtz
was saying. The vo1·tices which he visualized seem Lo have horizon Lal scales of hundreds of metres, or
pel'l,aps a few kilometre�, but noL thousands ol' kilometres, and he frequently mentioned billow clouds.
llc referred to e�·clones in only two connexions, in neither case as disturbances on unstable surfaces
of discontinuity. He r.1•st suggested that they should form in middle latitudes under the masses of
ascending air. Later he cleai-1.,· maintained that Ll1e permanent circumpolar anticyclonic motion at the
Earth's surface and the cyclonic motion above it should break up into smaller cyclones and anticyclones
as a result of surface irregularities, such as mountains. ln neither case did he specificall)' say that these
cyclones would affect the general circulation; it is the vortices which develop on the surfaces of discon
tinuity which were assigned this role. ln a second paper (1889) he mcnLioned LhaL lhe numerous disturb
ances should cause Lhe principal surface of discontinuity to break "into separate pieces whicl1 must appear
as cyclones," but he did not elabora tc further.
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H Helmholtz did not give the meteol'ological world the wave theory of cyclones, he gave it the concept
of turbulenl viscosity, whose presence is an essential feat.ul'e of every modern theoT:· of the general circu
lation. It is worth noting in this connexion that if the cocfficienl of turbulent viscosit:-· is assumed Lo
have a value throughout the atmosphere of from 10 to 100 g cm-I sec-1, a figure frequen I ly quoted for
Lhe sul'foce friction layer, the upper-level poleward Cul'rent cannot exceed from l to 10 cm sec-I without
giving rise to upper-level westerlies in excess of those allowed by tlrn thermal wind reli11.ion.
\-Ve therefore feel that llelmholLz'� work, fa1· from disproving the ideas of Ferrel and Thomson, Lends
to support them b :,' showing that the absence of excessively high wind� can be accounleel for. At the
same Lime, it plainly suggests how departures from zonal symmetry can be important. Ultimately it
leu the way to the great work of Vilhelm Bjerknes and his co-workers, and 10 their theorie!S or lhe general
circulation in which cyclones played a fundamental role.
Further objections to the symmetTic theories of the general circulation were based upon observations.
Routine soundings by balloons were non-existent in the nineteenth centur:-·, and man)· of the ideas
concerning upper-level conditions had been deduced ft·om mountain observations. However, as a result
of an international conference convened b;v the fntcrnalional .\feteorological Organization in L891, a
T
decision was made to perform a world-wide investigation of upper-leYel currents at clif erent levels b :-·
observing the typical motions of clifTerent [orrns of clouds. ,\II countries were invited Lo participate.
The proposed programme became a realit:-· in 1896 anti I 897 (see Bigelow J 900).
The results of this programme, together with earlier cloud observations at selected stations, formed
the basis of an assessment of Lhe theories of the general circulation by IIildebt·andsson and Teisserenc
de Bort ( L900). The authors concluded that the only dynamical! :-· acceptable schemes so far proposed
were those of Ferrel and Tl1ornson, but they noted that at upper levels these schemes were based upon
theory rather than ohservalion. From their cloud study they found that the average winds al the cirrus
cloud level were easterly over the Equator, becoming south-east, south-wesl, and finally west as the
thirtieth parallel north was approached. The�' found no evidence al all for an upper-level poleward current
extending through middle latitudes, and, although recognizing Lhal Lhe high-level motions were observed
only when high clouds were present and no olher clouds were below I he,11, they nevertheless concluded
that the schemes of Fenel and Thomson were contradicted b :-· the observations. and rnusl he abandoned.
They refrained from oITcring a scheme of their own.
Toda:, we would regard the selection of stations as quite inadequate for eliminating the possibility
of an upper poleward current. It is likely, however, that the authors were secking·a current whose strength
was similar to that of the trade winds, perhaps a few metres per second, which the cloud observations
may have been sulTicient to eliminate. Certainly currents as weak as JO cm sec- 1 could not have been
disproved. Yet modern observations den:-· the upper current just as sure!:- · as they confirm the poleward
current near the surface.
Similar conclusions were drawn b�· Bigelow (L900, 1902), on Lhe basis of the cloud observations over
the United States. IIe noted an almost perfect balanc«' between northerly and southerly wind components
at high and intermediate levels and cited this as evidence against all the "canal" theories, as he termed
Lhose theories which allowed no variations with longitude. He then oITered a scheme of his own, in
which the flow at high levels was fairl:' uniform, hut where cold and warm counter-currents from high
and low latitudes flowed beside one another, mainly in the lowest three kilometres, and where the inter
action o[ these currenls gave rise 1.0 cyclones and antic�·clones. fn this respect his description seems
familiar]�- like Dove\.
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Yet Rigelow wenl considerably be�•ond. Dove, who had been con LenL Lo µresen L lhe observations.
I.Ie proposed Lhat the warm and cold currents were Lhe means by which the required. poleward heal.
transport' was accomplished. I le mol'eovel' identified the cyclones and anticvclones as the means by
which the e.xcessivel_v �Lrong winds at upper levels were forestalled: specifically, he noted that Lhe upward
currents in the cyclones and the downward currents in the anticyclones would bring about a vertical
exchange of momen Lum.
Bigelow's theor�· leaves so111e questions unanswered; there is still no specified mechanism for canying
angular momentum horizontally across middle latitudes, even though the vertical transport is present.
Yet 110L onh- is the ener·gy balance salisried, but the1·e is a clear sLate,ncnt of the necessity for a poleward
heal transport, and of the mechanism through which it is accomplished. Only the more recent observa
Lions have revealed that Bigelow shoulJ not haYe concentrated the irregularities in the lowest kilometre�.
B_v the turn of the century lhe study of Lhe circulation had undergone a pcnnanenr change. A few
years earlier the works of Ferrel and Thomson had nppcared to offer a near!:· coniplete explanation ol'
the circulation. /\ow with the increasing- rralization I hat the general circulation involved more I han
I he 7.0nall :' · s:nnrnetric rnotiom,, it became apparent that a full explanation was a far more difficult task
than had been supposed. There was even some feeling that the circulation could not be explained aL all.
From this tirne on fc"· of the imporlant new papers attempted to account for the cil'culation in toto.
The most significant contributions were often confined to a single aspecl. Among Lhese was the further
invcstiga1ion of the role actual!:· pla:·ed b:· cyclones and otlwr dist11rbnnt.:c�.
For a 11ut11bcr of :·cars Bigelow',- ide:'I� were often quoted but not pursued. A major advance was
finally mndr b:· ,\. Defnnt (L02I). In this fan1011s paper· Dcfant introduced the idea that the motion
in middle latitudes was simpl�, turbulence on a very huge scale. 1 [e regarded the c:·clones and a11ti
cyclones a� I he individual LurbulenL elements, by meaM of which the rcqui·red amounl or heal was trans
ported from low to high latitudes. Uc also looked upon this large-scale turbulence as the means b:· which
excessive wind speeds aloft were prevented from occurring.
l.f he had stopped at this point, he would have clone no more than repeal Bigelow's ideas in a new
language. Instead, he "·arncd LhaL his conclusions could not be considered valid unless they were quanti
tatively acceplahle. Accordingly. he rirsl applied the recentl :,· formulated mixing-length theory of
turbulence. Assuming a mixing length of 15 degrees or latitude and an average north-south wind com
ponenL of 3 m scc- 1, he found a horizontal Au�Lausch coelTicient - the ratio of the transport to the
gr·adient or sensible heal - of 5 X J07 g c111 1 sec-1, nearly a million times larger than the Austausch
coeITicicn l characterizing smaller-scale turbulence. 11e then esl irnated the .\ustausch eocfficien l b:· other
procedures, nod al�o found values some,vhere near l08 g crn- 1 scc- 1.
Choosing clilfercnl values of the ,\ustausch coefficient ranging from 5 X 107 to 5 X 108, he ca.lculatcd
the temperature distl'ilwLion which should prevail north or 30° :'\, assuming the temperature Jistribution
which \\"Ou]J prevail in the absence of any horizontal exchange lo be kno""n, and he found Lhat a value
of 10 8 would lead to Lemperalurcg agreeing fair-I:' well with observations. lie thereupon concluded that
his case for the circulation as a forrn of turbulence was established.
\\ "hateYer the genera I a tt.itudc may have been toward looking upon the circulation as Lurbulence.
Defan1 ·,. clailll thal the c:·clones and anticYclones accomplished the needed transport of hcaL seems to
have been well accepted. Perhaps it was hard Lo den:v that norlh winds ""ere colder than south winds.
The conclusions which logically follow sho11ld ha,·c obviated some of the 111istaken reasoning which
occurred in many subsequent works. lf some of the reqnil'ed poleward heat transport is at.:t.:Orllpli�hed
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b�- contrasting currents al Lhe same level, the a1nounl of heal 1·e111n111111g to be tramporLcd by other
mcchanis111 s is les� than it would olhern·ise he. The meridional circulation will t.hereforc not b:· ibclf
Lransporl enough heat to satisfy Lhe balance requirements, and Lhc zonally avcrafrcd flow will nol h:·
itself be a solution of the d:·nan,ic equations. .'\ny aLLcmpt such as Obe1·beck's lo dele1·mine .i zonall)·
syrnmetric general circulation musL therefore, if correctly completed. disclose a meridional circulation
differing from i'he one acluall_v occurring in !he at.rnospherc. ,\n:,· altempl. to force the symrncLric ;;olulion
lo agree wiLl1 the atmosphere will fail: if it appears to sucteed, it ,,·ill do so onl :,· bccau�e of sonw unjustified
steps.
The other major contribution of Lhi;; pe1·iod concerning !he role of c,·clone� was made b:,· .JcITrc :,·s
(1926). Unlike any of his predccessor·s, .Jcffrc;-·s was concerned with the manner in which angular momen·
tum was conveyed fron, low Lo high latiludrs, rather Lhan Lhc 1nanner in which il was broughl clown
from high levels after being convc :,,cd lo high latitudes. He 110Led that in Lhe long run Q-momentum
need nol he considered, since its net L1·,rnsporL is propo1·t.ional to lhe nel nrns,- transport. Thus he ar
rived al Lhe conclusion Lhal the nel angular-momrntum transport \Y::lS proportional lo the produC'l of lhP
eastward and northward wind component�.
Assuming a zonall :-1 s;-·mrnetric flow with no nrcridional motion except within the low,�st kilonielre.
or the friction layer, he found that the amount of angular morncnlurn canicd northward across middle
latitudes was too small by a ral'tor of at .least 20 lo balance the angular rnorncntum transferred into the
Earth. He concluded that the bulk of lhe required transport 111usL be accomplished b;-· 1::ir�c-�calc eddies,
which he idenl ified a� CYclone�, and which he fell. should exLend Lo considerable heights.
There are c1'rLain difficulties with Jeffre;-·s's arguments. Because he regarded the winds as c�scnLiall:-·
geosLrophic except in Lhc fr·iclion la:,·cr, he did not consider the neces�ar:,· I'el urn now aloft, which i8
somewhat surprising, ,-ince he had carcf11llv us(;)d the principle of mass conlinuit_,. lo eli,11inale tlw need
for considering Q-momenlum. This point was cvcnLuallv straightened 0Ltt bY Douglas ll031), who noted
that if the needed relul'll flow took place al the level of the sL1·011g upper weste1·lies, it would transport
angular rnomenlu111 equalorward and lead lo even greater difliculties. Uc ob�cn·ed I haL a balance could
be achieved if thP return now occurred immediately above the friction la:-·er, with additional poleward
flow at high levels, in the mnnner proposed lw Ferrel and Thomson. However. he found no obs<>rvational
evidence for equatorward flow in Lhe lowest four kilometre�, and concluded that .Jeffreys was currecl 1n
deciding that the exchange of angular momentum was carried out by cunent� lying ,-idc by �ide .
.Jeffrey$ must he givc11 credit for firsl slating lhf' need for a horiwntal angular-n10menlum ti·an�port
and for correcth- identif.ving the mechanism through which it i� accomplished. Perhaps mctrorologi�ls
found .Jeffreys's notation somewhat unfan,iliar, bul if Lhe)· had simply turned lo the equations of motion and
written the expression for lhe rate of change ol' angular momenlum, they would have been forced lo
conclude LhaL there was either a direct meridional cell opcrat,ing across middle laL.iludes. 01· else a correlation
between Lhe eastward and northward wind components within laLitu<le circles. If the:,· had believed i11
an indirect cell in middle latilucles, as many of them did, the:-· would havr been ro1·ced to acccpl the
latter conclusion. As iL was. a generation had to pass before .lcffreys's ideas were grnerall:,· accepted .
. \nother aspect of the gencral-ci1·culation problem which received considerable attcntion was lhc
explanation for the vcr)· existence ol' departures [roll\ zonal symmctr:,·. The problem a� lo wh;-· cyclones
exi!'Sl is fundamental in cyclone theory, but with the realization thaL cveloncs pla:,•cd a role in the general
circulation it gained importance in general-circulation theor)' as well.
A number of writer� maintained Lhal a circulc1lion without c:-·cloncs was dynamicall:,· impossible.
Jeffreys believed that he had established the necessity for cyclones, and he i� often quoted as having
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shown that a symmetric cirrulalion is irnpo!<siblc. .\ctuallr, in addition Lo his 01111ss1on of the return
cm-rrnt aloft, his argument is based on the observed structure of Lhc friction la:vcr; at mosL he could
have shown I hat a syn1rnetric circulation cannot possess a friction layer like the one actually observed.
ShorLly thereafter another argument began to appear in the literalure. lt was pointed out that
zon.11l:,, uniform equnloi-wai-d or poleward n10Lion would be kincmatically possible, but Lhal no zonall:v
uniforn1 cai'twar<l 01· westward pressure gradient could accompan)' it. since the pressure could not possibly
rnr :,· in the sn rn c sense al all points of lhe same latitude circle. The argument was generally atlributed
lo Exner (1925).
IL is eas:,· Lo sec how such an argument might ha\·e arisen al a time when there was excessive reliance
upon the gcostrophic wind equal ion, since Lhei·e l:Cl'lainl)· can be no zonall)· uniform equatorward or
polewal'd geoslrophic wind. but it is s11,.prising that it should have been so frequenUy quoted as a proof
that zonall:,· s:,·mmelric rloll' is impossible. It is reminiseent of the remark made man)' �-cars earlier b ;v·
Dallon. Thcl'c is however one additional fealu1·c: Exner did not make the statement with which li e is
credited.
Exner like nrnn_\· othc,·s before him was interested in explaining the absence of the excessive uppcr
leYel wiuds which t·onservation of angular momentum would seem to l'equirc. He noted thaL turbulent
mixing ll'Ould be ouc means of t·cdueing the angular momentum aloft, but he fell that it would probabh·
be insunicicnt, and he maintained that it was much more likely Lhal easl-west pressure gradients would
develop and accomplish lhc same end. IIe observed that in this case the circulation could not be zonally
symmetric.
To �ay thal east-west pressure gradients arc needed Lo maintain the observed Oow is quite a clifTerent
thing from sa:,·ing that they must be prcscnl in au)· case. Exner did not lry Lo show that asymmetries
must exist. [[is importaut contribution was the identi11cation of east-west pressure gradients rather
than turbulent mixing as thP means b :,· which excessive upper-level winds are precluded; this contribution
has been generall:,' ovel'iooked as a result of the misinterprclation of his remarks.
In r-etrospcct, it i� hal'Cl Lo understand wh�- zonally symmetric flow should have been consi<lered
dvnamieall)· impossible. If one chooses an initial condition of complete zonal symmctr:,'. the timc
depe11clent solution which develops must remain zonall :, · �y1n111ctric. This is of course lruc only for an
idealized unifotm Earth, hul it was for :<uch an Earth I haL the a1·g11rnents had been giY cn. The initial
Yalue approach has become ramiliar with the advent of numerical weathe1· prediction: possibl)· it did
not often enter the d_\"liamieal thinking- or an carliei· crn.
An alternative school of thought maintained that a s)·m111etric general circulation n1ight be possible,
l>UL 11ml it would in some wa_v he unstable. and that C)'cloncs would develop. The proper formulation
of this idea de\·clopcd l'ron1 the work or \". Bjerkne,:; and his collaborators.
The earl�- work of this group was a nalu1·al outgl'Owth of the meteorological work of IIelmholLz.
Yea1's later, in discussing Lhi� work. Bjerknes (1933. p. 78/i) expressed his doubts that Ilel rn holtz actually
reirarded c_\·cloncs as Lhe disturbances which would form on unstable surfaces of discontinuity, but
acknowledged LhaL IIclmholtz's work was sullicicnt Lo guide his Lho11ghls in this direction. The e Yentual
idcn I ificalion b_\· .J. 13jerkncs (1919) of an observed cyclone as a wave on the polar fronla] surface is a
familiar chapter in meteorological hislor:·,\lthough much of the earlier work w..,� concerned with the e:-clone problem, Lhc conecpl or a cyclone
as a dis I urlrnnce growing upon a prc-cxisLing flow pattel'll ret1uired a considcrnlion of the pre-existing
paLLern its(•lf. Utimatch' it lrd to a close examination of the genen,I circulatio11 for its own sake.

THE PROCESSES WHICH MAINTA!i'I TllC CIIICUL.ATlO�

In one discussion of the general circulatiou, V.
deducing a zonall :,, symmetric circulation from pure
of theory and ohservation: it is shown in Figure 36.
unstable, and that cyclones should develop, leading
as shown schematically in Figure 37.

,5

Bjerknes (Hl2 I) noted the dilliculties irn·oh-cd in
theory, and based his picture upon a combination
He then noted that this circulation appeared to be
ultimate!" lo an uns:--•mmctric gr,neral circulation,

Bjerknes did noL apply an:--· �pecific test for stability, and his conclusion that the s:,;mmetric circu
lation was unstable may have been based upon his conviction that instability must he the ca11se of cyclones.
In any event, he had not yet disti11guished between the zonally averaged circulation and the syrnmelril'
circulation which would prevail in the absence of disturbances, as he was to do in a later paper.
Somewhat later, in a study of the development of fronts, Bergeron (Hl28) found it necessary to intro
duce a model of t.he general circulation, and he proposed a three-cell meridional circulation somewhat
similar to the one which Ferrel had introduced and subsequently discarded. It is �hown in Figure 38.
I t has been widely reproduced. and it seems to mark the beginning of the general acceptance of a three
cell pattern. The [act that it does not by itself satisfy the balance requircmeJ1ts is irrelevant, since
Bergeron regarded the superposed eddies as a further essential part of the circulation. The middle-latitude
indirect cell has since come to be known as the Ferrel cell.
Somewhat later J. Bjerknes presented a new scheme of the general eit·culation (V. Bjerknes cl al.,
1933). Ile first dese1·ibcd a zonally symmetric circulation which could satisfy the energy balance requirc
me11ts. However he rejected the idea that the actual circulation was symmetric, and proposed an unsym
mctric circulation, which is by 110 means a copy of Dove's of Bigelow's. Jn this circulation each particle
travels in a circuit with an equaLorward branch below and a poleward branch above, as i11 I J.adley's
theory, thus fulfilling the c11ergy halanee requirements, hut the circuit i� dilTerent al different longitudes.
As in the symmetric theories, the Coriolis force will Lend lo deflect the equatorward flow westward and
the poleward now eastward, but the pressure will build up between converging ddlected c11rl"ents and
prevent furthrr deflection. Thus, in agreement with Exner's ideas, air can continue lo now poleward
without acquiring excessive angular momentum.
Bjcrknc� did not describe the zonall�- averaged meridional motion, and wcnL so far as Lo sa.v that
it would he without interest, since it would merely be a statistical average which would be close to zero.
It i� to be noticed that his subtropical high pressure cells have a typical E);E-W�W orientation. Possibly
he had introduced this configuration simpl :--· as a result of careful obscrYation of lhc real atmo,;phcrc.
Neverthcless, such a pattern leads lo the positive correlation between eastwc1rd ..i nd nor-thward motion
which is needed for a polewa1·d transport of angular momentum, and it foreshadows some of the cont1·i
butions which Bjerknes was to make some years later.
The explanation fol" the existence of c�·clones which we believe lo he the correct one was provided
in a later paper by V. Bjerknes (L937). IJere he concluded that the circulation which would prevail in
the absence of departures froni zonal symmetry was csscntiallY I.he one given h�· Ferrel and Thomson,
with a la1·gc direct cell occupying most of either hemisphere, and a shallow indirect cell al low le,·el� in
middle latitudes. This circulation differ,; considerably from his earlier picture, which was based mainly
upon observations. I fe then maintained that this circulation was unstable with respect lo small zonall :,·
uns.vmmctric disturbances: hence the observed circulation would contain full :--· developed distur-bances,
which would assume the form of cyclones and ant.icycloncs. This remarkable µaper, published in his
seventy-fifth year, makes a fitting cu1mination to hi� contributions lo Lhis pl'Oblem.
The most difficult aspect of the general cir-culation problem is however neither the explanation of
Lhe e:xisl'ence of cyclones and oLher disturbances nor t.hc determination of their role, but the explanation
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l'igure 36. - A Rchemalic rrprescnt,\lion of ihl' zonall�· a,·e,·age,I l'i•·cul'llion according
lo Hj,•rknes (1921)

Fig111·r 37. - A sc:h('rnalic representation of Llir gen�ral ,·ir·rulntio11 of the almosphere
accnn!ing Lo BjHkncs (1921)
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Figu,·c 38. - ,\ schema Lie reprcsenlatio11 of I he
nrcridional circulation acconling to
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of why cyclones behave as they do, and particularly why the:,· transport angular momcnl11n1 a1td cnerg:'
as they do. Defa1tt's application of turbulence theory seemed to offer a partiril expl::inaLion for the heat
lransporl, although one ma:v Iegitimatel:· question whether turbulence thcor�· explains turbulence or
merely describes it. Following lhe contribution of Jeffre:,;s, it was natural to lr_v Lo e�plain the angular
momentum transport by turbulence theory also.
Tn discussing the work of Jcffre;-'s, Douglas ( 1931) noted that Dcfant's value of the Auslausch cocfftcie1tt
applied directly to the gradient of absolute angular momentum would yield a transport a hundred times
greater than that demanded b:· the balance rcquiremC"nL. He concluded that angula1· momentum did
not diffuse in any such simple manner.
IJis conclusion was not uniYersall:, heeded. The fact that turbulence theory appeared to yield the
right sign for the transport of angular momentum in most of the atmosphere encouraged workers to
pursue the maller, using a ;;mailer .\
- ustausch coefficient than mixing-length concepts would seem to
have dernanded. .\ 1 lhe time of Oberbeck's work it had appeared possible I o p1·e�ent a complete description
of the genernl circulation in mathematical form by solving the appropriate equations. \i\'ith the realization
lliat departures from zonal s�·mmelry played a "ignificant role, the possihilit)· seemed n1ore remote. �ow,
h:· represen I ing Lhe elf ects of c:·cloncs and other distlll'banccs through appropl'iate 1\ u,:;ta u,:;ch coefficien Is,
it might again be possible to work with a s;vst.em of equations with only latit11dc and elevation as ind('·
pe11dent variables.
vVe must therefore note that no matter how conservative absolute aJtgular momentum ma:, IJ<:.
classical turbulence will attempt. lo remove internal stresses by creating a stale o[ solid rotation, which
i t can do only by transporting angular momentum towards latitudes of lower angular velociL:· - not
towards latitudes of lower absolute angulal' momentum. For the most part a transport towards lowrr
angular velocit.,· is a transport towards a region of weaker westerlies or stronger eastel'lies. Angular
velocity is certainly not conservatiYc, yet the notion LhaL niixing should somehow lead to a uniform
distribution of some conservative quantiL:' is hal'CI to dispel.
The most extensive attempts Lo apply horizontal-mixing concepts lo the general circulation arc Lo
be round not in complete solutions of the equations but in the qualitative and semi-quantitative works
of Rossb :-·. In these works collectively we find him seeking the proper explanatioll: he explol'es one
possibilit :-·, and, when it proves Lo he untenable, he Lurn� lo another.
The idea or an upper-le,·cl poleward current across middle latitudes had b:' now ge1teralk been
abandoned. and one of the problems was lo explain the strength rather than the weakne�s of the uppet·
wesLerlies. In an earl:-· paper devoted lo the prohlcm, H.ossb:-,· ( I �)38a) proposed that the westerlies south
of the polar front (in the northern l1cmi:-;phcre) could be maintained through large-scale lateral mixi1tg
with the supposed! :-· stronger westerlies aboYe the frontal surface, i.e. by being dragged ahead. The
prese1tce of an upper-level westerl:· maximum as far south as 35 ° l\ was not �'et ircnerally recognized.
He assumed a surface rriclional drag proporLional lo the square of the wind speed, and a lateral drag
proportional Lo the square of the horizontal wind shear, and after introducing other simplifications was
able Lo represent Lhe 111otion in middle latitudes by analytic functions. In his solution Lhc wcstcl'lies
decreased exponcn tial I:· with distance �ou I h of the polar front.
Howe,·er his solution did not extend north of thr polar front. In view of the proxirnit:,; of the polar
regions lo the Earth'� axis, it is difficult to sec how an:· �urface eas.terl:· winds there could be strong
enough to suppl:-· throLtgh friction the angular mon1e11Lu111 which in turn was supposed to he supplied lo
middle lalitudes through m1x1ng.
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Tn his besl-known Lrcatmcnl of the general circulalion, \\'hich was addressed lo a much wider audience
than the meteorological world, Rossbv ( 19/iJ) mod ificd lhe ideas of his earlier paper by supposing lhat
the westerlies south of the polar front were mainlained b.v mixing with lhe westerlies farther southward
as well as farther northward. Thus he visualized a circulation where the necessary lransports of angular
momentum were accomplished b�· large-scale eddies, i11 lhe rnamrnr proposed by .leffre)'S, b11t he went
beyond Jeffreys in relating the transport� Lo mixing concepts.
i':ot being content with a mere description, he preceded his discussion of mixing by attempting the
<lifTicult task of qua'lilativelr deducing the zonally symmetric circulation which w
· ould ,levelop from
a hypothetical initial slate of meridional motion onl�·. He showed that something more complicated
lhan a single direct cell should develop, but his choice of a three-cell pallern seems Lo have been guided
by observations, whereas, as we have noted, lhe meridional circulation to be expected in the absence of
disturbances may not contain three cells at all. The difficulty in following his reasoning at this point
has undoubtedly caused many readers Lo OYerlook his contribu1ions concerning the role of the eddies.
Still, Tiossby could not reeoncilr the tra nsporl of angular rnomen Lum from low to middle latitudes,
and supposedly from weaker t.o stronger westerlies, with the ideas of large-scale diffusion. Thus he was
ultimately led (1947) to explore the po�sibility that large-scale laler<1l 111i.xing is characterized by a transfer
of vorticity toward latitudes of lower ab�olulc vorticity, alLhough he carefully noted that small-scale
mixing would not have this effect. Speeificall:v, he po�ed the question as to what distribution of zonal
motion should develop in a thin spherical shell under the influence of lr1ter.:il mixing. Under the assumption
thal vorticity would he transferred from a reservoir of positive vorticity in high latitudes in the northern
hemisphere lo a similar reservoir of negat ivc vorticity in the southern hemisphet'c, he obtained a Pole
to-Pole profile of westerly wind speed which bore a fair resemblance to the observed upper-level winds
in the Earth's atmosphere, with easterlies in the equatorial region� and a westerly ma:s:imum in middle
latitudes in either hemisphere.
Yet the mechanism for the maintenance of this profile can hardly be equated lo the mechanism
prevailing on Earth, for although the needed source and sink of vorticit�· ma),' be present in the surface
frictional drag o[ the polar anticyclones, there should be at lea$L equally intense sources and sinks in
the sub-polar cyclonic cells and the subtropical anticyclones. ultimately, Rossby nnd some of his collabo
rators were led to the conclusion that some process 111ore complicated than classical turbulence must
be present.

Fulfilment of the balance requirements

The modern era in the study of the general circulation begins with the proposals hy Starr (1948),
Bjerknes (1948), and Priestley (1949) that routine upper-level observations should now be plentiful and
accurate enough for direct evaluation of tl1c transport of angular momentum. Such computations might
settle the question of the l'elati· ve importance of the eddies and the meridional circulations. [L must be
T
noted that thr ideas which JcJ reys (1926) had presented �orne twenty years earlier had become fairly well
known but were by no means universally accepted. Starr and Bjerknes both expressed the opinion that
the angular-momentum transporl across middle latitudes would prove to be accomplished mainly by the
eddies, as Jeffreys had maintained.
Starr observed that the required northward transport could be produced by troughs and ridges
with a general NE-S\V orientation. As Bjerknes also noted, elongated qua�i-elliptical antic_vclones with
llieir major axes oriented WSW-ET\E could produce the sallle effecl in lower Jatitu<les. Priestley also
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considered the transports of water and sensible heat, and illustrated his proposal v.�th computations from
two years of upper-level data at Larkhill, England. A few words about single-slation computations
are in order.
We have noted that the field of northward motion may be resolved into a meridional circulation or
meridional cells and superposed eddies, and that the meridional cells may be resolved into standing or
time-averaged meridioual cells and superposed transient or instantaneous mer·idional cells, while the
eddies may be resolved into standing eddies, which appear on time-averaged maps, and superposed
transient or migratory eddies. The resolution is given by
IJ=

[-] + [ ]' + -. + .,
IJ

IJ

IJ

"

(91)

,

which follows from (80). The long-term northward transport of any quantity
into the amounts accomplished by the separate components of "; thus

X

may then be resolved

(92)

For brevity we may refer to the separate modes of transport as the standing-cell transport, transient
cell transport, standing-eddy transport, and transient-eddy transport.
Any long-term poleward mass flow past a single station will carry angular momentum, water, and
energy with it, and thereby contribute to the poleward transports of these quantities, but this contribution
will be largely cancelled by the necessary long-term equatorward mass 0ow at some other station. The
observations at the first sLaLion alone cannot reveal the extent to which it is cancelled. Thus, as Prieslley
noted, the standing-eddy transport cannot be estimated from data at one station only.
Priestley recombined the terms in (92) representing the transient-eddy transports; Lhus
(93)
He estimated the final Lenn in (9 3), which he regarded as the transport by the transient eddies, by assuming
the covariances .Y'"' to be independent of longitude. He also estimated the standing-cell transport by
assuming the departure of [v] from its vertical average to be independent of longitude. lie concluded
that both the meridional circulation and the eddies were important in eITecting the required transporls.
He furthermore found no indication that the eddy transports were in agrecmenl wiLh mixing-length
concepts.
Priestley's main objeclive in performing the computations with data from one station was to demon·
strate the feasibility of global computations, rather than to obLain definitive measurements. �fore recent
studies have shown that the statistical properties of the transient eddies vary considerably with longitude.
Nevertheless, Priestley's results are sufficient to indicate that the eddies may play an important role.
The first transport computations extending around the globe were performed by Widger (1949),
who used data for the single month of January 1946. At that lime upper-level wind coverage was still
not plentiful, and V\1idger used geostrophically estimated wind components, obtained from analysed
sea-level, 700-mb, and 500-rnb northern-hemisphere maps, at the intersections o( standard latitudes and
longitudes. This procedure automatically eliminates the transport by the meridional cells, which arc
entirely non-geostrophic. Widger obtained angular-rnomenlum transports of the proper sign and order
of magnitude lo satisfy the balance requirements, with the major contribution coming from the 500-mb
observations.
1--lernisphe,.ic computations extending through the depth o{ the troposphere were first carried out
by l\Iintz (1951), who used gcostropbic-wind data for January 1949 extending up to 100 mb. Analysed
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maps above 300 mb were still a ra1·i1y, and Mintz's co111putations had to he preceded by a painstaking
analysis of a series of upper-level maps. ,ri11tz found that the angular-momentum transport occurring
near the tropopause far outweighed the transport belo\'v 500 mb, with the jet stream apparently pla:-·ing
a major role.
Still, the results were not entire I ;-· convincing. The corn puted correlaLions between 11, and v were
rather low, generallv between
0.1 and
0.2, and small but systematic departures from the gcostrophic
wind might conceivabl ;-· have reduced them to zero. The results were especially unconvincing to those
who held to mixing-length concepts, since south of the weslerh--wind maximum the transport was toward
stronger westerlies. In any event there were no direct computations of the ceU transport for comparison.

+

+

Convincing eYidcncc of the importance of large-scale eddies in the angula1:-ino111entu111 balance was
ftnally provided by Starr and White (1951). who used observed winds at a chain of sixteen stations extending
around the globe in the viciniL�· of 30° 1\. They found a large poleward transport b)' the eddies, and such
a small transport b;-r the meridional circulation that even its sign was in doubl.
�leanwhile lhe eddies were proving lo be imporLant in the transports of other quant1t1es. Since
DefanL's famous papcl' it had been generally accepted that the eddies could transpo1·t. heat, but WliiLe
(195l) found that gcostrophicall ;-' measured sensible-heat transports agreed well with the balance require
ment�. Benton and E:stoque (1954) performed a detailed study of the flux of water vapour over l\orth
America and the adjacent oceans, and found thal the hemispheric edcl )' transport of water vapour, as
estimated from thi� quadrant, was snfficient Lo satisfr Lhe balance requirements at these latitudes.
Subsequently ::;tarr and While extended their computations to chains of stations al other latitudes,
a11d finall:- · ('1954) combined these compulations, along with similar ones for the transports of water and
sensible heat, into a complete hemispheric study. \•\T ith their computation procedure it was feasible Lo
distinguish between the transient meridional circulation and the transient eddies, but not between the
standing eddies and the transient eddies; thus their forn, of ef]uation (92) was
[Xv]= [X] [YJ

+ [X]' [I,]'+

[X* "*J.

(94)

Virtuall:, all the Lransport of angular momentum pl'ovcd to be accomplished b;-' the eddies. except at
lhe southernmost latitude, .13° N, where lhe meridional circulation also gave an important contribution.
\\'ith the irnpoetancc or the large-scale eddies firmly established, the primar;-· purpose of subsequent
transport compulations became the c.leterminaLion of 11,ore appropriate numerical values. The most
extensive collection of these computations appears in the works of the Planetar�' Circulalions Project
( formerly the General Circula1 ion Project) at the :\'lassachusells 1nst itute of Technolog ;-·, which l,as
been continuall ;-· directed by \'. P. Starr. Sorne or the earlier works of this project have alread�· been
mentioned (\iVidger J9Li9, White 1951, SLarr and White 1!)5.1, 1.95/i). The author considers himsclr fortunate
lo have been associated with this project since its inception in 19/48, and is pleased to take this oppor1 unit�· to present its most recent estimates of the various transports.
In the newer computations the transports ha,·e been e,·aluated b�· a unifor111 procedure first used
by Huch (1954) in the stud_,· mentioned in Chapter TTT. ln this stud ;-· Buch used all available upper
wind data for the :,car 1950, at a network of 8'1. stations o,·er the northern hemisphere. Fol' each or these
staliom, at each of the six pressure le,·cls 850, 700, 500, 300, 200, anti 100 mb, he eYalualcd the
statistics ii. i,, and u'v', the time-averaging being ro1· the whole ;-·ear. He also evaluated ii and i, separately
for the summer and winter halves of the ;-·c;:i,._ and computed certain other statistie�, including standard
deviations of u and fJ.

THE PHOCESSES WHICH ,\JAl;-.;TAJ.-; TIIE CIHCULATIOX

81

lie Lhen construcLcd a map of each statistic for each level, by recorJing the computed statistics
on the map and drawing i!Sopleths. From the anal�·sed maps he interpolated the values of lhe statistics
al the intersections of standard parallels and meridians, and then summed over longitude to obtain
estimates of [ii], [P], and [--;-;,;;'], and hence the separate terms in equaLion (93), the form used b�· Priestlc�-
He then multiplied the terms b_v the appropriate latitude factor to obtain his estimates of the angular
momen I urn Lransporl h:" Lhe meridional cells, standing eddies. and transient eddies.
The map analyses were necessaril�- subjective. vVith an average of onl:,· one sLation per three 111illion
square kilornelres. there were some large continuous regions wiLh 110 daLa at all. Only pilot-balloon
observations were available between 60° E and 1J0 ° E, and the 200-mb and 100-rnb maps could not be
anal�·sed in that sector. In fact. Buch regarded his procedure as experimental. Since that time upper
level wind rneasuremcnls have become routine al many 111ore stations, an<l it would be possible toda_v
lo perform a �imilar study with several hundred stations, although some large areas with scant�· data
still remain.
A similar slud:,· for the soulhe1'11 hemisphere u�ing H)50 data would have been out of Lhe question,
but with the inauguration of the .International Geophysical Year a reasonable number of slaLions became
established. Using all Lhe available uppel' -wind data for the :,·ear !!)58 aL a network of l/i5 stations,
Obasi ( 1.963) applied the computational procedure used by Buc-h lo the southern hemisphere.
Figure 39 <.:ornpares I he annual mean northwal'd transporL of angular rnomenlt11n, as computed b :,,
13uch and Obasi, with Lhe balance requirement as shown in Figu1·e 23. In view of the various approxi
n,alions involved in both curves. the agreen1ent is remarkable. The fcasibilit�, of computing angular
momenturn tra nsportf- direetly would appear to have been est.abi isheel.
Figure 40 compares the annual 111ean edd :,' LransporL of angula1· momentum with Lhe meridional
cell transporl. The genernl predominance of the eddies is eYident: the computed eddy transport alone
fulfils the estimated balance requirement as closely as does the total cornpuLed transport. TL is graLil'ying
to find thal Lhe computed cell Lransport conforms to the three-cell paLLcrn in each hemisphere, but beyond
this result very liLLle reliance can be placed in the estimated value�. The daLa arc simpl)" not adequate
to gi,·<i a reliable picture of the meridional circulation.
Obasi determined Lhe tl'ansports separately for each season; Lbe average of these is shown. Buch
eornpuLed Lhe LransporLs only for the whole year, but fro111 summer and \\'inter values of [ii.] and [P] we
have determined the cell tr· anspoet for each season, and have shown the average of these. Without Lhis
modification the I ladley cell, whose position shifts with the seasons, would appear n1ainl�- as a transient
meridional circulation, and the computation procedure would include the transport which it accomplishes
as part or the tran�ient-edd�- I ransport.
Figure fi.l shows the vertical distribution of Lhe horizontal eddy transport or angular 111omenlum.
The most conspicuous feature is Lhe extreme concentration near :200 mb and 30 ° latitude in either hemi
sphere. suggesting the great importance of the jet streams in mainLaining the balance of angular momen
tum. :\early hair of I he Lota! transport occurs within a 200-mb la�·cr. Both Buch and Ohasi also determined
the Lrnnsienl-edd:-,- and standi11g-ctld? Lra □sports sepa1·aLei :,·. [n the northern hemisphere the latter
also shows a 1.:oncentration near the region of maximum westerlies, and accounts for about twcnt�· per
cenL of the loLal edcl�· transport. In Lhe southern hemisphere, where geographical influences tend to
he less pronounced, the standing-edd�- transport is weaker and less regular]�, distributed.
Compa1·ing Figure 41 with Figure� 1-8, we see that throughout approximatel�· half Lhe almosphern
- Lhe tropics and 1 he lower te111peral.c latitude$
the edd:· transport of angular 111omentum is directed
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toward latitudes of higher angular velocit:,·. The weaker equatorward transport in the polar region is
also countergradient. This is pr1icisely opposite to whaL would be predicted bY ordinar :,· mixing-length
theory. To obtain the right result, one would have to assume a negative eddy viscosity. Yet choosing
a negative coefficient of viscosity ror Lhe entire atmosphere would not yield much improvement, since
in the temperate latitudes Lhe transport is directed toward latitudes of lower angular velocit:,·. \Ve must
conclude that we are dealing with a phenomenon quite different from classical turbulence.
The water balance has been investigated by the same procedure. The computations wei·e first carried
out by Peixoto (1958) with the 1950 data, and the procedure was subsequenLly repeated b:,, Peixoto and
C1,isi (1.965) with the vastly more complete data fo1· 1958, when 321 stations were available. VeI"y recently,
in a study not yet published, Peixoto has extended the computatiom to include the southern hemisphere.
Fig. 42 compares the computed northward transport with the balance requirements as shown in Figure 21.
A.gain 1he agreement is remarkably good at most latitudes.
Figure 43 compal'es the transie11t-eddy transport of watcl' with the cell transport. As in the case
or angulal' momentum, the trausient ed<lies predominate in middle latitudes, hut in the tl'opics the
situation is quite different. Actually Peixoto and Crisi did not separate the standing-edd:-,· transport from
the cell transport, but the stron!! equalorward transport in Lhc tropics appears to be due to the Hadle�·
cell, whose lower branch is concent'raled near the surface where the water ,·apour content is high. fo
fact, the entire curve is consistent with a three-cell pallern.
Figure tjtj Rhows the vertical dist1·ibution or the horizontal transient-eddy transport of water . . \
notable feature is the appreciable transport at 700 mb. despite the concentration of water vapour closer
to the surface. Contrary to the case of angular momentum, no countergradienl flow is evident.
Jn considering the energ:,· hahince we should note thal only the 111eridional circulation can transport
potential energy, since the latter varies onl�- with elevation. The Jirect tl'anspol't of kinetic energy b:,
either the meridional circulation or the eddies appears to be rather small. The transport of latent energy
1s proportional lo the watei· Lransport. There remain� the transport or sensible heat.
Peixoto (1060) has evaluated lhe eddy sensible-heal transport, again using the data for [950. lie
did not compute the cell transport of either sensible heat or potential energy, since the data wel'e quite
inadequate for direcll :,· evaluating the rne1·idional circulation.
It is ue,·ertheless possible to estimate the long-term meridional circulation hy an indirect procedure,
which we shall pre�ently describe, wh·ich makes use of previousk determined values of the eddy transport
of angular momentum. \•Ve have carried out the procedure, using Buch's transport values as shown in
Figure 41, to estimate the meridional circulation (shown in Figure 50). \Ve have then computed the
transports o( sensible heat a ncl potential energ�· accomplished h_v this meridional circulation, using
Peixoto's temperatures.
For the latter computations 1l is convenient to use the stream function 'J/ for the mass flow. With
the aid of (82) we find that the transport of an�· 4ua11tity .Y b�• the meridional circulation is given approxi
mately by

j 02na cos <p
l'o

(I

j' .\']
Jlo

1

[X: [v} g- 1 dp =

rJ'J// Jp dp.

(95)

II

To cope with the difficut:,1 which arises because potential energr becomes infinite at the Lop of the
atmosphere, we note that
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l>o

;·[gz] (Jlf'/Jp) dp =j·[RT] (lf'/p) dp.
u

(96)

0

\¥e have assumed for computation that 'P/p remains constant above 100 mb, as it would if the northward
velocity above 100 mb were uniform.
Figure 45 compares the computed total transport of sensible heat and potential energy with the
balance requirement, as shown in Figure 29, while Figure !�6 compares the eddy transport of sensible
heat with the cell transport of sensible heal plus potential energy. Peixoto computed the standing-eddy
transport for winter only; in preparing the figure we have assumed the standing-eddy transport in summer
to he half as large. The meridional circulation could not be evaluated south of 10° :-1, hut we have assumed
that the Hadley cell terminates al 2° N, where Peixoto found the water transport by the cell Lo vanish.
The transport of water across 10 ° N by our meridional circulation, incidentally, agrees very closely with
Pcixoto's value.
As in the case of the wate1· transpo1·t, the eddies dominate in high latitudes while the Hadley cell
dominates in the tropics. Although the curves in Figure 45 have certain features in common, the general
agreement is no better than fair. Certainly one ;vear of data with less than LOO stations is inadequate
for transport measurements. Nevertheless, the task of determining heat exchanges between the atmo
sphere and the Earth is a difficult one, and the major discrepancy near 30 ° N might also be due to in
adequate estimation of the balance requirement.
Figure 47 shows the vertical distribution of the horizontal eddy transport of sensible heat. In addi
tion to the pronounced concentration near the surface, there is a secondary maximum in the upper
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troposphere, i\n outstanding fealurc is the countcrgradient Oux throughout· middle latitudes in the
lower stratosphere, previously detected h�- \Vhite ( 195r.) from geosLrophic computations. The1·e is also
a decided co11ntcrgradien l flux in the Lropi"� i1 1 the middle trnpospherc. These lluxes a1·e further indications
of the inadcquac�· of mixing-length concepts in esplaining the transpm·l processes. \Ve are led to ask
whether it is simplr coincidence that turbulence theor�· yiclds the proper sign for the sensible-heat teansporL
as often as it does.
l"nlike some of tllf' ca.rlier studies, the one� we have just described make no use of geostrophica.lly
estimated winds. 111 this respect I.hey haYc the obvious advantage of not tlepending upon an approxi
mation wl1ich, while ratl1er good on a poi1 1 t-by-poinL basis, could yet lead lo svstemalic errors in Lhe
conelation of v with u, T, or q. �cverthclcss, obsel'vetl-wind slL1die� seem to be more se1·iously affected
by missing data than geo�trophic-wincl studies. At nearly eYCr)' station some observations are missing
at higher leYels. As noted in the previous chapter, one of the principal reasons for missing upper-level
reports is strong winds, which carr_, . the balloon beyond the range or the observing instrument. Thus
most collectiom of uppel'-levcl oLsrn·ed-wind data al'c biased in favour of l'ighl wiuds.
This bias affects the computed lransports of ang11lnr momcnlurn most seriously, since the 1nissing
observation� arc likely Lo possess extreme values o[ u, the transported lfllantit�·, as well as 11. Reccntl�
Priestlcy and Troup (WG4) invesl.igatcd the effect ol' this bias h�• evaluating�- at a few stations where
there were virt.ually 1 1 0 missing ohscrv111 ions, and then determining holl' these value:; would have been
allered if a few observation!- with the strongest winds had been missing. Thcr l'ounJ that omission of
even Len per 1:cnt of 1 he observations could drastically alter the corn puled value of�'. and perhaps
even reverse Lhe sign. Their stud :,: incidentall�- l'eveals the impor·lance of the jel str·eam in accomplishing
the neccssar�· traMpo1·L
\·\'e shall therefol'e compa1·r the compuLcd Lran�ports of angula1· rnorncnlum with those of olhcr
inYcstigal ions which 111ay be less subject to the light-wind bias. The study using the largest sample of
Jal.a is the re<'cnl. unc b:,· IIolopaincn ( HJ6G); it is again based upon the charts compiled by Crutcher
(l95D). As we have noted, these chai·ts include maps or ii, and i, and the standard deviations of u and v
al six levels; the�· also inclutle maps of the co1Telatio1 1 bct"·een 1i and p. Ft·om the correlations, u' v '
and hence the transient-cdd :,.,· transport of angular n10111c1 1 Lum may be computed, ,vhilc the standing
eddy Lr:rn�port ma:,· be determined from the inaps of 11 and ii.
Figure r.8 shows the edd�·-1ransport of' angular mo1nentuni as determined by llolopaincn; it is Lo
be ro111 parcd with Pigurc 'll showing Bucl1's values. There is rather good agreement; the principal
difference is that l lolopai11en's extren 1 c values arc noticeabh- farLher north.
Cl'uLchcr's charLs we,·e lJasecl upon observed winds wherevcl' Lhese were plentirul, and gradient winds
where obscrvaLions wcrr scarer. On this account the,v 1na>· be �ubjecl Lo a light-wind bias, but to a lesser
extent lhan Buch's. The compu ta Lions which are leasL subject to the light-wi 11d hias are those of \IinLz
. sl1 ows Mintz's results;
(J955). in which all the wirr<ls have been geoslrophically estimated. Figure r9
the data arc for two winter and two summer months in 19/i9. ,\gain there is good qualitative agreement.
Asi.Jc from the noticeabl�- lai·gcr· l'alues, Lhe cl1ief feature is Lhe absence of the 1 11ucli weaker transport al
100 mb than at 200 mb which appeared in the other studics. It is difficult to say whether this discrepanc.v
results from the light-wind bia:-, which should be grcaLest at highest levels, from the use of the geo
slrophic-wind approximation an<l the ina<lcquacy ol' the j9fL9 data, or simph- because the sLudics used
data from different year�.
The principal discrepanc!· between Lhe eslimatcd transports and the estimated balance rcquiremcnLs
Qcc111·s i1 1 the case of tltc energy balance (sec Figure 45). �l intz (195::i) ohLaincd a curve for tl 1 e eddy
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Lransport of sensible heat looking very much like Peixoto's, but generally 20 per cent higher; iL indicates
a Lransport of 10 X 10 14 rather than 8 X 1014 watts across 30° N. Starr and 'White (195/i) obtained a
value of 12 X 1 Q t4. wat ls. Likewise, tl1e l ladlc:,· circulation deduced by Holopainen ('l966) from the
moment um transports shown in Figure li8 extends somewhat north of 30° N', and yields a transport of
+3 X 'l0 14 rather than -2 X 10 14 watts. Saltzmau et al. (1961) have estimated the direct transport
or kinetic energy on the basis of 500-mb data only; it appears sufficient. to add 1 x 10 14 walls, and
possibl)· more if the actual transport is concentrated near the ·1ropopause. Nevertheless, it seems likely
that the balance requirement of 22 X 10 14 walls may have been overestimated; if the radiation balance
and Lhe water balance have been correcLh· estimated, a larger amount of energy would then he left to
be Lranspol'led b)· the oceans. Much closer agreement than indicated in Figure 115 has also been ohLained
by I [olopainen (1965) and Palrnen and Xewton ( I !)67).
The general agreement among mo:;t o[ the computed values is encournging, hut quantitatively we
cannot regard Lhc present pictures of the angulat'-momenturn, water, and energy balances as Lhe final
word. \Vhe11 more clenscl:-,, dist,·ibutccl and mol'e complete data finally become available, some of our
e�timates ma�· bP. altered by as much a,; fifty per cent.

The vertical transports

The foregoing computations show that throughout middle and higher latitudes the required horizontal
transports of angular momentum, water. and energ�, are accomplished mainly by Jm-ge-scale eddies the s�1 stem:; which were missing in the earl�- theories of Lhe general circulation. Only in the Lropics does
the meridional circulation play a dominant role. There remains the question of the vertical transports.
In 1his respect Lhe meridional circulation assumes a11 :'lddcd importance.
The balance of angular momentum presents the most straightforward problem. Although the
atmosphern gi:iins or loses angular momentum only through direct contact wilh the g1·ound, the horizontal
transport needed Lo balance Lhe exchange with Lhe ground Lakes place mainly in the upper troposphere.
There must therefore he a vertical transport of angular mornentum ·within the atmosphere across inler
rnediate cleva1ions. This transport would appear to be upward in the tropics and downward in middle
latitudes, wilh a slight upward flow again in the polar regions.
Here a wOt'd of caution is necessar:·· Angula,· momentum, as we have noted, may be expressed as
U1e sun, of Q-rnomentum and relati,·e momentum. In evaluating the total horizontal Lransport, we may
disrf:'gard Q-mornentum. If. however. either the vertical transport or the vertical variation of Lhe hori
zontal transporl is of interest, Q-momentum cannot be disregarded when even a ,veak meridional circulation
1s present.
Consi<lcr, for example, a tlircct Jladley cell confined between the Equator and 30 ° N. Such a celJ
would Lransport no 111omcntum aceoss 30 ° ;\ and would therefore not alter the need for an upward trans
port within Lhe tropics. However, because Q-mornenturn per uniL mass decreases with increasing latitude,
Lhc vertical motion would ca1·1·y a larger amount of Q-momcnlum upward between Lhe Equator and 15° �
than downward between 15 ° 1\' and 30° l\'. A cell of sufficient strength could therefore accomplish the
required total upward transporL. At the same Lime the horizontal motion would carry an intermediate
amounl of Q-momentum northward across 15° :'\ above 500 mb, and a similar amount southward across
J 5° ]\ below 500 mb. The net eITeet would therefore he an increase of angula1· rnomenl urn above 500 rnb,
and a decrease below 500 mb, at all latiLudes within the cell. EffecLively, then, the cell would carry
absolute angular mornen Lu 111 upward at all laLi Lucles. By such means, a clirect cell could accomplish
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a large part of the needed vertical transport at each latitude in the tropics. Likewise an indirect cell
could serve a similar purpo�e in middle latitudes. The middle-latitude cell could be weaker, since the
poleward gradien I. of Q-mornentum is greater there. Such cells would of course can·�, rclati,·c angular
momentum at the same time.
The direct computation of vertical transport b�- the eddies, using observed vertical velocitie>', is
impossible because vertical velocities are not observed on a global scale, even if we accept the vertica'I
velocity deduced through the equation of continuity from the horizontal divergence as being observed.
Estimates of the vertical velocity field are therefore necessarily indirect, and arc based upon observations
of the more readily observed non-divergent horizontal velocities and temperatures.
Three methods of deducing the vertical velocity are feasible. First there is the "adiabatic" method,
hai;ed upon the thcrmod:vnamic equation. Here the field of potential temperature is assumed lo be altered
only by horizontal and vertical advection. The fields of horizontal advcction and local change :.u·e observed,
and the vertical velocity needed to achieve a balance is deduced. The procedure can be modified by
introducing sources and sinks of heat, if these are known.
A somewhat analogous procedure is based upon the vorticit:· equation, frequcnlly a simpliucd form
such as (64). Again the fields of horizontal advection and local change arc evaluated, and the verlical
motion needed to make the remaining terms balance is dcduced.
A third method uses the w-equation, generally in a simplified form such as (73). !'\o local changes
.need be evaluated, but the Lempe1·atm·e advection and vorticity advcction are both measured. These
by themselves would destroy the previously existing geostrophic equilibrium. The vertical motion field
and its accompanying field of horizontal divergence are assumed to be those needed to maintain gcostrophic
equilibrium by compensating for the effects of horizontal advection.
Using the field of vertical motion deduced by any one of these methods, it is possi hie t.o compute
the vertical transport of angular momentum as a function of latitude and elevation. J t is well Lo ask
at this point what could be accomplished b:v such a computation.
\Ve have noted that our direct estimates of the exchange of angular momentum between the al mo
sphere and the Earth arc rather crnde in view of our uncertaint)' concerning the ·1aws of sUl'facc friction
and our general failure to incorporate the clTects of mountain ranges. Our estimates of the balance
requirement is thus correspondingly uncertain. DirecL measurement of the ho1·izontal transport has
eliminated some of this uncertainty. Tn addition to obtaining the intellectual satisfaction of having
deduced a result by an independent method, we can place furlher confidence in the assumed numerical
values of the surface torque.
The situation concerning the computed vertical transport is different. The deduced fields of vertical
motion arc al best extremely unce1·tain as compared to the observed fields of horizontal motion. Neglect
of the effects of healing or friction will lead to incorrccLJy deduced vertical velocities. Addi'lional errors
can arise because the time derivatives are not well approximated by the observed 12-hour or 24-hour
changes. Although it would be gratif:v ing if the computed vertical transport should be compatible with
the horizon ta I transport, it must be recognized that any disagrcemen t would undouhledly be attribu Led
lo inadequacy of the deduced vertical motions, and the vertical transport needed to balance the computed
horizontal transport would still be regarded as a better estimate.
Moreover, the satisfaction of having obtained the result h:v independent means would be less certain,
since in any event the result would not be deduced from independent data; the data used to estimate
the vertical motions are the same as those used to compute the horizontal transports. lt is even possible
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to estimate the v..:rlical motion b�· a procedure based on the vorticit:, equation which will automatically
req11ire the computed vertical transports lo ag1'cc with the <'Ornputed horizonlal I 1·an�porls.
\·Vhat the compulcd vertical tr. aJJSport may indicate is the relative importance of the eddies and llte
meridional circulation. \Ye mention a recent stud�· b�• Stan and Dickittf'On ( l9G4). Here the vertical
motions were evaluated b�, the adiabatic 1nelhod, so LhaL there wa!i no a prior,: reason wh_,. the �,omputeJ
vertical transport of momentum would have to agree with the prcviou!-ly co111puted horizonlal transpm·l.
Their results indicated t.hal the eddie� werr rather ineffcclivc in transporting momentum vcrl ieally,
implying that lhe needed vertical transport must be accomplished mainly b:, Lhe cells.
Palmen and l\cwton (1D(i7), on the other hand, have eval11ated 1he vertical transport of angular
momentum b :,, the cells frorr1 the observed meridional circulation in the nortlwrn hernisphei·e · in winter,
as shown in Figure 18. They have then estimu Led the vertical transport by the eddies as a residual Lerm.
,\gain, the major portion or the vertical transport is accornplishe<l by the cells. There appea,·s to be a
small downward edd:v transport in tropical and middle latitudes. As Palmcn and .'\ewlon point out,
there is no way Lo determine from these corn p11lations what porl ion ol' the eddy Lransport is accomplished
by cyclone-seale rdclies, and wha l portion is accomplished bY motions or much smaller scale.
The vertical transport of water 1·equircs other considerations. Since the water which relul'lls tn
the Earth as precipitation falls from some intermediate eleYaLton. rather than being transported to the
ground by the motion of lhe atmosphere, there must be a nel upward transport or wnter withi11 the
atmosphere as a whole.
The principal point to observe i� thal there is considerable precipitation even in those latitudes where
evaporation exceeds prccipitntion, and except close to the Poles there is eon�iderable evapora1ion even
in those latitudes wl1ere precipitation exceeds evaporation. At each latitude the water entering the
atmosphere h:· evaporation must be transported upward Lo the levels from which precipita I ion l'al Is,
unless it is removed by a �trong divergence of horizontal transport in the lower la:·rrs. In the la Ltcr
even! there must be a strong convergence of horizonLal transpo1·t a'loft Lo supply lhc water which falls
as prec1p1tation. It does not appear thal the meridional circulation can bring about this conve1-gencc,
since Lhe lower branches of the cells seem to be concentrated below the levels from which precipitation
falls, while the upper branches occu1· above most of the water. Hefcrence lo Figure !iii reveals no con·
vergencc of eddy transport above a region of divergence, or above a region where the transport by the
meridional ci!'cululion may be expected Lo diverge.
\Ve arc forced lo conclude lhal there is an upward tmnsport of water al all latitudes. This may be
accomplished by the l ladley cells in the tropics, and possibly by i11direcl cells at higher latitudes, but
between 20 ° :\" and 4O° N, where the cell motion is do,vnward. the upward transport must be accomplished
b.,· the eddies.
This edd:· Lranspor1· could be accomplished either b_v c:·clones and anticyclones or by cumuliform
convection, since in either t:·re of s:·slern iL is the moisl air which ri�es and the cir:· air which sinks. With
a knowledge of the levels from which the precipil'ation [alls, we could deduce l'he vertical transport or
water as a function of latitude and elevation.
The vertical transporl or total energy presents further complications because o[ the presence of both
sources and sinks al various levels in the atmosphere. Palmen and i'\ewton haYe estimated the YerLieal
transport of sensible heat across I he 5OO-rnh sudace b�- a procedUl·e similar Lo the one by which they esti
mated the vertical transport of angular mo1nentum. Using the Jistribution of radiative heat sources
and sinks as given b.,· London ( I 057), the horizontal eel dy-transports of sensible heat determined by
Mintz ('1955) and the meridional circulation of Palmen and Vuorela (L963), and partitioning the total
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release of latent heat into the portions aho,·e and below 500 mb by a procedure based upon a consideration
of moist-adiabatic ascent of Hir, the:· have ohtained the vel'tical edd:·-transporl as a residual term. They
f1nd an upward transport in lower and middle lat.itudcs which appears Lo be nJOre important than the
transport b:· the meridional circulation. Again, there is no indication as to the scale of the eddies, b11t
they note Lhal, particularly i11 the tropics, cu1nulifor111 convection 1na:· he of tnajor in1porlance.
An alternative method of partitioning the total release of latent heat, based upon cloud observations,
has been used by DaYis (1!)63), who finds much smaller amounts released above 500 mb. His results
would imply even larger upward eddy-lransporls of �ensible heat.
Consequences of the transport processes
The eddy Lra11sports of angular momentum and sensible heat are the missing e'lernenls in the early
theories of the general circulation. From the point of view of the zonally averaged circulation, the
convergence ot the eddy transport of sensible heat acls as a heal source, additional lo the heating hy
radiation and sma'll-scale turbulent conduction. i\ convergence of the cddt transport of ang-ular momentum
acts as a mechanical force, additional to surface friction and 5mall-�calc Lurhulenl ,·iscosil:'· \Vithoul
these transports the three-cell sLruelurc of I he meridional circula1 ion canno I be explained.
ll',id Icy observed 1 ha L I he prirna1·.,· effect of the low-latitude heating and high-latitude cooling would
be Lo force a single direct meridional cell in each hemisphere. The cell would in lurn necessitate eastward
and weslward motions, and consequentl:· euslward and westward f1·ic1ional Jrags at the surface. Thomson
and Ferrel deduced that the frictional drag upon the surface westerlies would force an additional indirect
cell in each hemisphere; Thomson and subsequently Ferrel decided Lhnt this cell �hould be confined mainly
Lo the lower layers.
In an elegant treatment, Eliassen (Hl52) deduced the comhinecl effects of predetermined heating
and mechanical forcing upon lhe stead :-· meridional motion �uperposed upon a general circular vorlex.
l lis equation was essentially a special case of the more recently introduced w-equation. IIc found Lhal
local healing would force a flow upward along a surface of co11stanl ahsolule ,111guln1· 1nornenlum. while
eastward mechanical fol'cing would force a flow outward (equatorward) along a surface of constanl
poten Lia I Len I perature.
Kuo ( U)56) applied this approach lo the atmosphere, and found Lha La three-cell pattern was demanded.
If the eddies, no matler how intense, Lransporle<l no angular momentum nor sensible heat, the rncl'idionaJ
circulations might be more or less as deduced by Thomson and Ferrel. The supposedly irrelev;:in t dis
turbances would be irrelevant indeed. ·with the ll'ansports as shown in Figure:- 41 and 47 the situation
is differenl. The �lrong divergence of angular-momentum transport in low latitudes, particularly al the
jct-sl1·eam level, and the strong convergence in middle latitudes force converging poleward and equator
ward currents a l high levels. Thc�c meet in Lhe subtropics and descend to form a direct low-latitude
cell and an indirect middle-latitude cell, which are superposed upon lhe meridional motion which would
otherwise exist. The weaker divergence of angular-momentum t,·ansport in the polar regions gives rise
Lo a high-latitude direct cell. In addition, 1hc divei·gencc of sensible-heat transport extending well into
middle latitudes, and the convergence closer to the Pole, force upward motion in higher middle latitudes
and dowmvard motion in lower latitudes. further intemifying the indirect cell.
Just as individual vertical velocities ma:' be estimated from the vorticity equation or the thermo
dynamic equation alone instead of the w-equation, so the meridional circulation may he deduced from the
momentum transports or the cncrg:v transports alone. In short. any convergence of eddy transport of
angular momentum, or energy, which is not balanced h:· friction, or heating, must be balanced hy the
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cell transport. In view of the possibility of significant unknown vertical eddy transports of energy and
the general uncertain Ly as Lo the cl isl ribulion o[ heating, the most reliable results shou IJ be obtained
from the angular-momentum transport data.
The pro1:edure was first used by i\lintz and Lang (1955). In brief, if the absolute angular momentum
is known on each of four sides of a "l'ectanglc", sa:' ACDB in the upper left of Figure 50, if the horizontal
eddy-transport of angular momentum through sides A1:3 and CD is known, if there is assumed to be no
vertical eddy-transport or frictional transfer· through sides A.C and 13D. and if the flow or mass through
two adjaceJJt sides AB and AC is known, the flow of mass through ·ides 81) and CD is easily deduced
from cont.inuit:· considerations. Stai-ting al lhe upper corner of Figure 50, with the boundary condition
thal no mass llows across the top of the atmosphere or the "90 th parallel", we can evaluate the mass
flow acro�s an:· segment if the complete field of horizo11Lal eddy transport is known. fn the friction layer,
where the above assumptions arc 110 longer valid. the circulation is deduced from mass continuity.
:\lintz and Lang used the geostrophically estimated angular-momentum transport values which
Minlz ( I 055) had previously determined, and the:, assurned 110 niass rlow ac1·oss the 200-mb level.
Because of the crudeness of some of thei1· as�umptions they regarded their result as a model of I he meridional
circulalion rather than an evaluation of it. �evertheless, it appears lo be as reasonable as any estimate
which was then available. The same procedure has since hecn used by Holopainen ( 1!)66).
The procedure becomes even si111pler if A anJ B, and also C and I>. instead of lying on a vertical
line, lie on a nearly vertical line of constant absolute angular momentum. One may then begin al an:·
latitude and work downward from !he lop of the atmosphere. \\'c have carried oul modified procedure
using Huch's values of the. angular-moment 11m transport and assuming that the friction la:·er extei1ds
to 850 mb. The resulting meridional ci1·culation is shown in Figure 50. It contains well developed Hadlc:·
and Ferrel cells, and it is vcr:' much like the winter circulation of :-.tintz and Lang, excepL that both cells
appear £arther sou Lh.
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Gilman (19G5) has computed the summer and winter meridional circulations for the southern hemi
sphere by Lhe modified procedure, using the transport values of Obasi. The average of his summer and
winter circulations is also shown in Figure 50. Southern hemisphere data are still quite inadequate for
a direct computation of Lhe meridional circulation, and Gilrnan'8 indirect computation represents the
best picture so far available. Near the Equator the procedure brcak!I down, and we have joined the two
hernispheres by simple continuiLy, togel her with the assumpl ion thn t the opposing curren Ls shou Id meet
slightly north of the Equator.
Ilaving obtained a picture of the horizontal and vertical transports of angular momentum, water
and energy b�- the eddies and the meridional cells, we may now ask what is implied concerning the fields
of the transported quantities, or, alternativcl.v, the fields of zonal motion, specific humidity, and temper
ature. IL is sometimes stated thal the strong upper-level westcrl:' winds are maintained by a convergence
of the horizontal transport of angular momentum. ln a S<'nse this staLemci1I is Lrue; Lherc is convergence
of the horizontal transport where the wesLerlies reach lheir maximum. YeL there is no simple relation
through which the westerly wind speed may be deduced from the field of angular-momentum Lransport.
Since in the long run any convergence of the horizontal or vertical transport of angular momentum
must be balanced by turbulent friction, the time-averaged field of friction rna)· be deduced from the
field of ang11lar-momentun1 transport. The westcl"l)'-wind field may thcrcCore he deduced rrom the angula1·
momentum transport field onl;v lo the extent that it rna:· be deduced fron, lhc field of friction.
It is reasonable lo helieve that friction Lends Lo diminish the westerl:· winds in the regions where
they arc strongest, but for the atmosphere a� a whole the precise relation between wind speed and turbulent
friction, if one exists, is bul poorI.,· known. The most obvious instance of a dirccL relation bet,veen wind
speed and friction occ11rs a I lhe Earth's surface, where the drag oppo8<�s the surface wind al a rate which,
if not exactly determined by the wind speed. al least lends to increase wilh increasing wind speed. The
long-term convergence of the verlically integraled horizontal transport of angular momcn tum in middle
latitudes therefore demands a westerly surface wind in these latiLudes; if no sudacc westerlies were
present, and if the convergence of the transport persisled, angular momenlun, would continue to accumulate
in middle latitudes. Since the thermal-wind relation would continue to he approximately salisfied, and
the horizontal temperature gradient would not become infinite, westerlies would ultimately appear al
the surface. The caslerlies in low latitudes are similarl;J demanded b:' !he divergence of the horizontal
transport of angular mon,entum. Of course, the processes required to maintain geostrophic balance
rnight themselves alter the transport of angular momentum. ft is onl :,· if we postulaLc thal the convergence
of angular momentum transport must continue that we can deduce that surface wcstel'lies must appear
and persist.
Similar considerations apply to the transport of water. ,-\ nel convergence of the total water transport
does not impl :,' a high value of specific humitlity; it implies prccipiLation in excess 0£ the gain of water
by evaporation and l 11rh11lent transfer. To a firi;t approximation it may impl;J a high average relative
humidity. ·without a knowledge of the temperature field as well, a complete knowledge of the horizontal
and vertical transport of water would tell us rather· little about the di�tribution of specific humidil)'The horizontal and vertical transport of energy may he more re,·ealing. A convergence of the transport
requires a net lo!Ss of energ:,· by radiation and turbulent conduction. To some extent. aL least, the amount
of energy lost by radiatio1J depends upon the temperature, although Lhc presence of water vapour and
clouds can complicate the picture. With a conLinucd convergence of I.he transport of ene1·gy, the tem
perature should 1herefore rise until such a time as the increased efTect or radiaLion and conduction can
balance the efTect of the transport. The air should therefore be warm. or at least warmer than would
be indicated by radiation considerations alone.
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J\ complete knowledge of the field of energy transport should therefore give a fair first approximation
Lo lhe horizontal and vertical distribution of temperature. A knowledge of the field of angular-momentum
transport would indicate the distribution of sudace easterlies and westerlies, but would b:,, itself give a
rather poor indication of 1he westerly wind field aloft. With a knowledge of the tra11spo1'IS of bolh energy
and angular niornenlum, we should be able Lo infer the upper-level wind field l'rom the fields of Lein
perature and surface wind, using the thermal wind relation. The procedure would be most satisfaetor:v
in the case of an idealized d1·y al mosphere. For the real atmosphere we should not expect the ftelds so
deduced lo he very realistic, because of the complicating e!Tccts of water upon absorption and emission
of radiation.
For the idealized atmosphere, an explanation of lhe transport processes wou]d therefore amount
to an explanation of 1he zonall :-· averaged circulation. Nevertheless,, since the transport processes are
themselves affected by field of motion, an independent explanation of the transport processes which
could then be used Lo explain Lhe zonall :,· averaged motion docs not appear possible. On the other hand,
any complete explanation of tl,e zonally averaged circulation must con Lain, explicitly or irnplicilly,
an explanation of the transport processes.

CHAPTER V

THE ENERGETICS OF THE ATMOSPHERE
In hi� farnous account of I he trade winds and mon�oons, Halley ( 1686) identilled the sun as the
cause of the motion� of the atmosphere. Although the bulk of Halle>''s theory is no longer regarded
with favour, it is �Lill generall? accepted that the ultimate source of atmospheric e11erg>' is the sun. The
direct ell'ect or solar radiation is to heat lhe atmosphere and the underlying ocean and land, and thereby
produce internal cnerg�'· The motions of the atmosphere, 011 the other hand, represent a great supply
of kinetic energy. This supply is being continually dissipated b>' friction. One of the main problems in
gcneral-circulation theor>' concerns I he manner in which some of the inlernal energy produced by �olar
heating is ultimate!�- converted into kinetic energy to replenish the suppl�· thereof.
ln the pr·e,·ious chapter we examined in s0111e detail the maintenance of the sp}ltial distributions
of w.ind velocity. temperature, and moisture. In the present chapter we shall examine in rurther detail
the manner in which the total amounts of kinetic. potential, and inLemal cncrg:,- represented b�· wind,
temperature, and moisture fields al'e maintained, but we shall be onl:-· incidcnlall:v concerned with the
geographical distribution� of the;;e fields. In all probability we cannot cornpleiely explain the maintenance
of the total amounts without cxplaini11g the g<>ographical distributions as well. :\1cverthele�s, by considering
the produt:Lion, transformation, and dissipation or energy separately from tlie re111aining aspects of the
circulation. we rnay goin further i11sight into the role� played by some of the physical processes.
Two fundanH)ntal quantities lo be consider. cd al'c the rate al which Bolar energy reaches the exlre1nity
of the atmosphere, and the rate at which new kinclic energ:,· mw,t be produced Lo offset the dissipative
T
ef ects of friction. The fonner rate is observed Lo be ahout 1.8 X 10 17 watts, or on Lile ave1·age abouL
350 wall� per square metre of the Earth's surfaee. Various estirnates place the latler rate al about one
hundredth o[ tl1c ror111er. Jf the atmosphere is regarded as a heal engine, producing ki11etic energy.
the ratio 17 or these r11Les, about one per cent, is a measure of its ellicieney. The determination and
explanation of the eniciency I'/ comtitute the fundamental observational and theoretical problems of
aLmosphcric encrgeLics.
Basic energy forms and conversions

Since the bulk or I he incoming solar radiation heats the undcrl:,-ing ocean or land instead of heating
the atmosphere direeth-, we need Lo examine the energetics of the atmosphere-ocean-Earth s>·stcm, or
at least that part of the systcrn which dirccLly or indirectly exchanges significant amounts of energy
with the atmosphere. v\'e may disregard the hot interior of the Earth. since the heat received from it
is negligible, except locall :,· in regions of volcanic activity. \Ve may likewise disregard the deep oceans.
althongh we should recognize t.he possibility that heal slor·ed there may reach the surface years later
through slow overturning, and influence the long-period atmospheric fluctuations (see Hossb:- 1957).
The forms of energy which pla)· a significant role a1·c kinetic energ:' (KE), poLential energy (PE),
and internal cnerg:· (/ E). Thcrrnod)·namicall.,· both thermal internal encrg:· and the latent energy of
condensation and fusion of walcr are forms of J E, but sometimes Lhey are more convenient)>, treated as
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separatp forms of energy. Some writers prefer to treat the kinetic energy of small-�cale turbulent motions
as a form distinct from KE. In the present treatrnenl, where the small-�cale motion is nol regarded
as a part of the circulation. and where no distinction is rnadc between tui·bulent and molecular friction,
it seems most logical to treat turbulent kinetic energy as neither KE nor a forn1 b :-, itself, but as a portion
of the 11�·, thus effectively grouping the kinetic energy of small-scale motions with the kinetic energy of
molecular motions.
Other forms o[ energy are not direct!.'• or indirect I.'' converted into KE. PE, 01· JE in large amounts,
although they 111ay be important on a local scale. The electrical energy converted into JE through
lightning discharges 1nay, for example, plar an important part in the dynamics of thunderstorms and
tornadoes, but ·the total amount of electrical energy in the atmosphere is mino,·. Br contrast. there is
a vast supply of nuclear cnel'gy, bul, fortunately for hun1a11ity, the natural processes for releasing it
are virtually absent.
The atmosphere-occan-Earlh s�:stcrn exchanges total energy with its environment only through
radiation. In so doing, Lhe system gains or loses onl_v 1 E. Since the system docs not undergo any net
long-term change in total energy, the heating by incoming rndiation musl in the long run balance the
cooling b_v outgoing radiation.
\Vithin the atmosphcre-occan-Eal'lh s:--·stcm, //� ma�, he transferred from one location to another,
and i11 particular from the atmosphere Lo the underlying surface or Yicc versa, through radiation and
conduction. .1\ gain, the 11et heating of the system by these processes is zero.
On!.'· those processes involving a force can produce or destroy KE. }lotion of the atmosphere (or
the ocean) with or against the force of gravit:-,·, and hence dow,rward or upward, conYcrts PE into KE,
or KE into PE. The process is adiabatic and thcrmodynar11icall :--' reversible. KE is the only immediate
source or sink fm· PE.
Likewise, motion of the atmosphere wilh or against the pressure-gradient force. and hence across
the isobMic surfaces toward lower 01· higher pressure, converts JE into KE, or KE into /E. Again the
process is reversible and adiabatic. .\fotion of the atmosphere against Lhe force of friction, and the
frictional heating which accompanies it. also convert KE into J B. B .'· its vcr.'· nature the µrocess is inc
versible, �ince friction must on the average oppose the motion. The frictional heating produces the
nccessar:,; increase in entropy. The onl)' rema ining force, the Corio Iis force, acts at right-angles to the
motion ancl does not add or remove l{E.
[t follows thn t the conversion of J E in to J( e by the pressure-gradient force, a I though thermodyna
micallr re·versiblc in that it can proceed equally well in either direction, docs not proceed to the same
extent in cithei· direction. [n the long run it produces as much KE as is dissipated bY friclion.
It also follows, since there is no long-term net heating b_,. radial ion and conduction, and since I he
remaining energy-conversion processes other than friction involve no heating at nll. that the net total
heating of the atmosphcrc-occan-Earllr system equals the net frictional heating. The Lota! healing of
the s:-- stem is therefore positive, not zero.
1

II a distincLion is made between the thermal and latent forms of I Ii, Lhe processes of evaporation
and melting a11d the reverse processes of condensation and freezing convert thermal 1E into latent 1E,
and vice versa. In particular, evaporation from the ocean surface l'ernoves thermal IE from the ocean
a11d adds latent J E to the almosphcre. lL is possible, however, not lo inclnde latent JE as a Corm of
atmospheric cncrg_v, provided that the rclea�c of latent heal, which must inevitably occul' regal'clless of
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the attiLude whi<·h one takes Loward latcnL energy, is treated as a special form of healing by the environ
menL, rather than an internal quasi-adiabatic; process. If Lhis convenLio11 is adopLcd, Lhe at.niosphere
""ill be assumed Lo gain IE not when wate1· evaporates from Lhe ocean, but when the water subscqucnt.ly
condenses within the aLmosphere.
In Lhis manner one may I real I he energetics of the atmosphere b�- iLself. Aside r"om surface fricLion,
the total inOuence of I he environment upon the aLmosphel'e niay be LreaLed as Lhe addition and removal
of equal amounts of thermal /E by heating and cooling. Surface friction need uoL be distinguished from
internal fricLion, since both processes convert KE into IE irreversiblv. The ont�, remaining conversions
from one form to another are then the reversible processes within Lhe atmospherc, involving /( E and
PE, or KE and /E. Throughout the remainde1· of this chapter we shall consider Lhe energetics of the
atmosphere alone, from this point of view.
The facl Lha L the atrnosphere ren1ains very nearly in hydros Lal ic equilibrium places ccrtaiJJ constraints
upon the energ�- co11Yersion processes which may actually occur. \Vhen, foi- example, heating adds I R
to the atmosphere, upward expansion occurs, and Lhe upward motion r.onverts some IE inLo KE and an
equal amount of KE into PE. lL i� easil�- shown that under hydrostatic equilibrium the PE contained
in a vertical column extending throughout Lhc depth of the aLmosphere i� propo1·tional Lo Lhe /E. in
the ratio R/c,, , or approximately 2/5, although the res11lt is strictl:· true only for a dry atmosphei·e
extending upward from sea-level. The amounts o[ Pli and IE per u11iL mass ue given h�- gz and cv T,
while an element of mass or a colunin of unit cross-section is pdz; thus
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where p0 is the surface pressure. Thus PE and IE increase or decrease LogeLher, and it is convenient lo
regard them as a single form of energy, called Lotol poLcntial ene1·gy (TPJ:;) by \fargules ( 1903). It is
meaningless to speak of the TPH al a pa1·1.icul.:ir point, but within a vertical column the average amount
of TPE per unit mass is given by the average value of cp 7'. which is simply Lhe sen�ible l1eat per uniL mass.
lL follows that whenever the horizontal motions by themselves convert seveu uuits of IE into KE,
Lhe vertical motions which musL accompany them in order Lo maintain h�·drosLalic equilibrium convert
<
two units of Kl!. into 11--;, and two units of PH into f E. The net result is a conversion of five units of
IE and two units of PE, or seven units of TPE, into KE. Thus the Yertical motions alone do not aller
!{ h,' or 1'PE. EffccLi vely, horizou ta! motion of the aLrnosphere with or againsL the pi-essure-grad ient
force, and l1ence acros� the isobars Loward lower or higher pressure, converts TPE into KE, or KE into
TPE. This is now the only conversion process which we need to co11sider, in view or the conve11Lio11
conceming latent e11erg:-' which we have adopted.
.Mathematical expressions for the conversion processes may be obtained from Lhe equations presented
in Chapter II. Jf (.Y} denotes the total amount within the atmosphere of a quantity whose value per
unit mass is denoted by.'<, and if, as in the previous chapter, X denotes a long-term time average of X,
it follows that {dX /d t} = d {X}pt. Hence, from (40) and (4l),
J {<P

+ 1}/Jt = ff - C,

J(K}/dt= C- D,
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where
(100)
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,s the lolal healing of the atmospl1crc,
( I O l)
1s the lolal dissipation, and C is the rate or conver. ion of TPE inlo J<..E by reYCrsiblc adiabatic processes,
given by the alternaLiYe expressions

C

= - { wa} = g { wrJz/rJ } = - g { zrJw/rJ } = g { zV • U} = - g { U • Vz}.
p

p

(J 02)

TL is lo be obsel'ved lhal no matter whidi expression 1s used for C, onl_,· the divergent part o[ the wind
1s invoh-cd.
It follows that lhe long-lerm averages Ti, C, and 75 ate equal, and, as preYiously noled, arc positive,
since D is always positiYc. Further restrictions upon the field of Q follow because there are 110 net long
term changes or entrop:,· and potential teinperalul'c. From (15), (Iii), and (100),

Q/T
-} = 0 ,
{-

pK
Q/-}
\,-

= 0 , J\Q
- II
-r\ -

( I 03 )

> 0.

Since T and pK arc necessaril_\' positive, it follows that Q is negative] :, · corrclalcd with l/T and I/pK .
This statement applies equally well if Q is 1·eplac.;ed by the non-frictional heating Qn
since lhe frictional heating Qr. is positive ever:,•whcre. Thus

= Q- Qr,
( I 04)

\\'ithin the limited sense of these inequalities, the heating must occur al a highc1· temperature and a
higher pres�u1·e than the cooling.

=-

The process which converts TPE inlo KE, rcprcsentcd h:· C
{c.oa). is often colloquiall:,· tlescribcd
as a sinking of colder air and a rising of warmer air at Lhe f-a rne clevo tiou. This iu tcrprelaLion seems reasona
ble in view of the strong negative correlation het wccn wand w. Ccrlainl:-,· it is eoncct (or the case of a simple
Hadley circulation. Yet {wa} cannol he converted without further approximatio11 into an expression
involving w and T alone, and the inlerpretation cannot be rigorously defended.
\\'c have p1·eviously idcntii'ic<l the measurement of the cllieicncy 17, ot' equivalenLI:-,· the determination
o[ ll, C. or D, as the fundamental observational prohler11 of atmospheric energetics. Early estimates
of lhe efliciency, which ranged as high as 20 per cent were estimates or the classical therniod:,·namic
elliciency, which is considerably greater than '7· The thermod :,•namic efficiency may be defined as the
ratio of the net heating to the heating al the heal source. In thi� ralio the nwncrator may be identified
with the net heating of lhc atmosphere, bul the denominator is not the net solar heating. his probably
best identified with the difference between the i11eoming and outgoing radiation, summed over only
those regions where this d.i ITerenee is posiLive. ll follows tha L the classical I hcn11od_vnamic cflicienc;v
exceeds '7 by a facLor of perhaps 4 or 5. The thermodynamic ellicicncy cannot exceed the J'atio of Lhe
temperalure difference between the heal source and the heat �ink lo the t·e111pc1·aLurc of the heal sout·ee,
whence an upper bound can be estimated fror11 the ternpenHure field alone.
Direct evalualion of 75 is diflicull, in view ol' our inadeqLtate knowledge of fric.;tion, especially aL
highel' ele,·aLions. An early estimate by Svcrdrup (J.917) \\'as 1.3 X 10 15 walls, 01· 2.55 walls per square
metre of Lhe Earth's surface, equivalcnl lo a value ol' 17 or 0.007. This value was based upon empir·ically
determined coefTicients of viscosity i11 the relatively stead)· trade winds.
Brunt (1920) estimalcd a value of 5 waus m-2 , which would m�1kc '7 = 0.Ol4; this he obtained by
computing a value of 3 walls m-2 in the sudace friction la�·er, and assuming that the remainder of the
atmosphere ought to contribute nearly as much. For some lime Brunt's value was l'ega,·ded as Lhe best
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estimate auainable. Subsequenl eslimates were subslantiall�· lower, and 111 a comprehensive review of
prev1ous estimates, Oorl (19GL1a) chose 2.3 walls 111-2 as the most reasonable value.
Direct evaluation or C requires rncasul'cmenl of the divergent part of the wind m one manner or
T
another. which is abo difficult Lo perform accul'alely. i\'cvel'lheless, it woultl appear Lo of cr an independent
method of determining '1·
Examination of Sverdrup's procedure reveal�, however, that he based his coefficients of viscosity
on observations or cross-isobar flow in the L1·adc winds. Likewi�e, Brun L's estimate was based upon
typical cross-isob::ir flow in the friction layer. It thus appears that both Brunt and Sverdrup were actuall�,
evaluating?' rather than 15.
The very recent estimates of Dby Holopainen (1963) and Kung (1966) arc also based upon evaluation
of the cross-isobar !low - gU • Vz. The procedurP is of considerable in tcrest. lJ olopainen used only a few
weeks of winter daLa at a few statiom in E11gland. Kung used a year o[ data al a fairly dense network
over North A 111erica, but his stuuy was still l'ar from global. Si.nee I he conversion - gU • Vz val'ics widely
and even changes sign fro111 one point to anothe1·, i.ts average over a limited region would not likely
1'epresenl a global average, even if e1Tors in observation could be eliminated. The less easily computed
dissipation -U-F can be expected to be positive ever:-·whcre, at least when vertically integrated. and
an estimate from a limited l'egion might be fairly acceptable. Accordingly the remaining Lenn
d (U ·U/2)/dt in lhe kinetic-energy cqualion, which would aulomaticall�, vanish in a long-term global
average, was abo evaluated over the limited region, and wa1< subttactcd from - gU • Vz to yield the esl'irnate
of - U-F.
llolopaincn found a value or •LO.Ii. walls m-2; Kung's more extensive data indicaLed an annual mean
of 7 . .l wall s ui- 2 and rather little seasonal variation, thus l'aising '7 to 0.02. 111 Kung's computations the
atmo,;pl iel'e was divided into 1.,venty layers. The greatest dissipation was found in the lowest 100 mb,
buL, after a relative minimum near the 500-rnb level a secondary maximum was reached near the tropo
pausc. Undoubtedly the final esli111at.e of D has yet to be made, but it is not unlikcl;• tl,aL generall�
acccpted values will have Lo he revised upward.
Direct evaluation of Fi might appear to ofl'er a Lhird method of determining 17, buL this method proves
to be useless. Healing of all kinds includes healing by friction, anu the evaluation cannot be independent
o[ the ernlualion of D. The Lota I non-fl'ictional heating must be zero, and there is nothing further to
lea1·11 alJOul this total by con1puling any of its parts.
l I is nevertheless pos�ible to estimate TI from the spatial distribution or Q by taking adva11tage of
the r·esLriction tha I heating does not in the long run alter the mean enll'opy. From ( l 03) it follows that
for an�· constant T1,

= { 1/T },

If T1 is chosen so that l /7\
of healing and temperature.

( J.05)

{ l-T1 /T} vanishes, and H is seen to depend only upon the covariance
It may thec·efore be estimated moderate]�, well from estimates of Q which

arc not sufficienth· accurate to estimate { Q }. That is, errors in Q will largely he cancelled hy errors in
Q T 1 /T.
This is in essence the meLhod of evaluation used by Lcttau (19 54), who thereby obtained a value
of 2 watts m- 2. Dividing a hemisphere into six zones, each covering firtccn degrees of latitude. Lcttau
estimated avet·age values of Q and T for each zone, and obLaincd an estimate or Ti. Only horizontal
varialions of Q and T entered his computatiom, and he pointed out that his value was probably an under
estimate on this account..
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[t would be equully possible Lo take advantage of Lhe t·esLriction thaL healing does nol in the long
run alLcr the mean potenLial temperature. ITence, agarn in view of (103), for any constant p1,
( I0G)
To use this equation effc!'tively, a knowledge of Lhe verLical buL not. the horizontal variations of Q would
be needed. 1\pparcnLly neither equaLion (105) nor (l06) makes full use of Lhe known rcslrictions upon the
distribution of Q. For this purpose the concept of available poLcnlial energy has pro,·e11 advnntageous.

Availabl e potential energy
In most of Lhe recent. work in atmospheric energetics, TPE has been further resolved into available
potential energy (APE) and unavailable potential energy (C.Pli). \Vith the conventions whid1 we have
adopted, Lhc rcvcrsil>lc adiabatic prncesses which convert TPE into J<E preserve the poLenLial temperature
o[ each pa1·ce·1 of air, and Lherefore preserve the sLatistical distri buLion o[ potcnlia1 tern pcrature. Among
Lhose hypothetical stalcs of Lhe atmosphere posscssiug the same statisLical distribution of potential
temperature as the exisLing stale, there is one slate, commonly known as the rcfel'ence slate, which
possesses the least 'J'PJ:.'. In tlie eel'ercnce slate the sudaces of co11slant pressure and constant polenlial
Lcmperature are horizonLaJ, and the polcnlial Le:mpcraturc neve1· dectease� with increasing elevation.
Following Lorenz (L955, 19G0), the UPE of any state of the almospherc is defined as the 1'/JE of 1he
cOl-responding reference slate, while the AP!C: is defined as the excess of TPE ove1' 1 ·p1�·. Jn his [amou�
papeT on the energy of storms, .\largules (l903) introduced a quantit .'' sir11ilar to ,1lPE, which he called
available kinelic energy (die Per/ugbare h·inetische Energie), but he did 1101 apply the concept to Lhe general
ci1·culation.
Since the reversible adiabatic processes which convert TP8 into J<E do not alter the reference stale,
Lhc:-· do not aITcct the CPE. The conversion of TPE iuto KE, whose r.itc is gi,·eu b." C, ma�· thrrefore
equal! ;-• well be described as a conversion of APE into KE.
Jn the long run the APE renroved by conversion must be t·cpbced b>· heuting, at the same rate al
which TPE is replaced by heating. l lowcvcr tl1e i11dividual modes of healing - radiation, concluclion,
condensation, friction - each afrecl Lhe U PE, and hence need not affecl APE and TPE alike.
We have obscn-cd that the net long-rerm production of TPl,' by f1'icLio11 alone is equal to the net
production of TPE b:· all modes o[ heating; the nel production b�- non-frictional heating is zero. In
converting KE into TPJ:.,', however, friction raises the potential temperature of some portions of the
atrno�phere, and docs not lower the potential tcmperalure of any. Jt must therrfore 1·uise Lhe TPE of
the reference �tate, i.e. the UPI;;. ver�' likely by about as much as it raises the TPE of the exisling st.ite.
The A.PE produced by friction, if an�·, must therefore be Jes� Lhan the TPE produced, or the/{/£ dissipated,
and presumably it is 111uch less.
Herein lies Lhe principal in1po1·Lancc of APE. Since as much APE as TPE is produced by heating
of all kinds, tl1crc must be a net production of APE b:, heating other than fricLion. An estimate of the
rate at which heating generates APE therefore affords an estimate of 17 which is independent of those
esLiniates involving the concept of friction.
Since UPE cannot be a1tercd by reversible adiahaLic processes, A.PE is in a sense a measure of the
portion of the TPE aYailable for conversion into J(E; hence the name. �everlhcless there is no require
ment in the definition of the reference stale I hat a reYersihlc adiabatic proress leading from Lhe exi$1ing
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to Lhc 1·cference sLate actually exists, since conservation of potcnLial temperature is only one of the
requirements which a d)'llamically possible reversible adiabatic process must fulfil. Tn �cncral Lhc rdcr
euce slate cannot he reached, so that APE is only an upper bound, and not a least upper bound, for the
amount of energy available for conversion into KE. The faeL that not all of the APE is "available" is
not however of gt·eat consequence, since during any time interval when a major portion of the AP!i
could he converted into Kli, additional APE will be produced by heating.
The sum of .t lPE and AE resembles negative entropy in that friction decrca!:-es it and internal
reversible adiabatic processes leave it unaltered, while heating is needed to increase it. It is nt>\·erthrlcs�
a separate concept from entropy, since it involves the field of motion, while entrap�· depends only upon
the thermodynamic slate. Striclly speaking, inLemal l'adiaLive lransfer can !'<ometimcs increase Lhc APE:
this is noL trne of negative entropy.
The generation of APE by hcatiHg, the conversion of APE into KE b:v reversible adiabatic processes,
and the tlissipution of KE by friction may be regarded as the three steps in the basic energ)· c�'cle of the
general circulation. They are indicated schematically ia Figure 51.
Brforc making any direct estimate of the generation of APE by healing, it is almost essential lo
obtain analytic expressions for APE and the rate al which it is produced. in order Lo avoid the error�
of omission and oversimplification wl1ich are so easily made when Yerbal arguments are applied to rathel'
intricate phenomena. The definition of APE involves the reference �late, which is mosL readily described
in a co-ordinate s_ystem in which poLenLial temperature 0 rather Lhan z or p is nsed as Lhe vertical co
ordinate. \•Vithin any vertical column of unit cross-section, barring supcratliabatic lapse rates or appreciable
departures from hydrostatic equilibrium, the pressure p corresponding Lo a givPn potential Le111peralul'e
0 is simpl;' the wright of the air whose potential ternpcraLurn exceeds 0. This statement will he true
even for values of 0 less than the �urfacc value 00 provided that the JeCinition of p .is extended so that
p (}., (p, 0) = p0 ()., 0) when 0 < 00 , whe1•e p0 is the surface pressure. lt is pos�ible Lo deCinc a quantity
P (0) whose value at any point in the atmosphere equals the average value of p on the iscntropic surface
passing through Lhat point; thus

P (0 ) = S (p (l, (fJ, 0 ) d S,
( t07)
s
where d S = a2 cos (p cl}. d <p is an element of horizontal area, and the intcgraLion extends over the area
S of the Earth. The ratio P (O)/P (o) is then the probability that a rnndomly selccLcd mass of air will
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Figure 51. - The basic en erg� c;vcle of the almosphel'e as eslirnal ed b,1 Oorl (1961, a). Values of' a vaitablc
poll'nlial 1'nerl? �· and kinetic Pnergy arl' in units ol' 10� joules 111-2. VHJ11es ol' gene1·a1 ion, con
,·c1·sion 1 and dissip alio1, al' C- in walls rri-2
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have a potential tcmperatLLre exceeding 0. If now any quantity charactc1·izing the cx1stmg state 1s
expressed in terms of p (J.., rp, 0), the !'ame qua1Hity (or tl1e reference state is obtained by replacing p
by P.

This assumption neglects the topography. Because elevated land masses fill some of the space which
would otherwise be occupied by air, pressure is not a perfect 111easure of total ma ·s; the mass of air having
a pressure between lOOO and 900 mb, for example, is less than the mass having a pressure between GOO
and 500 mb.
Neglecting topography, the TPE of a vertical column is given by
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l
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(108)

The term invoh·ing p0 -'-K 00 which would otherwise appear upon integration by parts has been eliminated
by choosing 0 = 0 as the lower liinit of integration and taking advantage of the extended definition
of p.
1

The UPE may now be obtained by replacing p by Pin (108) and integrating horizontally, and the
APE may then be obtained by subtraction. At a particular· point or even within a particular column
A.PE is not defined, but the APE of the whole atmosphere is seen to be given by
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Equation (109) is the so-called exact rormula for the APE, although acLually it contains the hydro
static approximation and neglects the presence oI topography. It is the appropriate form to use in further
theoretical developments. Nevertheless, unless one is thoroughly conditioned to thinking in a 0-co-ordinatc
system, Lbe features of t.he atmosphere which arc associated with significant amounts of APE may not
be apparent. A number of approximate expressions have therefore been developed; the original approxi
mation of Lorenz (1955) is
11 = ½ Cp { I'c1 (I'o

-r

)-1

T- 1 T

,..,,, 2 }.

(110)

Here r = - JT/Jz is the vertical lapse rate of temperature, and I'd = g/c p is the dry-adiabatic lapse
rate (about 10° per kilometre). The tilde(~) denotes an average over an entire isobat'ic (or approximately
horizontal) sudace, and the double prime (") denotes a departure frnrn this average. Lorenz obtained
the approximaLion by observing fir st that since p > 0, K > 0, and P is an average oI p, the integral
of p1+ K_p1.+ K is po�itive definite for each ise11tropic surface, and may be approximated in terms of the
variance of p on the isentropic surface. Second. provided that the isentropic surfaces are not too greatly
inclined to the horizontal, the variance of p on an isentropic surface may be approximated in termg or
the variance of 0, and hence of T, on an isobaric surface.

Van .\Iiegl1em (l956) obtained a somewhat similar approximation hy assuming that the reference
state could evolve from the existing state by a dynarnicall:, · possible adiabatic process, and then using
a variational procedure Lo compute Lhe gain of J(E during the envisioned process. The general agreement
between the expressions might not have been expected in vie\v of the usual absence of a process leading
to the reference state. [ [owever, APE depends upon the field of mass alone, while the existence of the
envisioned process depends also upo11 the field of motion. ,\pparently, corresponding to any existing
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field of mass, at least within reasonable limils. Lhere exisLs a hypothetical field of m0Lio11, in general
differing from the existing field of motion, such that, if the state of Lhe atmosphere consisLed of the exisLing
field of ma.s and Lhe hypothetical field of motion, the 1·eference stale would subsequently occur. Thi'
expressions should therefore agree.
Ci'rom expression

(.I.LO) it follows Lhat lhe AP/!,' may be approximated by a weighted average of lhe

horizontal variance of temperalure, lhe weighting funcLion being inversely proportional Lo Lhe horizontally
averaged static stability, as measured by To-I', The approximalion may be shown to be most acceplable
when I'ct -

r

is large, and i l is worthless if

r

is near rd , since the APE does noL become infinite.

This approximati.on is consislenL with I he approximaLe rule lhat KE is produced when cold air sinks
and warm air rises at the same level. Jn order that such a process may ocrur at all. there must first of
all be different Lcmperalures at the same level. If Lhe stratificalion is stable, the temperature at a fixed
elevalio11 will rise in Lhe sinking air and fall in the rising air, and the process will thereb�· reduce the
horizontal temperature contrast and finall:· elirninale it. i\[oreovcr, the less stable the stratification, the
(arlher the cold air must sink and the warm air must rise in order lo eliminate the temperature conlrasl.
Thus more KE is attainable, and so more APF; is present, when the horizontal tc111perat11r<· contrast is
grcate1· and when stratification i� les!'- stable.
According to (JlO), there should be two principal methods b:· which healing can produce APR;
first, by healing the wa,·mer regions and cooling the cooler regions at the same elevation, Lhercb:r increasing
the horizontal temperature variance, and, second, hy heati11g the lower levels and cooling the upper
lcYels, thereby decreasing Ll1e static stabilit:· · The former process is essentially the one explicitly
considered b:, LetLau in his estimale of the efficiency.

l 7 rom the exact. expression ('1()9) for AP8, it follows that

JA /cJt = G - C',

(I I I)

where
( I l2)
The quantit:· "y = I -p-K PK appearing i11 (1 l2) may be l'egarded a� an efficiency factor. which represcnls
lhe effecliveness of healing al an:v poinL in producing APE. \'\'here i\' i� negative, cooli11g will pl'Oduce
APE.
Figure 52 pl'esents a hypothetical distribution of potential lemperalure, which is based upon the
average temperature field shown in Figure !O. Possible variations of surface pressure have been neglected.
The pressure which a given potenLial-temperaturc surface would assume in the refer-ence stale is propor
Lional to the area above this surface; these pressures are indicated by lhe 1rnmbers in parenlheses, the
pressure ot the Earth's surface being taken as !000 rnb. With this numbering, Figure 52 becomes a chal'l
of the distribution of P. From Figure 52 the distribution of lhe efficicnc�· farlo1· ,Y has been eval11atcd;
it is shown in Figure 53.
If this distribution of "V is al all typical, the APE ge11e1·ated by friction could not exceed 8 pe1· cent
of lhc kinetic energy dissipated, even if friction were confined to low lewds in the tropics. If friclio11
were uniformly distributed throughoul low levels, the amount could nol exceed 3 per cenL. If it is true
that Lhere is considerable dissipation near the tropopause, where i\' is negati,·e, friction ma:, generate
no APE al all. The assurnptio11 that a direct estimate of G is independent of an estimate based upon
l'rietion therefore seems to be justified.
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From the approximate expresswn (L10) for A, Lorenz derived the approximation
G = { I'<t (I'd I')

T-

1

Q"

T''}.

(113)

This formula has formed the basis l'or many of the subsequent observational studies. Only the in0ucncc
of heating upon the factor T" 2 in (110) has been included. A closer approximation would include the
influence of heating on F' and

T,

but it would still not agree with the exact expression (112).

On the basis of this expression Lorenz estimated a value of 4 watts m-2 for G. This estimate was
based upon assumed average values of Q and T as functions of latitude only. It is of interest to compare
the result with Lettau's lower estimate. There was little diITerence in the data used, and the formulae
are nearly the same except for the lapse-rate factor I'.1 (I'd-F)- 1 and the restriction to the horizontal
covariance in (113).
\\'ith a "normal" lapse rate o[ 2/3 of the dr:,-adiahatic, the lapse-rate factor acquires a value of 3.
This more than accounts for the diITercnce in the estirnates, and seems to represent the degree of the
underestimation whose existence Lcttau pointed out. The heating must decrease with elevation, and
this decrease rnust contribute to a covariance or Q and Tin formula (105) ir T also decreases with clevat ion.
Fol'mula ( U 3) effectivek takes into accoun l the necessar:1 ,·ertical decrease of Q by mca ns of the lapsc
rate factor.
The fundamental theoretical question now arises as to whyf/ should be as low as one or two per cent,
or, for that matter, why it should not be even lower. [n attempting "lo answer this question, Lorenz
(1960) sought the maximum possible value off/. Siuce the generation of APE depends essentially upon
the horizontal covariance of heating and temperature, there can be no generation with no temperature
contrast. lf on the other hand the contrast. is so great that radiative equilibrium prevails, there is no
net heating and again no generation. The maximum generation therefore accompanies a somewhat weaker
temperaLure contras I. The thcrmod�rnamic efficiency is then not particularly great, since even the cold
source is not excessively cold, while,, ralls considerably short of the thermodynamic efficiency, since there
is considerable outgoing radiation at the heat source.
On the basis of a crude model, Lorenz found a maximum 17 of not much greater than two per cent.
This led him to speculate that the atmosphere might be constrained to operate at nearly maximum
efficiency; specificall:,•, when several modes of behaviour satisfy the dynamic equations, the less cITicienL
modes may be unstable and give way Lo the more efficient modes.
Further cons ·iderations suggest that Lhe maximum efficiency may really be considerably higher:
for example, Lorenz's model applies to a dry atmosphere, where the outgoing radiation is greatest al
the warmest latitudes, thus acting to destroy APE. In the real atmosphere outgoing radiation is more
nearly independent of latitude. 'i\everlheless, the notion that the general circulation should act so as
to maximize or minimize some basic quantity is attractive, and perhaps not unreasonable. Dutton and
Johnson (1967) have recently attempted to apply principles similar to the principle of least action to
the general circulation. The introduction of such a principle might seem to be au overspccificaLion, but,
since the governing equations apparently possess a nearly infinite variety of sets of long-term statistics,
some such principle may be just what is required to single out the set which actually prevails.
Zonal and eddy energ y
The knowledge that APE is continually converted into KE at a certain average rate does not by
itself reveal the types of weather pattems which are primarily responsible for the conversion. The
dominant process could conceivably be a general sinking of cold air in higher latitudes and a risi11g of
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warm air 111 lower latitudes, as in Hadley's circulation. It could equally well be a sinking i 11 lhc colder
porlions of cyclones and anLic:-'cloncs and a rising in the warmer portions aL the same latitudes. :\' lost
of Lhc recent studies in alinosphcric energetics have been concerned with the fmther resoluLion of KE
and APE, and of the accompanying generation. convel'sion, and dissipation processes, inlo the portions
associated with separate mod<'!'- or rnolion.
?llost h-equenlly KE and APJ!, are resolved into Lhe amount,; associated with Lhe zonally averaged
fields of motion and mass and Lhe amounts associated with lhe eddies. The KE may be resolved into
zonal ki11elic encrg:-' (ZKE), the amount of J<E which would exist if the existing zonall_v averaged motion
but no eddy motion were present, and rddv kinetic energy (EKE). the excess of KE over ZKE. 13ccause
Ke i" a quadralic !'unction or velocit:'· EKE is also the l\·p; which would remain if the exi,:ting eddy
motion hut no zonal molion wc i·c presenI. Jf the velocity field U is resolvcd into the zonall :-· a\'craged
niolion [U] and Lhe eddy motion U*, the total amounts of ZKE and Ef(Ji become
I<,. =

½ { [U] · [UJ} ,

(ll4)

Kr. = }{u•.u·).

(115)

JI is to be observed that the term "'zonal kinetic encl' gy" does not refer to the kinetic energy of the zonal
motion (which woulei he n2/2) nor Ihe zonally averagcd kinetic enei·gy (which would be [U. U] /2).
Likewise, Ilic APE n1ay be rcsolYed into zonal available potential e11ergy (ZAPJ:,'), the amount of
AP/i which would exist if the field or ruass were repluccd by its zonal avrrage, and eddy available potential
energy (EAPE), the excess of APE over ZAPE. It is not at all certain how the zonal average of the mass
field is best defined. Tn order Lo use the exact formula (109). it would be best to define [p] as the average
pressure along a latitude circle on an isentropic surface, and to let p* = p-[p]. ln Lhis case the total
amounts of ZAPF: and EAPE become

A,.= ( l

+

,Ii::

+

=

(l

0:,

K)-1

Poo-<

Cp g-l.

(t([p]1 -t K - p1 + K) dOdS,

S

(116)

0

"'
K)-1 Poo-K Cp g-i f j'(pl+K_ [p]I+< ) dOdS.
S

(l.L 7)

0

Because the integrand in ( 109) is approximately quadrntic in p, the ZAPE is approxin1atel:-· equal Lo
lhe amount of APE which would exist if p were replaced e,·erywhere by P + p*.

Tn most computations the approximate expression (IIO) for APE has been used
The corresponding approximations for ZAPE and EAPJi are
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place of (10�).
(118)
1

( . 19 )
where, according to the usual conYcnlion, [T] 1s the average temperature along a lalitudc circle on an
isobaric surface, and T* = T - [T].
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The recognition of additional forms of energy makes it possible lo investigate a more- Jetailed energy
cycle. \Ve must £irsl oLscrve thal when a complicated ph)·sical process affects several form!< of energy, it is
not always possible to define the rate al which one form is converted into another by this process. If
however the process can be resolved into simpler proces!>es, each of which affects only two forms of energy,
the conversion rate by each process can be defined. The resolution of the original process into simpler
processes ma�· at times seem somewhat arbitrary, but ordinarily it will he no more arbitrary than the
resolution of energy which made it necessar�·Accordingly, the process which gcueratrs APE ma�- be resolved into a heating al warmer latitudes
and a cooling- at colder latitudes, which grnerates ZAPR, and a heating of warn1c1· 1'cgions and cooling
of colder regions at the same latitude. which generates EAPf,'. Likewise, the conYer�ion process n1a�·
be resolved into a sinking in colder latitude� and rising in warmer latitudes, connrting Z. lPE into 7,KE.
and a sinking of colder air and rising of wnrrner ai1· al the same latitude, which converts E,I PE into
/�KE. Finally, the dissipation ma�· be resolved into dissipation of ZKE b:' the zonally averaged friction
and dissipation of EKE b:· Lhe deparl urc of friction from its zonal awragc.
\'.1ith

sufficient resolution or the ph�•·sical processes, there is no process which converts Z. IPE into

l�I<E, or !�APE into ZKE (sec Lorenz, 1055). However, therr 1·rmain the processes which can C'Onvert
ZAPE into EAPE without affecting KE, and ZJ{E into EI<E without affecting APC.

The latter procr:,;s consists of a horizontal or vertical transport or ah:,;olute angular momr11lum by
the eddies toward latitude circlrs of lower augul.n vclociL:', in the direction which would be expected
if the large-scale eddies behaYed in the manner of classical turbulence. Liki>wise, the former proces:,;
consists of a horizontal or vertical transport of sensible heat by the edcli1•� toward latitude circle!'- of
lower temperature (actually lower (T]"), again in the manner suggested by classic::il turbulence thcor�·.
Presumably both Zl(E and EKE are dissipated b�· friction and therefore require sources. There
must be a net conversion of ZAPE into ZKI� or EAPE into El{H, but it is not necessary that both com·er
sions proceed in this direction, since one form of /(E could srrve as the needed source ror I hr other.
Likewise !here must be a net generation of ZAPE or /::APE by heating, but ii is not necessary I hat both
forms be generated, since one form of APE could sen·c as tlw source for the other, or KE could sen·e
as the source for one form of 1I PE. Thu�. unlike the basic cncrg�· cycle. the directions in which the
various steps of the more dctoilecl energy c�·cle proceed cannot hr deduced in any simple man11cl' fl'om
existing theory, and have been ascertained only from observalions.
The numerous obserrntional studies of the energy c�·clc art> in fair qualilative agreement. First,
the heating at low latitudes and I he cooling at high latitudes a1·c Yery effective in generating ZA PE.
Whether EAPE is produced or destroyed by heating is less certain. i\rxt, the edd�, transport of heat
is mainly toward colder latitudes, as classical turbulence theor�· would suggc!\l. so that Z..-1 PE is co1we1·ted
into EAPE. On the other hand, the eddy transporl of angular momentum is on the a,·erage toward
latitudes of higher angular velocity, so lhat EKE is con,-ertecl inlo ZI<E. This resull is just the opposite
of what would be predicted b)• classical turbulence theory. Well before the introduction of the concept
of .1PE. it was deduced by Kuo (1951) on the basis of observed winds over :\"orth .\mcrica.
lt follows that EAPE must be convcrlcd into El{!�, since there is no othel' source for EKE. Whether
ZAPE is converted into Zl(E or vice vc1·sa is less certain. The low-latitude Hadle�• cells musl act to
con,·erl ZAPE into Zl{E, while the micldl<' latitude Ferrel cell!- haYc the opposite effect. It seems likely
that the effect of the weak Ferrel cells is greater than that of the stronger l Tadley cells. because the former
occur in rrgions of stronger horizontal temperature contrast.

LJO

TIIE £:-EHGl::TICS OF TIIE AT,\fOSPIIERE

The eonvel'sion of l�KE into ZK E implies Lbat in a sense Lhc large-�cale eddying 11iotion is an unmixing
procc�s. Any attempt to deduce the circulation by treating the over-a'll mechanical e!Tect of the eddies
as large-scale turbulent friction would fail unless it assumed a negative coefficient of turbulent viscosity.
The phenomenon of negative viscosity has been one of the most unexpected and perhaps one of the
most important recent meteorological discoveries; some evidence for it has subsequently been found
m other physical systems, ranging in size front small Iaborator�· models to .Jupiter anrl the Sun.
111

Figure 54 illustrates tl1e detailed energy cyc'le. The directions of the arrows indicate the directions
which the various processes proceed, according lo the conse11sus of investigators.
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Tlw enc1·g,,· c�,cle of I he at mospherc as esl ima I cd b.,· Oorl ( 196 1,a). \"alucs or energ-:,· are in
units of 10 5 joules m-2, and value$ of gcucration, conversion, nn<l dissipation arc i 11 watts 'm-2.
The rstirnate<l Yaluc or conversion from Ai to J,i,, is small <'r than lhc probable error of the
estimate
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To comp11te the numerical values \\'C rcquil'c suitable mathematical expr·pssions. ,\losl of the eslir11ates
�o far perforrned lrnv(• hrcn basl'cl upon the approximate expressions givrn b�• Lorenz. We firsl let

= G,. - (', - C_\.
rJA11/dl = GE - C1; + CA ,

;J,l./ Jt

(120)
(121)
(122)
(123)

Equations (113), (102) and (IOI) rxpress C, C, and JJ as covariance,:; the corresponding zonal and eddy
generations. conversion,:. and dis�ipalions arc simpl�- t'OYarianccs of zonall�·-aq•raged quantities or edd�
quan tilies. Thus
( 124)

GTE= { r.,1 l r.,1
(',

=

r)

1 ~7'-1

Q' �,.• } '

!125)

{rwEa},

(126)

I
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\ (J)

a• \I •

(127)

Dz=

{ [lJ] · fFJ}

( l28)

D1-:=

\U

1 * . F· \
I

(129)
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p1·occss(•s arc thr ('OllVCrsion from zro�· lo r,;1(/�',
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ci

+ 11*2J)

[a cosv_<p]},

(130)

and the rn1H·ers1on from Z. I/> t· lo EA P ,�·
(131)
Sine<' [v lends lo hr \<mall. tht· second line in (130) may ordinaril�- be di�rcgarded. In deriving (131).
w<• have co11sidercd t lw influence of the eddies only on the factor 7-;r,2 in the approximale expression (11.0)
for .L
The nunwrieal Yalues in Figure 5'1 arc those givt11 by Oort (1961a). Ther arc based upon a com
prehensive nsscsl'mrnl of all previousl�· p11hlished nu111ceical values.
Cndouhtedl�· Oort's figures will not he the final word. Dutton and .Johnson rIH<-i7), for example,
ha,·e no1ed the danger� in using the app1·oximate formula I l13) lo CYalualc• G. In particular, the�· note
thaL surface heating in higher l:c1Lilu<lcs should produce APE, sirH:e .Y is slight I�· positive, whereas according
lo (113) ,wdacc heHling will destroy APE, since T" is negati\'e. :\ccordingly they have estimated C
from the exact formula lJ2). and their \'alur is 5.6 walls m- 2. Since their estimates of .Y and Q arr based
upon seasonal averages. the�· assun1e that their result represents 1he contribution of G., and, on the
bnsis of Kung's eslimatc of C, which exceeds Oorl's hy a factor of 3, they assume that G B is positive.
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Figul'r 53 also indicates the long-term a,·eragc amounts or the \'arious forms of t•nergy. The numerical
Yalues arc again those or Oorl. The Lola) l(J.:;, 15 X 105 joules m 2, is equal to the amount which would
exist if the wind had a speed of 17 rn �cc-1 cvel'ywhcre. Even on such a basic quantity there is a lack
of agrecmcn I; some �tudies suggest that it is near!�- lwice as large, while Holopainen's computations
(1966 based upon Crutcher's charts (1959, indicate thal it is 20 per cent smaller.
A numbrr of investigators have 1·cccntly subjected APE and /(ft lo still further resolutions, in order
lo gain further evidence as to how the circulation operates. The number of possible resolutions seems
lo be almost limitle�s. Oort (1964a) has investigated the resolution of f{R and A PE into the amounts
associated with the time-and-longitude averaged field� of motion and trmperature and the amounts
associated with the remaining fields. noting that this resolution facilitates the computation procedure.
Qualitati,·el�- the energ�• c�·clc is muc·h the sam<', but quantitativrl)' it is different. Wiin-Niclsen (1962)
has resolved Kl� into the arnounls associaled with the v('rtically a,·eragcd now and the departure from
the vertical fl\·eragr, and has found that APH is converted primarily into lhc latter form or KE .
• \ number of �tudics have been concerned with the resolutions of EAPB and EKE and the processes
affecting thcrn into 1hr amount� assoeiated with each wave number. The wave numbers are defined
by meam or a Fouri<'r analysi� with rcspcrt lo loniritudc. The appropriale equations have been presented
by Saltzman (1957 .
The rnosL co111plcte study of this �ort in terms of length of record has hccn performed by Saltzman
and Tewelcs (1964), "ho ha\'C used nine years or daily 500-rnb data lo resolve the conversion C K into
the· amounts accomplished scparat<'ly by wave numbers t to 15 inclu�ivc. They find that all wave
numbers contribute negativclr to C i,; , with a prak contribution at wave numbers 2 and 3 and another
peak al wa,·c numb<'rs 6 and 7. The former peak is the <lominant one in winter and is near!�· absent in
!.urnmer, while the latter peak appears at every season of the ,Year.
Wiin-.'iielsen. Brown and Drake ( 1964) performed similar computations at fi,·e levels, using a total
of eight months of data. and round that the great majorit�· of con,·er,;ions by individual wave numbers
for individual months were posi Live, al Ihough there were some notablc excrptions. Their resu I Ls indicaled
thot the conversion process<'s might nol be ver·�· rcliahl:· determined from data al onl)· one level. 111
addition the� · performed a rc•�olutiun or the corwer,;ion C_,. and found that all wa,·e numbers contributed
positivel:··
:\leasurcments of the conversion ('1,: arc hindrred h:' our lack or knowl<'dge of the true Ycrtical-motion
field. but Saltzman and Fleisher (1961 used six months of daily rnlues or w for the 850-500 mb la�·er,
as evaluated by the w-equation, and obtained a resolution of the conversion process. .\gain all w:we
numbers l'Ontributcd positi,·ely to a cOll\'Crsion of EAP/t into fif{K with the peak contribution occurring
at waYc number f-i.
The stud.v or tht• c11ergetics of a particular portion of the atmosphere is complicated by the possibility
of a flow of 111ass as well as (•nerg�· across the boundary. :.Iuch speculation has arisen concerning the
111aintenanc<' or the circulation of tlH' stratosphere following the discovrry b� \\'hite ( L954) of the
counter-grndicnt flux of scn,ihle h1:at, which acts in the proper· direction to maintain the cquatorward
tcmperatul'C decreasr. Oort ( l 964b) has Hudicd the energ�· cycle of the la�·cr of the st1·atosphere between
JOO and 30 mb, using one �-car or data, and has found that within this ln�·er the processes contribute
ton net conversion or EKE into ZKE, EKE into EAPJ�, and E,t PE into ZAPE. There is therefore no
source within the region for /�KE, and Oort concludes that the stratospheric eddies rnust be mechanically
forced b�- the air aho,·e or below, and presumabl)· by the tropospheric eddies. Radiation also serves
as a sink for ZAPH. The lower stratospheric rnerg�· crclc therefore sePrns to difTer con�idcrab.l_v from
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Lhal of the clLmosphere as a whole, and the stratosphere appears to acL as a heat engine m reverse, or
a Lhermodyna111ic refrigerator, corwerting !(/;; into ,-lPE.
In considering Lhe basic energ :- · cycle we faced the problem of explaining its intensity. With the
recogniLion of Lhe more detailed energy cycle there is the further problem of accounting for the directions
in which the vnriou!' steps proceed. Here we may again invoke the hypothesis that the general circulation
1s constrained Lo operate aL neal'ly maxin1um eflicienc:-·.
The eneq:r:-' r :-·cle can operate at its n,axirnurn rate only if the cross-latitude temperature contrast
is considerably less lhan the contras I which would occu1· under therma I equilibrium - perhaps ha) fas great.
,\s we noted in Lhe previous chapter, in the absence of eddies the meridional circulation would have to
be extremel ;-· weak in orde1· not to lead Lo upper-level westerly winds in excess of those permitted by the
thermal wind relation. IL could therefore Lransporl only enough energ;-' fron1 warm to cold latitudes to
reduce the temperalurc eonlrast slighlly below its thermal-equilibrium Yalue. If the energy cycle is to
proceed al ncarl>· maximum efficiene>·, eddies must therefore occur.
\Ve do not oiler Lhis suggestion as an alternative Lo the h)·poLhesis Lhat the presence of eddies is
aLLJ·ibu1able Lo instabilit)·· TL i:; more properly an altemaLive statement of the same hypothesis. Instability
is still the 1nechanism Lhrough which the eddies would develop and allow the cycle to proceed more
efflcien Ll:-·Tt would seem reasonable lo pnss Lo the conclusion that the eddies, whose presence is den1andecl
because Lhe unaided meridional circulation cannot accomplish Lhe needed energy transport, will now
forrn the mechanism (or producing the transport, and will therefore convert EAPE into ZAPIZ. Such
a conclusion does nol necrssarily follow. .\s we also noted in the p1·evious chapter, as long as eddies are
present the meridional circulation need noL be weak. Conceivably the meridional circulation could
accomplish the needed heat transport, and the funclion of the cddie$ could be to prevent the angular
momcnLurn aloft from reaelYing excessiYc values. The conversions would then he from ZAPE Lo ZKE
to EFE Lo EAPE, just the opposite o[ I hose shown in Figure 54. It is onl;- · through observations that
we know thaL this is not the case. vVe arc led Lo conclude that the problem o[ explaining t.he direction of
the energ;-· c;-·cle is more con1plicatccl than it might aL fi1·sL seem to be.

CHAPTER VI

LABORATORY MODELS OF THE ATMOSPHERE
The lheorcLical sludy of lhe Earlh's alrnosphere is ofLcn facilitated hy introducing various ideal
izations. Some or these consi,;L or suppressing certain ,;upposcdly irrelevant details, so Lhat the important
proccsse,; ma;,, be lllore readil :,r exa111incd. ln other .instances certain features which may not be irrelevant
al all a1·c nevcl'thclcs$ 0111ilted to render the theoretical treatment less awkward. fn the present chapter
we �hall consider certain real fluid sys1e111s other than Lhc Earth's atmosphere which share certain
properlies with iL. and which ma:,· serYc in one "·a:v or another as still further idealizations.
Perhaps Lhe most obvio11s �:-·�te111s of this sort are the atmospheres of other planets. Cnfortunately,
defiffitive measurements of the motions of other planrtary al.mosphPrP.s are hard to obtain. Our ideas have
come mainl_v from tracking ide1Jtifiablc features, which may or ma,v not actually move wiLh the large
scale flow. Clouds have been l:ollowc<l on :,[ars, and on Jupiter there have been abundant. observations
of Lhc motions of spots. whirh themselves appear Lo be large atmospheric disturbances. The available
ob�ervations are s11fficicnt to reveal that the circulations of other atmospheres in our solar system do not
1·csc111ble that of ou1· own atmosphere very closcl :,,.
Since Lhe planets difTer so greatly in their solar distances and angular velocities and in the compo
�itions of Lhcir atmosphere�, it is not surprising that the resulting circulations also differ considerably.
:\'cvertheless it is of interest Lo observe that many of the earlirr theories of the general circulation o[ the
Earth's atmo�phere made no use of any numerical values. Taken at. face value, these theories would
then have prcdicLcd similar circulatiom in all of the planetary atmospheres, provided simpl :,· that the
planets were rotating, with their equfllorial planes nol too greatk inclined Lo their orbital planes.
\Vhatever else we 111av learn from a brief consideration of the atmospheres of other planets, we are force
fullv reminded of the irnportance of quantitative considerations.
There is much Lo be learned about our own atmosphere from stud,,·ing our oceans. The analogy
between the Gulf Strram and the jet stream is especially revealing. Ne,·ertheless the oceanic circulation
as a whole is not a parti\'ularly good model of Lhc atmospheric circulation.
In the abscncc of olher easily observed natural systems resembling the atmosphere, further analogues
musl he confined Lo man-made s:,-stems. Chief among thcse arc the laboratory models which have been
specifically designed lo simulate I he atmosphere. These models consist of difTerentiall)' heated rotating
c�rlindc1·s containing a fluid. The cylinder represents a hemisphere of the Earth, the fluid represents the
atmosphere, and Lhe lllOlion of the fluid is intended to rcprcse.nt the atmospheric circulation.
The primary importance of the morlels stems from the fact that the experiments, being performed
m the l.:iboratory, are subject lo a certain degree of control. The shape and size of the containel', the
nature and amount of the fluid, the distribution and intensity oft.he external heat sources, and the rate
o[ rotation can all be chosen in advance. Such internal parametrrs as the average speed of the fluid relative
Lo the contai11cr can oft.en be scl to desired rnlues by adjusting the controllable parameters on a trial
and-error hai,is.
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The earliest experiments appear to have been Lhoi-c or Vettin (IR57), whose apparat11s was a rotating
cylinder aboul 30 centirnetres in diameLer and 5 centimetres deep, containing air. Jn one experiment
ice was placed at the cenLre. The resulling motion of Lhc air was in iLs essential features like Lhe atmo
spheric circulation envisioned by Hadley.• \pparenLly Vettin's work l1ad 110 immediaLe successors.
ff the arguments advanced by the early writcr·s on the general circulaLioo should be applicable to
the atmospheres of oLher planets. they should be equally applicable to suitably designed laboratory
experiments. This fact was recognized by Thomson, "·ho in his Bakerian Lecture (1892) proposed some
experiments with an apparatus very much like Veuin's, but containing water. lle also noted the desir
ability or varying some of lhe controllable parameters. Any plans he might have had to carry out his
suggestions were halted by his death soon aflerward.

A few more experimenls were performed in the early twentieth century. For a more detailed account
the reader is referred to Fultz (L951), or 10 the monograph or Fultz et al. (195!'!).
The dishpan experiments

The modem era of laborator.,· simulation began shottl:· after \i\'orld 'War 11 with the experiments
performed at the 1-I:·drodynamics Laboratory of the University of Chicago (see Fultz et al. 1959). The
experiments most nearly duplicating the atmosphcl'c are lhe dishpan experiments. The central piece
of apparatus is a c:·lindl'ical container - ofleu an ordinar_v alulllinium dishpan - containing water.
It is mounted on a rotating turntable. A heal source is provided near the rim. and in the more refined
experiments Lhere is a cold source near the centre. The apparntus may easily be duplicated if only
qualitative results al'e desired, bul extreme care must 1,c used if useful numerical data arc to be obtained.
Among the requfremcnts in the latter instance are an almost e:-.act.l:' constant rate of rotation. The
motion al the free surface can be made visible fol' an indefinite length of Lime by particles of aluminium
powder or some other tracer, while internal molions can be temporarily followed b:· injecting a dye.
Velocities at the free surface ai·e readil:· measured photographicall:·· H the camera rotates with the
apparatus, and a time exposure is made, tbe tracer particles will appear as streaks. The lengths of the
streaks will indicate the speed of the flow. Temperature measurements may be obtained by means of
thermocouples.
The various details of the experiments are conveniently clcsignate<l by their atmospheric counter
parts; the centre of the dishpan becomes the Nori h Pole, the ri ru becomes the Equator, the direclion
toward the centre becomes north, and the direction toward which the <lishpan rotates becomes east.
A period of revolution becomes a day. A typical day is actually a fraction of a minute, a l_vpical radius
is about 15 cm, and the water is typically ahout 2 cm deep.
The external parameters which are readily altered. without changing the apparatus or adding 01'
removing water are the rate of rotation and the contrast between the heal and cold sources. Over a
considerable range of these parameters, the flow which develops ·in the dishpan is perrectly symmetric
about the axis of r·ota1ion, within the limits of observational enor. In othci· experiments differing only
in the values of the external parameters, a set of large-scale wave-like disturbances develops, and the
pattern at the free surface bears considerable resemblance to an upper-level weather map. There are
thus two qualitatively difTerent regimes or flow, a zonall_v s:·mmctric regime and a zonally asymmetric
regime, which Fultz has called the Hadley regime and tl1e Hos5by regime. Typical circulation patterns
occurring in the Hadley and Rossb ;-· regimes are shown in Figures 55 and 56, which are photographs of
the free surface.
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Figllf'C 55.

Figure 56. - A photograph of the upper· sudacc of rluid
in a rotating dishpan, :,;howing an uns�·111metric ( Rossb�·-rcgime) cil'culalion pall ern.
The rate of rotation o[ lhc dish pa11 is higher
t ban in Fi ::rurc 55( fro111 St�rr and Loni!, I 953)

.\ photol{l'aph of the upper surl'ace ol' !luiJ
in a 1·otati11g <lisltpan, sho·win{?' a uearl;v s;vm
n1l'lric cirrulalion pat lcrn. The photograph
is a time cxpost1rc, so that pal'ticles o[ lraccr
on the uppc1· surfare appear as slreaks i11cli
<·ati11g dircctio11 and speed ol' flow (f,.om Star,·
a11d l.011g, 195:31
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fn the earlier experiments it was found that with sufficiently slow rotation onl :-1 Hadley flow would
develop. ·with faster rolation, Hadley flow would also develop under a slrong heating contrast, but with
a weak heating contrast, Rossby flow occurred. Lal.er it was found that Hadley flow could also be
produced with exlrernely w
· eak heating.
\\Tc have already noted that the arguments presented by Hadley (1735) and some of the nineteenth
century meteorologists ought to be equally applicable to the dishpan. ft is therefore of considerable
interest to note that the dishpan may contain a flow bearing considerable resemblance to the one described
by Hadley. Perhaps more than any other discovery, the dishpan has exonerated Iladley's ideas from
some of the criticisms raised against them. l ladley's paper is a 11eal'ly cor1·ect account of what sometimes
occurs in the dishpan, although it can never be a demonstration that this type of flow must occur in
preference to some other one.
From the point of view of I.he general circulation, perhaps the most important question l.o be answered
is whether the resemblance of the Rossby-rcgime now in the dishpan to the circulation of the atmosphere
is more than superficial. Certainly under proper conditions the free surface looks like a weather map
at the Lropopause level. There is generally a large irregular circumpolar vortex, surrounded b:, a narrow
meandering jet stream. The wave-like disturbances in the westerly flow progress about the centre in
much the same manner as the upper-level waves in the atmosphern.
Further similarities appear in the flow below the free surface. By injecting a dye, Fultz (1952) found
evidence for the existence of fronts and migratory cyclones, which moreover appeared to be properlv
located with respect to the upper-level waves. Using a much larger appara Lus, Faller (J 956) was able
to observe extensive frontal surfaces, which possessed families of wave disturhances whose structure
and evolution closely resembled the classical Norwegian cyclone niodel.
Evidence that the dishpan resembles the atmosphere in other respects was provided by Stan and
Long (1953). Using vclocit)' measurements al the free surface obtained from a sequence o[ 108 photo
graphs, they evaluated the northward transport of angular momentum at six diITcrent latitudes. They
found an average northward transport at all latitudes, with a peak value in low latitudes occurring near
the latitude of maximum westerly "wind". Furthermore nearly all of the transport was accomplished
by the eddies. It thus appears that eddies in the dishpan and in the atmosphere play similar roles in
the angular-momentum balance.
The production of kinetic energy in the dishpan must be accornplished by the pressure forces, yet
the differences in pressure are so minute that direct measurements would be difficult lo obtain. The
hydrostatic and geostrophic relations therefore cannot be directly confirmed. Temperature measure
ments are easily made, however, and one can confirm the geostrophic relation by confirming the thermal
wind relation and assuming that hydrostatic equilibrium must prernil in any case. In the dishpan the
thermal-wind relation assumes the form

JU /iJz = � eg Q-1 k X VT ,

(J 32)

where e = d (ln a)/dt is the coefficient of thermal expansion. �[easuJ'ements in a dishpan with a radius
o[ 15 centimetres, where the rim-to-centre contrast may be about 10 ° , show thaL nearl :-,· half of this
contrast may occur across a jet stream about 1 cm wide; ful'Lhermore, under the assumption that U = 0
at the bottom, the thermal-wind relation is found to be very closel ;-1 satisfied.
The circulation in the dishpan therefore resembles the atmospheric circulation in many important
respects. Some features of the atmosphere of course are not reproduced. i'iotable among these is the
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tropical circulation; tlte dishpan has a consLant Coriolis parameter, and the tropical and temperate
latitude circulations cannol be modell.ed simultaneously. The stratosphere. which depends upon radiative
heating in the ozone layer, is not present in Lhe dishpan, and phenomena depending upon changes of
phase of water at'e 1101 reproduced.
According to the usual conditions for d :-·11amic modelling, the trans1l10n belween the Hadley and
Rossby regimes should depend upon the values of certain dimensionless ratios involving the rotation
and the heating contrast, rather than direct! :,• upon dimensional values of these quantities. The governing
equations in dimensionless form contain a number of dimcnsionles� piwamcters; among these. the values
of the Taylor number Ta and the thermal Ro�sb :-· number Ro-r seem to have the greatest innuence on
the results of an experiment.
The Ta)·lor number is defined as
(133)
where h is Lhe depth ot the fluid and v is the kinematic ,·iscosiLv. The square rool of T,, is <l measure
of the ratio of Coriolis forces to viscous forces, and has been called the "rotation He:,•nolds m1mber".
Because of the great depth and low molecular viscosity of the aL111ospherc, ll1c alrnuspl1cric Taylor JJu111Ler
cannot be conveniently duplicated in the dishpan, and it had been argued that fo1· this reason the dishpan
could not simulate the atmosphel'e. When the Chicago experiments were undertaken despite this warning
and proved successful, an explanation was needed. The most plausible explanation seem� to be that
the efTective viscosity in the atmosphere is the turbulent viscosity, which is generally at least 10 5 times
as great as molecular viscosity. Defined in terms of turbulent Yiscosit:v, a t :-·pical almospheric Taylor
nurnber is about 10 7 , which is readil:· obtained in the dishpan.
The thermal Rossby number may be defined as
(1.3ft)
where .aT is the rin1-10-cen1re difference of the vertically averaged temperature. It is evi<lcnt from
(1.34) that H. 0'1' depends upon both heating and rotation; the dimensionless parameter which depends
upon tempera lure con1rast alone is Lhe product Ta R oT •
Jn a more general rotating Ouid s:-·:;tem the Rossby number R.0 is often defined as the ratio of a
suitabl:, chosen relative velocit:' lo a suitably chosen absolute velocit�·- Such a ratio was first u:;cd in
connection with the atmosphere by Kibel (1940). In Lhe clishpan it is convenient to let
( 135)
where u 1. is lhe average value of [u] with respect Lo latitude, [u] being the average of u with respect Lo
longitude, at the free surface. The thermal H.ossbv number R o-r has been defined in such a way that.
it will reduce Lo the Rossby number R 0 if the Lhernial wind relation is valid, and if the flow near Lhe
bottom is negligibly s111all; this may be seen by comparing (132), (13/i), and (l35).
It should be noted that R oT is strict! :-• speaking an internal parameter: it is used because of Lhe obvious
difficulties in measuring a meaning[ul external temperature contrast when the heating eleme11 l ma.v
be a Bunsen bumer or an electrical coil. Thus a pre-chosen RoT cannot be directly entered into an experi
menL, although it can generally be established by a trial-and-error procedure. ;'\everll1eless i L is often
convenienl to think of an experiment as being var.ied by varying the thermal Hossby number.
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A typical atmospheric value or R0 is about 0.03. Except for low values of 1'n, Hadley flow is gener

ally not observed in the dishpan for values of RoT below 0.3. The experin1ents therefore definite]�- imply
that the atmospheric circulation should lie within the Rossby regime.

The annulus experiments
At the time that the early experiments at Chicago were in progress, Ilidc (1953) was performing
somewhat similar experiments at Cambridge University, using a deep annular container rather than
an open dishpan. Hide was interested in simulating the Earth's core, but he recognized the meteorological
significance of sollJe of his results, and ultimately his experiments influenced the work of all others in
the field.
From the meteorological point of view Hide'� most significant discovery was probably that or the
occmTcncc of flow patterns containing chains of identical waves, which progre�scd about the axis al a
uniform rate without altering their shape, in sharp contrast to the patterns in the open dishpan, which
seemed no more regular or periodic than the atmosphere itself. Theoretical meteorologists had been
using such waves as mathematical idealizations since Rossby ( L939) had introduced them in his famous
paper, and the idea was sometimes expressed that since the patterns in the almosphcre were always
irregular, Rossby's sinusoidal waves were no more than fantasy. l lide's experiments definitely showed
that Rosshy's ideas could apply to real Ouid systems, which, although lacking the unpredictability of
the atmosphere, were at least driven by an analogous mechanism.
More important from the practical point of view was the opporlunit�· provided for detailed experi
mental measurements. Although motions at Lhe free surface of the dishpan can be measured photo
graphically, it is generally not feasible to scauer thermometers or "anemometers" throughout the interior,
and the temperatures are measured at only a few interior points at once, while the internal flow ma�·
not be measured at all. \¥hen the flow is non-periodic, only the long-term statistics can be measured
in detail, and these require an experiment of extended duration, sufficient to allow measurements during
a representative collection of "weather situations". There is a slight advantage over real atmospheric
studies in that Lhe long-term statistics should not vary from one longitude to another.
Waves moving without changing their shape form a steady-state flow in a co-ordinate system moving
with the waves. Aside from experimental errors, a single photograph is sufficient Lo measure Lhe free
surface velocities, while an instantaneous temperature field can be constructed from temperature measure
ments taken a few at a time. This possibility has been exploited by Riehl and Fultz (1958), who have
determined lhree-dimensional distributions of temperature and motion in considerable detail. Even
when only the statistics are desired, the laLour is greatly reduced by the elimination of Lhe major sampling
fluctuations.
The flow patterns discovered b :-,r Hide form a sub-regime of the Rossb)· regime. This may be called
the "steady H.ossby regime", although it must be noted that this term has also been used Lo describe
an ordinary Rossby regime which has attained a statistically steady stale following the modification
of some external parameter.
When all the waves are identical, there must be a definite number of waves. The wave number
1s then one characteristic of the flow. l L is possible within the same annular apparatus to change the
number of waves by changing the external conditions. In general, lowering the thermal Rossb�· number
increases the wave number. There are well-marked transitions from one wave number to another, so
that the steady Rossby regime may be further divided into sub-regimes, one for each wave number.
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Figure 57 shows the Hadley-Rossby transition, and the transitions between wave numbers, as
determined experimentally by Fultz et al. (1964) using an annular apparatus like the one first used by
Ilide. (We shall presently consider the somewhat similar Figure 58.) To obtain the transitions, the
rotation rate was held fixed, while Lhe heating contrast, starting at zero, ,vas increased in steps until the
Hadley regime was re-established. The procedure was then repeated £or difTerent fixed rotation rates.
It is noteworthy that the wave-number transition curves arc marked by nearly constant thermal Rossby
numbers. (For an annulus, the factor a.- 2 in (134) must be replaced by a-1 (a - b)-1, where b is the
inner radius.)
A fw·ther striking discovery of Hide's was a phenomenon which he named "vacillation". Here the
waves are not steady in a moving co-ordinate system, but they alter their shape and speed of progression
in a regular periodic manner, returning to their original configuration at the completion of a vacillation
cycle. This phenomenon aroused immediate interest among meteorologists because of its resemblance
to the fluctuations of the zonal index, a quantity introduced, incidentally, by Rossby in the paper just
cited. Like the steady waves, the idea of an index cycle had been criticized as an over-idealization. It
was pointed out, fo1· example, that the variations of the circulation were more nearly random than cyclic.
Hide's experiments clearly showed that regular predictable fluctuations in i·eal fluid systems were by
no means preposterous.
Since a vacillating pattern repeats at regular intervals, it is possible in this case also to measure
the three-dimensional temperature field at any phase of the vacillation cycle, and thence to obtain long
term statistics for a non-steady circulation, without the usual sampling difficulties. The three-dimensional
wind field is most readily determined by measuring the wind at the free surface, and deducing the wind
below from the thermal wind equation.
Figures 59-62 show the appearance of the free surface at four phases of a vacillation cycle in an
experiment recently performed by Fultz. (A somewhat similar experiment is illustrated by Fultz et al.,
1959, pp. 94.-95.) The vacillation period in this case was 16¼ revolutions; the successive photographs
are separated by 4 revolutions. Almost as striking as the pronounced change in the shape of the waves
from one phase to another is the nearly identical shape possessed by the five separate waves at each phase.
In Figure 59 the nearly due-north winds to the left of the troughs, together with the south-westerly
winds to the right, indicate a strong northward transport ol' angular momentum. By the time of
Figure 60 this transport has ceased and reversed its sign. The inci·eased westerlies at lower latitudes
and decreased westerlies at higher latitudes, which result from the southward momentum transport,
manifest. themselves in the transformation of the open troughs into closed cyclonic centres in Figure 61.
By this time the southward transport of momentum has ceased, and the transport has become decidedly
northward in Figure 62, so that four days later, when the pattern is again as in Figure 59, the troughs
have opened up again. Yleasurements have revealed that the poleward transport of heat undergoes similar
fluctuations during the vacillation cycle.

Im plications of the experiments

Entirely aside from any resemblance which they may bear to the atmosphere, the experiments pose
a basic theoretical problem which demands an explanation. This problem concerns the reasons for the
existence of separate l'egimes of flow, and the abrupt transitions between them. Of main interest is the·
transition between the Hadley and Rossby regimes. For definiteness the "upper transition" appearing
in the upper portion of Figure 57 may be considered. The following discussion must be regarded as
largely descriptive rather than truly explanatory.
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Figure 57. - Transitions between Hadley (symmetric) and
Rossby regimes, and transitions between
wave numbers within the Rossby regime,
occurring in rotating-<1nnulus experiment of
Fultz et al. (1961,), as the thermal Rossby
number Ro-r is increased whlle the Taylor num
ber remains fixed. Dashed curve; indicate
that the location of the transition is some
what uncertain. Parameter Q2 a g- 1 is propor
tional to the Taylor number £or a giYcn
apparatus with a given amount of nuid
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Figure 58. - Transitions between I-ladle�• (s�•mmelric) and
Rossby regimes, ancl transitions between
wave numbers within lhe Rossbv regime,
occul'l'ing in same rotating-annuhis experi
ment as in Figure 57, as the thermal Rossby
number is decreased while the Tavlor number
remains fixed
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Figure 5!). - Photogrnph of upper surface of fluid in a rotating
annulus, showing a five-wa,·c Hosshy-regimc
circulal ion pattern. The photograph is a time
exposure, so that particles of tracer on the upper
surface appear as streaks indicating the direction
anrl speed of flow. The circulation pal lcl'n is
vacillating with a period of ·I 6¼ revolutions (photo
by Dave Fultzj

Figu1'e 60. - Tlw same a, Figure 59, rour revolutions later
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Figure 61. - The same a::; Figure 5�, eight revolutions later

Figure 62. - The same as Figme 59, l wclvc rew,lutions later
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It is evident thaL for any �et of conditions under which zonally symmetric flow is observed, the now
must constitute a symmetric solution o[ the mathematical equations, and that moreover this solution
must be stable with respect to sufficiently small perturbations. For any set of conditions where the
Rossby regime is observed, there appear to be tht·ee different possibiliLies:
1. Symmetric now is rnaLhematically impossible; there is no steady-state syinmetric solution of the
equations.
2. Steady symmetric flow is mathematicall�- possible, but it is unstable with respect to small asym
metric perturbations; these perturbations therefore develop into finite waves when the critical
conditions are exceeded.
3. SLeady symmetric flow is mathematically possible and is also stable, but the system is in transitive,
possessing at least two "general circulations"; unsymmetric flow is possible also.
The first of Lhese possibilities had been suggested during the course of the early experirnenLs, but
Lhe arguments in favour of it do not seem very strong. It may be recalled that once Iladle:,,- flow was
found not to be present in the atmosphere, the arguments advanced to show the impossibility rather
than the instability of Hadley flow proved fallacious. Tn any event eiLher stead�· or oscillatory symmetric
flow must he mathematically possible; one need but choose zonally symmetric initial conditions and the
symmetry will be preserved.
The second possibility, which is much like the argument presented by Bjerknes (1921) to account
for the large disturbances in the atmosphere, was proposed in connection with the dishpan experiments
by Lorenz (Hl56). He noted that for symmetric flow the primary effect of stronger heating would be
to produce a stronger temperature contrast., with accompanying stronger vertical wind shear. According
to the usual criteria for· baroclinic instability (which is discussed in more detail in Chapter V 111), this
should favour instability rather than stability. lie therefore sought a second-order or non-linear eITect
through which stronger heating could increase the stability. Such an effect appears to be the transport
of heat by the meridional circula lion, which conveys warm Iluid across the top and cold fluid across the
bottom, and thereby creates a stable stratification, which favours baroclinic stability. Since the verLical
stability is proportional to both the stt·ength of the meridional circulation and the temperature contrast,
iL is proportional to the square of the healing contrast, neglecting still higher-order effects, and for
sufficiently strong heating it should offset the destabilizing effect of the vertical shear.
llowe\·er correct this explanation may be in some instances, more recent experiments have shown
that for certain combinations of rotation and heating the third explanation is the proper one. Fultz
et al. (1959, p. 78) describe one case in detail. In the particular apparatus, the Rossby regime ordinarily
occurred when RoT fell helow about 0.5. However, when RoT was decreased very carefully by increasing
the rotation rate in small steps, allowing time for adjusLment of the flow between steps, the Hadley
regime was preserved until RoT fell to about 0.3. Between these two values, the s � ·mmetric circulation
was stable in the ordinary sense, since moderate disturbance would not destroy iL. Yet when the water
was stirred Yiolently with a rod for about one second, a pattern o[ Lhree waves developed and remained.
This was evidently the same now which would have developed in any case if less care had been taken
in decreasing the rotation rate.
Initial conditions consisting o[ a symmetric flow plus small but not infinitesimal disturbances have
a finite rather than a zero probability of being selected by chance. More irregular initial conditions leading
to the Rossby regime also have a finite probability of being selected by chance. The experiment therefore
provides concrete evidence that thermally forced rotating fluid nows may be intransitive, and incidentally
suggests that one is not necessarily on safe ground in assuming that the atmosphere is transitive.
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Rossby flow is therefore not restricted to those instances when the mathematically possible Hadley
flow is unstable. It may occur mainly when Hadley flow is unstable, but for some external conditions
Hossby flow is simply an alternative to Hadley flow. The instability of Hadley flow is a sufficient condition
for Rossby flow, but not a necessary condition.
In the open dishpan the principal abrupt transition is from the Hadley to the Hossby regime. The
Rossby flow tends to be irregular and non-periodic. and transitions from one set of statistics to another,
as the external conditions change, seem to be slow and continuous rather than abrupt. In the annular
experiments, where many qualitatively distinct regular periodic flows occur, the transitions may be
rather sharp. Here also, intransitivities have been experimental!�· observed.
The curves in Figure 57 show the transitions to lower waw numbers which occur in one particular
apparatus as the heating is increased, while the rotation rate remains fixed. The transitions lo higher
wave numbers as thr heating is decreased again are :-;hown in Figure 58. These invariably occur al lower
\'alues of R 0-r; thus there are external conditions under which either of two consecutive wave numbers
ma�· occur.
Like the J ladlc�•-Rossb�· trans1l1on, the lrans1t1ons between wave numbers may be described in
terms of stability and instability. It is not sufficient in this case to consider on!�· the stabilit�· of a steady
state symmetric flow; the stabilit�· of a time-dependent flow with respect to still further disturbances
is involved. Consider two adjacent wave numbers, sa�· numbers three and four. An equilibrium Iladley
flow may be unstable with respect Lo disturbances having wave number three only, or four only, or it
may be unstable with respect lo both disturbances, or neither. lf it is unstable with respect lo both
wave numbers, a Rossb�· flow containing three ,-..-aves, and another one containing four, will each be
mathematically possible. These Rossby flows, as opposed to the mathematically possible liadlcy flow
alone, may be unstable with respect lo further disturbances having respecliYely four or three waves.
If the three-wave flow is unstable with respect lo four-wave disturbances, and vice versa, neither three·
wave nor four-waYc flow can exist by itself experimentally, and (barring still further wave numbers) the
resulting flow will be somewhat irregular, as in the open dishpan. If the thrce-wa ve and four-wa vc flows
arc each stable with respect lo disturbances of the other wave number, either pattern can occur and persist,
and t.hc s�·stem is intransitive. This is evidently what happens in the annulus near the wave number
transition:;. If only one flow is unstable with respect to disturbances having the other wave number,
only the !\table flow will be observed. This evidently occurs in the annulus away from the transitions.
Similar considerations seem to characterize the phenomenon of Yacillation. \\'hen a wave pattern
is observed lo move without changing its shape, the pattern is stable with respect to further disturbances.
Under other conditions, steady waves may still be mathematicall�· possible but unstable. If the pattern
is unstable with respect to further disturbances having the same wave number but. a different shape,
vacillation may be mathematically possible. In that event it will be possible to obsen·e the vacillating
flow, unless it is also unstable with respect to still further disturbances, in which case the resulting flow
will presumably be rather irregular.
The flow in the dishpan and the annulus has received its mo�t extensive theoretical treatment from
Kuo (1957) and Davies (1959). Rather complicated mathematics is iin·olvcd. That the pertinent physical
processes may nevertheless be rather simple is indicated by a study by Lorenz (L962), who was able to
establish a highly simplified system of equations giving a crude description of the experiments. The
system consists of only eight ordinary dilTerential equation!', and it can be solved analytically for the
Hadley flow under all conditions, and for the Rossby flow under those conditions where such a flow exists.
lie obtained a Hadlcy-Rossby curve looking very much like fultz's, although it was difficult to assign
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an absolute scale. ,\s he had postulated earlier, lhc vertical stability was llw coolrolling factor in rendering
the Uadlcy flow stable for strong heating. :',Ioreo,·cr>, the intransitivity or the s:-·stem near the l ladley
Rossb:- · transition was reproduced.
\\'ith the addilion of four rnore variables, Lorenz also obtained curves for the Lrans1L1011s between
pairs of eonsecut iv<• wavc 11u1nbers. These boi·c a fair resemblance to the experimentally determined
transitions shown in Figures 57 and 58. The intransitivity near the wa,·c-number transitions was not
reproduced: instead lherc w<•rt• conditions where two wave numbers occurred sirnultaneousl�·. �lost likel )·
the 11ossb )· Oow was too crudely represented for its stabilit:-· with respect Lo further disturbances to be
proper! :- · dcscrihPd.
The laboral or�· experiments presumabl�· tell us more about planetar�· atmospheres in general than
about the Earth's atmosphere in particular. The�· indicate the variety of flow pallerns which can occur,
and lhc• conditions favourabk to each of these. Since regular Oow pallerns, olher than Hadley Oow,
occur main!�· in I hr annular experiments. and since an open dishpan is presumably a better planetary
analogu(• than an a11nulu,-, t Ire experiments sugge:-.t that large-scale planetar:· flow pallerns should be
confined lo lladley flow and irregular Hossby Oow.
.\rnong the controlled experiments which d(•serve special mention rs one designed lo explore the
original h�·polhe,,is of Ilallc :- 1686) to lhe effect that the trade winds are produced b�· the diurnal
progression of llw 111ost strongly healed region about the Equator, rather than h)· any deflective etTeel
of the rotation. Fultz et al. (lfl59, pp. 36-39) describe an experiment in which a flame was lllovcd in a
cil'cular palh undt>rncath lhc rim or a stationary dishpan. In clue time wcstrrly winds, i.e. motion opposed
to the direction of I he Oamr, de,·eloped at the upper surface. .\t the bot lorn these were ea:-.tcrlics near
the rim and weslerlies neal' the centre, while a single direct 111cridional C'ell occupied lhe entire· dishpan.
Prcsu111nlily tire c·orrcsponding clTcct in Lh(• atmosphere is insignificant hy comparison with the deflective
elTect of the rotation, hut qualitaliYel: thr etTeet h�·pothesizC'cl hy llalle�· seems to he verified.
Pc•rhap;; the most importanl contribution of tire laboralor�· experiments to the theor�· of the atmo
sphere has bPen I lw separation of I he essential considerations frorn the minor and the irrelevant.
Condrnsalion of walPr vapour, for e-xamplc. ma�· .vcl play an essential role in the tropics, where the circu
lation ha� not been well modelled, but in temperate latitudt>s it appears lo be no more than a modifying
influener. since systPrns occurring in the atmosphcrt>, including even c�·clones and fronts, occur also in
lhe dishpan, whcrP there is no analogue of the condrnsation 1woecss. Similar remarks apply lo the topo
graphic features or the Earth. which arc intentionall :-• omitted in rnosl of the experiments. The so-caJJe<l
(3-efTcct
the trndcney for the relatiw vorticit:· lo decrea�r in northwa1·d flow and increase in south
wal'd flow becausr of the Yariability of the Coriolis parameter
now appears lo play a lesser l'Ole than
had once been assumed. Certninly a 11umerical wealher forecctst would fail if the p-ctTect were disregarded,
but the P-etTect doe,; not srcm lo be required for the dewloprnent of typical atmospheric systems.
Ou the other �ide of the ledger. the experiments emphasize the necessit:• for· quantitative consi
derations; at the ver�· least these rnust be sufficient Lo place thr atmosphere in Ll1c Hossb�· rrgime. The
most thal a compl<•tely qualitntive treatment can do is to pstablish the separate properties or the Rossby
and Iladle:· regime�. and then '-late thal the atmosphere conforms to on(• or the other of these.

CHAPTER Vll

NUMERICAL SIMULATION OF THE ATMOSPHERE
The recent development o[ laboratory models, which has provided a new 1ool for the investigation
oE the atmosphere, has been followed closely by the development of a further tool - the numerical model.
Actuall_v a numerical model is a system of mathematical equations, designed lo resemble the equations
governing the atmosphere, and arranged in a form suitable for solution by numerical methods. A numerical
experiment consists simply of the determination and examination of a particular time-dependent solution
of the equations, starting from some chosen initial conditions. Yet the procedure for performing a
numerical experi in enl has become highly specialized, and it has become customary to regard a numerical
model as a new physical S)'Stem whose behaviour simulaLes that of the atmosphere, rather than simply
an approximate mathematical means for studying the atmospheric S)'Stem itself.
Numerical experiments are almost invariably performed with the aid of high-speed digital computing
machines. The required amount of computation in most meaningful experiments is so great that slower
methods are wholl�, inadequate.
Size and time limitations
Although it may be argued that the atmosphere is really a finite system containing about 1044 mole
cules, and that it may therefore be represented by a finite collection of numbers, the usual representation
of the atmosphere as a continuum is far more realistic than any approximation which attempts to represent
the atmosphere by a small finite set or numbers. The equations governing the continuous atmosphere
1m1�, therefore be regarded as the exact equations.
On the other hand a digital computer has a finite
capacity, and operates at a finite speed. It therefore cannot describe the atmosphere as either a continuous
or a continuously varying system.
The state of the atmosphere at. any one time t must somehow be represented by a finite set of numbers,
say m numbers X1 , • • •, Xm, if the equations are to be solved numericall)' as an initial value problem.
In most models these numbers have been the values of the meteorological variables at a previously chosen
three-dimensional grid or points, with the values between the points being implied by some interpolative
or extrapolative scheme. The interpolations are not actually carried out, but, as a part of the model,
the exact equations are replaced by approximate expressions for the time derivatives dX i,/dt, • • •, dXm/dt
at the grid points, in terms of the values X 1, • • ·, Xm at the grid points.
Other schemes afford more economical representations of the state of the atmosphere, but the
corresponding modified equations are generally more awkward to handle. In the most common alterna
tive scheme the field of each variable is expressed as a linear combination of a set of previously chosen
functions, such as spherical harmonics, and the m numbers are the coefftcient appearing in these combi
nations.
The m numbers cannot be varied continuously during an experiment but must be chanjed in a
finite number of steps, say n steps. Generally a time increment At is chosen, and the values of the m
numbers at time t
L1t are approximated b�- a formula such aR
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or often by a more sophisticated scheme. If an average of /r arithmetic operations is required to compute
one time derivative, the complete experiment requires a total of kmn arithmetic operations.
The mn numbers so generated may then be treated as observational data. They may be used to
construct a series of simulated weather maps, or to compute any desired statistic such as a long-term
average. For the latter purpose they have one obvious advantage over real data in that there should
be no missing observations.
If an investigator wished to perform only one numerical experiment, he might be willing to let the
machine compute for ll �-ear. Certa· inly comparable times have been spent in analysing the numerical
data after they have been generated. Yet greater benefits are to he anticipated from a series of experiments,
where certain factors may be varied from one experiment to another. The day when large computers
will become so inexpensive that a meteorological centre can a!Tord to own several of them and perform
several experiments simultaneously does not seem to be near at hand. l\lore likely there will be additional
demands upon a single computer. A few weeks of computation therefore appears to be a practical upper
limit for most numerical experiments.
The fastest computers in use toda) ca11 11erfurn1 a single arithmetic operation, such as the addition
or multiplication of two several-digit numbers, in about 10-6 seconds, and can thus perform about 10 12
ope1:ations in the course of two weeks, if the�· a·re kept running continuously. ·with further improvement
in computer technology this ftgure is like)�- to increase. By comparison, a person working unaided would
be unlikely Lo perform more than J.04 operations during the same period.
The practical limit for the product kmn is therefore about '10 12. ln a typical experiment about
100 operations are needed to compute a single time derivative of a single quantity, so that nm is limited
Lo about 10 10 . Assuming that an experiment must simulate at least a few months of atmospheric
behaviour - an interval generally needed to obtain meaningful statistics from real observations - and
assuming tentative!)· that the time increment Jt ma;· he a few hours, a lower limit for n is about 103,
whence an upper limit for m is about J0 7.
Jn lhe most elaborate numerical model so far investigated, Manabc et al. (1965) have represented
the state of the atmosphere by about. 50 000 numbers. If one can imagine using the upper limit of
10 7 numbers, these might reasonably be chosen as the values of five atmospheric variables at each of
20 elevations at each point in a horizontal grid of 10 5 points. There would then be one grid point for
each 5000 square kilometres of the Earth's surface.
Undoubtedly there are particular solutions of the exact equations in which the fields of the variables
are so smooth that the)· would be adequately described by interpolation between the 105 grid points,
but observations show that these are not the solutions chosen by the real atmosphere. The air is filled
with such disturbances as thunderstorms, cumulus clouds, and smaller turbulent eddies. The detailed
structures of these systems cannot be described b�- the values of the variables at a coaTse grid. Any
numerical solution performed today must therefore apply to an atmosphere which has been idealized
to the extent or omitting all rnotions of thunderstorm scale or smaller.
ft might appear that with an eventual increase in the speed or computing machines by a factor of
, which is not out of the question, it would become possible to introduce one grid point for every five
square kilometres, and include at least the larger cumulus clouds. There is a (mther reason, however,
aside fr�m the large number of dependent variables demanded, why these features must be omitted.
In any realistic solution each variable at each grid point will undergo oscillations about some mean value.
10 3
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An instantaneous time-derivative affords a good approximation Lo the average time-derivative cluring
a small fraction of a period of oscillation, but it gives a very poor approximation ror a full period, let
alone several periods. Even under lhe more sophisticated computation schemes, small inconsequential
irregularities which should rapidly die out will be described as intensifying, and ultimately dominating
the circulation, if L1t is as great as one fourth or the period of oscillation of these irregularities. The time
increment must therefore be made small enough to accommodate the oscillations of all the systems which
are retained, and it becomes as essential to eliminate rapidly oscillating systems, lo keep n small, as it
1s Lo eliminate ,;mall-scale s)·stems, to keep m within bounds.
The oscillations at an individual point may result from the propagation or waves or wave-like motions
through the air, or f 1·orn the simple displacement of some irregulari1y by the air motion. Local fluctuations
due to turbulence are largely of the latter t)'pc; the period of oscillation is at least comparable to the
time required for the smoothed wind-field to carry a turbulent element through its own length. Inclusion
of even the crudest representation of cumulus clouds would therefore limit At Lo about a minute, while
smaller-scale turbulence could limit it to a fraction of a second.
With At reduced to a minute or less, n would be raised to 105 or.· more. If even the largest cumulus
clouds are to be carried as part of the global circulation in a numerical model, the speed of computation
must inc 1·ease by a factor of at least '105 above its present maximum; smaller cumulus clouds would require
an even greater increase.
"Nevertheless, cumulus clouds and smaller-scale eddies are instrumental in the vertical transfer of
angular momentum, water, and energy, and the numerical solution must somehow incorporate their
effects if it is Lo serve its purpo5e. This is ordinarily accomplished by relating the effects of these systems
to the large-scale motions on ·which they are superposed, through the use of coefficients of turbulent
viscosity and conductivity. Since the intensity of the smaller-scale systems is in turn afTected by the
larger-scale fields, the coefficients are better approximated by functions of the numbers at the grid points
than by constants. Determination of suitable approximations is a problem which is still far short of
solution.
Since cyclones and other disturbances of similar size. which are instrumental in the horizontal
t1·ansports of angular momentum, water, and energy, generally do not follow one upon another by less
than a day, it might appear that without the smaller-scale systems the solution could proceed in six
hour time increments. ln practice this is not the case. Very small random errors, such as those introduced
by round-off, will be interpreted by the computational scheme as small-amplitude disturbances, to be
either carried along with the motion of the air or propagated through the air as waves. Once introduced,
these disturbances will l'emain as part of the numerical solution. If they fail to grow they will cause no
difftculties, but if At is greater than about one fourth of the period with which these fictitious disturbances
ought to oscillate, according Lo the governing equations, the errors will amplify and finally dominate
the field.
l n general the errors will be interpreted as superpos1t1ons of simpler disturbances ( normal modes:
see Chapter VIII) having lengths as short as four grid intervals. (V11aves with lengths between two and
four grid intervals will appear ·in a spectral analysis, but under the usual differencing processes they
will not oscillate as rapidly as those which arc just four grid intervals long.) It follows that the maximum
allowable value of L1t is the time required for the air to move one grid interval, or for a wave to travel
one grid interval. This restriction is the well-known Courant-Friedel'iehs-Lewy criterion for computa
tional stability. For a more rigorous treatment the reader is referred to the book of Thompson (1959)
or a shorter summary article by Phillips (1960).
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The limitation upon Lit is dictated firsl of all b)' those waves which move much more l'apidly than
the speed of the wind. The most rapidly propagating waves arc sound waves and external gravity waves.
These waves are of qucstionahlc importance in the total circulation. but they soon become -..ery important
in an umtahle computational scheme. I I is possible to introduce further approximations which cfTcclivel�·
modify Lhe equations so that these waves are incapable or being propagated.
The most troublesome waves are vertically travelling �ound wa\·cs. since the grid interval in the
vertical is necessaril�· small compared to the horizontal inten·al. Even with minimum vertical resolution
(two layers) the:, would limit LJI lo aboul half a minute. ,\:-; noted in Chapter J[, they are completely
eliminated by using the hydrostatic equal ion in place of thr <>xact vertical equation of motion. This
approximation is in general ust· in an�· ('8�e.
CraviL:v wa,·es ma:, he eliminated in a numb<•r of wa�·s, the simplest of which is the use of thr
geoslrophic approxirnation. in the form which equates the vorticity of the wind Lo Lhe Yorticity of the
geostrophic wind, in place of the diverg<•ncc equation. The 111orc cumbersome but more realistic equation
of balant'c would hiwc a sirnilar elTecl. Only lhr rxteroal graYit�· waves move at the most extreme
speeds, and Lhey llHI)" be eliminated, while internal graYil:· waves are retained, b:· simpl�- requiring the
vert icall:· a veragccl divergrn('C I o vanisIi.
\Yhc1·cas the use of an l!Xlremel�· short time-increment would �uppress onl� the spurious sound
and gravity waYcs and lea Ye lhe ones which should actuall�- occur, the hydrostatic and gcoslrophic
approximations, with or without a ver:v short time-increment, remov(' all sound and gravit�· waves.
The approximations can therefore be justified only if these waves have very little eITed upon the component
o[ the circulation which is being studied. This indeed appears to be thr case for sound wa\·es: for gravity
waves it has been claimed that this i:s tlw ca�e, but Lhe conclusion is less C'Crtain.
Even with the h�·drostalic and geostrophic approximations, a six-hour time-increment is nol possible
in practice. C�·cloncs ordinaril�· travel more slow(�- than the wind. while fictitious disturbances other than
sound and gravit�· waves, but not ha,·ing the t�·pical structurr of c�·clones, can be carried with the wind.
Equall�• imporlanl, the minimum horizontal resolution needed lo represent the presence and propagation
of cyclones is considerably coarser than that needed for a good representation. Snrngo1·insky et al. (1965)
found that a 250-kilometre grid inten·al gave noticeably more realistic results than a 500-kilometre interYal.
This was apparently not so much because somewhat smaller-scale features were admitted, hut becausr
the larger-scale fN\tures were more accurate!�- depicted. v\'ith a reasonable horizontal resolution a
one-hour time-increment appears to be near the upper limit.
Other frequent!�- used idealizations afford minor saYings in computation time. hut their main purpose
is simplicit�· rather than economy. One of these is the lreatmrnl of air as an ideal gas. \\'ater in its various
phases, with its conscquen L I hcrmodynamic and radiaLional eITects, is complete! :,, omitted. Another
approximation treats the Earth's surfarc as completely homogeneous. Oceans and continents with their
contrasting thermal capacities. and mounlains and Yalle�·s with their contrasting mechanical innuences,
are eliminated. ,\ still further approxirnaLion regards the solar heating as a function of latitude onl�·
A hypothetical ave1·age sun is introduced. and Lhe diurnal and annual val'iations about this average are
disregarded. In man�· of the earlier models, the brta-plane approximation (see Chapter II) has been used.
Numerical weather prediction and the first experiment

The earlier stages of tlw de,·elopment of numerical simulation depended almo�t completely upon
the prior deYelopment of numerical wrather prediction - the direct application of the governing equa
tions Lo the problem of weather forrcasting. The procedures for nu111crical simul,rtion are almost the
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same, with two principal differences. First, in numerical weather prediction the initial conditions must
be chosen to represent the current weather situation, while in numerical simulation they may be chosen
ror maximum convenience. Second, in numerical weather prediction the solution is usually not extended
bevond a few da�•s, while in numerical simulation it must cover a few months at the least.
The latter distinction has considerable bearing upon the forms of the equations which may be used
to adva11tage. There is no reason why a system of equations which gives no meaningful results al long
range cannot give rather good short-range predictions. Consequently, for several �rears following the
first reasonably successful numerical weather forecast, heating and friction were omitted altogether
from the equations. To be suitable for simulating the global circulation, these cquatio11s wou]d have
to be modified at least to the extent of adding terms representing heating and friction.
The first serious attempt at numerical weather prediction was the remarkable work of Richardson
(1922). Using a rather complete formulation of the primitive equations, Richardson performed a single
six-hour forecast for the European area. His forecast completely failed to agree with the observed
development, and he attributed the failure to inaccuracies in the initial wind measurements. Tt is true
that the wind measurements were inadequate, but Richardson was also unaware of the phenomenon
of computational instabilit�·Digital computers were unknown al that time, and Richardson spent man�· months preparing his
single forecast. Jlc visualized the establishment of a meteorological centre where 64 000 persons working
together would be able to predict the weather as fast as it occurred. ft is only recent!�,, incidentally,
that a single machine has attained the speed of 64 000 persons.
For a number of years afterward potential investigators were discouraged b�· Richardson's lack of
success. Jt even appeared that sufficiently accurate initial wind-measurements might be impossible.
A promising procedure in which accurate wind measurements were not requil'ed was eventually proposed
by Charney (1947), and soon afterward Charne>', Fjortoft, and von �eumann (1950) produced the first
rnoderately successful numerical weather forecast with a digital computer.
The forecast was based on a "one-level" model (sec equation 58) in which the wind field appeared
at only one level, a11d the temperature did not appear as a dependent variable at all. It would have
been possible to modify the model by adding friction, but with no thermodynamic equation it would
not have been impossible to add thermal forcing. With the introduction by Phi Iiips (1.951) of a "Lwo
level" model, in which the wind field appeared at two levels, while a single temperature field was related
to the difference of the wind fields through the thermal wind relation, the stage waf. set for numerical
experiments of extended duration.
The original 11mnerical simulation of the global circulation was the famous experiment of Phillips
(1956). Phillips used a two-level model which contained the hydrostatic and geostrophic approximations
and all of the other idealizations cited above. lle chose a region bounded by parallel walls 10 000 kilo
metres apart, and ·withio the region he constrained each variable to repeat itself every 6000 kilometres
in the east-west direction. The external heating was simply a linear function of latitude, and friction
was a linear function of the wi11d field extrapolated to the surface.
Phillips first suppressed all variations with longitude, and allowed a Hadley-type cic·culation to
develop. The circulation lacked the contrasting trade winds and prevailing westerlies, and instead
possessed weak easterlies everywhere at the bottom. These also would have disappeared if the solution
had been allowed to attain full equilibrium, since, in conforn:iity with the geostrophic approximation,
the transport of momentum by the divergent compo11ent of the wind had been suppressed, and nothing
was left to balance the surface £rictional stress.
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As initial conditions for the main experiment, Phillips chose the Hadley circulation plus small random
perturbations which varied with latitude and longitude. fn the course of about five days a system of
organized waves developed, and then gradually increased in intensity. During the course of the inte
gration the extreme wind speed also increased, and to maintain computational stabilit�· Phillips had
Lo reduce the time-increment, which had at first been two hours, Lo one hour and then half an hour.
After about thirty days the errors introduced by the computational procedure seemed to rendel' the
so!u Lion rather meaningless.
The experiment was remarkably successful in reproducing certain features of the circulation. At
the surface easterlies soon appeared in low and high latitudes, with westerlies in between, and persisted
throughout the experiment. Aloft the westerlies showed a distinct tendency Lo culminate in a jet stream.
:Moreover, the detailed energy cycle was qualitatively like the one observed in the atmosphere, and the
vanous conversion processes possessed the right orders of magnitude, even if not the precise numerical
values.
Unlike the real atmosphere there was no essential difference bet wecn the trade winds and the polar
easterlies, but actually this similarity was demanded by lhe simplicity or the model. Certain symmetries
had been builL into the equations. Specifically, corresponding to any time-dependent solution, there
exists another time-dependent solution in which the field of the eastward wind component is the mirror
image, in the line midway between the extreme latitudes, o[ the same field in the former solution. Hence,
if the equations are transitive, the trade winds and the polar easterlies must have equal average intensities.
H they arc intransitive, and one set of statistics possesses stronger trade winds, another set will possess
stronger pola1· easterlies.
Yet the geometry alone does .nol demand easterlies and westerlies where t,hey occur; the westerlies
might have formed at high and low latitudes, with easterlies between. Thus. Lo lhc extent allowed b :-,·
the constraints, the model duplicates the trade winds and prevailing westerlies, and suggests that their
basic physical cause may nol haYc been eliminated b:v the ,·arious approximations.
The experiment revealed a form of computational instability which had not. been suggested by the
shorter-range nu merica I forecasts. If the s:-,·stem of equations had been linear, a clisturbanee cou Id have
been carried along b�· a preassigned flow, but nol by a now which was itself a variable of the system.
A suitable time-increment could then have been chosen once and for all. Por a non-linear system the
appropriate Lit decreases whenever the maximum wind increases. If for computational reasons the
system continues to gain kinetic energy, even at a slow rate, a computation which ha� appeared to be
stable for perhaps many days will suddenly become unstable as the critical wind speed is exceeded.
Be[ore numerical experiments could be carried out over indefinitely long intervals, 1his non-linear
instability had to be eliminated. Phillips (1959) has discovered one way in which the horizontal differ
encing procedure can produce a spurious gain in kinetic energ:-,1, and has found that the instability
may be eliminated by periodically subtracting all disturbances having wavelengths of less than four
grid intervals. A somewhat similar method consists of introducing a non-linear viscosity, which is very
effective in damping the smaller-scale s:-,rsLcms while having rather little efTect on the larger ones.
Another successful solution Lo the problem has been provided by Arakawa (1966), who has chosen a
finite-difference formulation of the horizontal advcctive processes which strictly conserves the kinetic
energy. Leith (1965) has solved the problcm
by a Lagrangian formulation of the advective processes,
_
which seeks th
. c location at time t-Lll of a point which will be carried by the now to a standard location
at time t.
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Recent numerical experiments

Some of Lhe more recent simulations have attempted to remove the less realistic simplifications
used by Phillips. Smagorinsky (1963) returned to the primitive equations, although still excluding
"external" gravity waves. He used a spherical geometry, but restricted the flow to a region bounded
by the Equator and 64.4° north (= arcsin 0.9). Ile extended the integration for 60 days in 20-minute
time increments.
This model yielded a considerably more realistic representation of the trade winds and zonal westerlies.
Irregular systems of five or six well-developed waves appeared in middle and higher latitudes, while
the tropics contained many more disturbances of much smaller amplitude and horizontal scale.
A considerable advance was made by Leith (1965), who integrated a six-laye1· primitive-equation
model containing evaporation, condensation, and precipitation. 1-\ novel feature of his numerical solution
was a computer-produced motion picture, where the growth, modification, and decay of individual
disturbances could readily be followed.
By far the most detailed numerical simulations to date are the experiment by Srnagorinsky et al.
(19G5) with a dry atmosphere, and an accompanying experiment by :\1anabe et al. (1965) with a moist
atmosphere. The former study permits external as well as internal gravity waves, and covers an entire
hemisphere, but its principal refinement is the representation of the vertical structure by nine levels,
which, with respect to pressare, are most close!�' packed at the bottom and top of the atmosphere.
This allows a more realistic treatment of the surface friction layer, aod also allows the efTects of radiation,
including ultra-violet absorption by ozone in the highest layers, to be incorporated in a more sophisticated
manner. The latter experiment contains, in addition to all the features of the former, a simplified hydro
logical cycle, including evaporation, advcction of water vapour, and precipitation, although the radiational
heating is still based upon the normal rather than the current distribution of clouds and water vapour.
The experiments were remarkably successful in duplicating many features of the real t:irculation.
The model develops its own trnpopause, and the complete temperature distribution is not unlike that
actually observed, including a poleward increase in the lower stratosphere. The energy cycle is in quali
tative and reasonable quantitative agreement with the real atmosphere, and, as appears Lo be the case
in reality, the kinetic energ�-- of the stratosphere is maintained through mechanical interaction with the
troposphere. The latter model yields a realistic over-all precipitation rate, although the Illaximum in
the tropics is too intense. Altogether the energetics are satisfactory, although there seems to be too
little eddy kinetic energy. The improvements to be expected from furthe1· refinements are largely
quantitative, although the refinements themselves will necessarily have to he qualitative.
Another outstanding large numerical simulation is that of �lintz (1964). Jn conjunction with the
models o[ Smagorinsky et al. and l\Ianabc et al. it is especially valuable in that it includes many basic
features which the other models omitted. :Mintz used only two layers in the vertical, but he included
the large-scale topogt·aphy of the Earth, and also the oceans and land surfaces. The oceans were assumed
to have infinite heat capacity, so that the ocean surface temperatures were prcspecificd quantities. The
land, and also the sea ice, wer·e assumed to have zero heat capacity, so that any heat received by them
was immediately transferred to the atmosphere.
Mintz first pedormed an experiment without the mountains, and then at a certain point suddenly
introduced them. According to Mintz (1964, p. 146), "As soon as this was done the air began to pour
down the mountain sides (as would water down the sides of an island emerging from the sea), producing
large gravity waves. After some days these large external gravity waves died out and only the
familiar meteorological motions remained . .. "
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:i.lintz found that the mountains had little effect upon the general type or bchaYiour of the atmosphere,
and in particular upon the total kinetic energ�·, but that, together with the land-ocean contrast and the
predetermined sea-surface temperatures, the:v had a considerable inOuence upon the geographical
locations at which various features occurred. The time-a,·eraged sea-]eYel pressuni field agreed rather
well with observations, as did the upper-leYel temperatures a,·et'aged oYer longitude and time.
A number of other investigators have recently become engaged in numerical experirnents. An excellent
comparatiYe account of the work thus far performed in this field has been giYen b�· Gawilin (1965).
From a comparison of the large numerical experiments we gain the impression that we can duplicnlc
the behaviour of the atmosphere as closely as we wish sirnply by making the equations more and more
realistic. The principal remaining physical problems arc the proper representation of small-scale motions
and the proper treatment of water in the atmosphere; these problems are compounded in the problem
of cumulus convection. There seems to be no obvious reason why acceptahle solutions cannot eventually
be found.
IL is therefore in order lo ask whaL ,-..-ould be gained, other than thr satisfaction of completing a
challengi11g task, if we should eventually reproduce the general ci1·culation in all its relevant details.
Since we know in any case, by definition, that the correct equations, solved in a correct manner, will
correctly reproduce the general circulation if the atmosphere is lran�itive, or will reproduce the correct
circulation from a wide range of initial conditions even if the atmosphere is intransitive, the immediate
result woul<l be to reassure us as to the correctness of the equations and the method of solution. Our
understanding of the general circulation would be increased only because man�· properties of the real
circulation are not easily observed and measured, whereas an essentially complete numerical solution
would contain the numerical value of every relevant variable, £rom which an:· desired statistics could
be evaluated. uch questions as the details of the energy cycle could be sellled once and for all.
The solution would not, howeYer, necessaril�· increase our ph�·sical insight. The total behaviour of
the circulation is so complex that the relative importance of various physical features. such as the Earth's
topograph�· and thr presence of water. is no more more eYidenl from an examination of numerical ;;olutions
than from direct observations of the real atmosphere.
As in the case of the laboratory models, the greatest value or the nulllerical models should lie• in
the opportunity for controlled experiments. The control may be of the l�;pc which is readily introduced
in the laborator�·, namely, the Yariation of one or more parameters, such as Lhe intensity of the heatin�.
The added power of the method lies in the possibility o[ altering not only physical features, such as tho
Earth's topography, but also entire physical processes. such as the propagation of sound and gravity
waves, since the equations are readily modified so as to describe a s:·stem which is completely unrealizable
in nature. In the laboratory, sound and gravity waves may he subdued by various means, but the�·
cannot be completely eliminated. Jn a numerical model the h:·dro,;tatic and geostrophic approximations
eliminate them altogether. The significance of these wa\'es for lhe remainder of the circulation ma�·
then be readily assessed.
The performance of controlled comparative numerical experiments appears lo haYe only begun.
:i.tost of the elTort lo date has been de\'oted to perfcc·ting individual experiments. Perhaps we ma�
anticipale the time in years Lo come when we may as n matter of coui·sr perfor111 several cxperimcn1s
of the scale of the one performed by Manabe et al. whe,wver we wish lo lest a hypothesis. In the mean
time the efTort de\'oted to reproducing the atmosphere rather than changing it is also well spent. The
more closely we are able to duplicate the atmosphere when such is our purpose, 1he more confidence
we can later place in controlled numerical experiments in which s:·ste111atic departures from the real
atmosphere have been introduced.

CIIAPTER VTH

THEORETICAL INVESTIGATIONS
The ph:,sical law,; which govern the behaviour of the almosphere, and the mathematical equations
which l'epresenl Lhese laws, form the basis for ever�· theoretical study or lhe circulation. The rnathcrnatical
tcchniques for handling I hcse equa Lions arc numerous. With the recent ou tbursL of interest in numcrical
simulation. and the growing anticipation that this method may eventualh- suppl�· an answer lo almost
an)· question which may be asked of it, it is easy to lo�e sight of Lhe facl rhat theoretical studies were an
f'�lablished part of mcleorolog�· long before lhe advent of the first digital computer.
Because nu111crical simulation seem,: Lo show promise of achieving a position of unique and long
lasting importance, nnd because, in contras! Lo the analytic expressions :,ieldcd by more ch,ssical mathe
matical techniques. the results of a numerical expel'irnent consist of a collection of number� to be pro
cessed further in �he manner of observaLional or experimental data. we chose to discuss numerical simulation
separate! :' · in the previous chapter. following the chapters on observational and experimental studies.
l ii Lhe pl'eF-enl chapter we shall examine some of the more cOn\·entional procedures through which the
go\·erning equations ma>· be applied Lo the $Ludy of the circulation. willi particular emphasis upon those
procedu,·es for which a computing machine is not essential.
Analytic solutions of the dy namic equations
Perhaps the ultimate theoretical achievement would be the discover;, of the general analYLic solution
of the exact equations. At present such an achieYement is precluded by our inabilit:'· to formulate such
processes as friction and condensation in an adequate manne1·, but the discovery o[ the general solution
of an idealized syslem of equations would be an almost equally satisf\ing accomp\ishmcnl. Unless the
equations have been so high]>· simplified that non-periodic F-olutions no longer exist, rhis accomplishment
also appear� to be impossible: the non-periodic functions characteristic of the atmosphel'e cannoL be
explicitly expressed in a finite numbe1· of symbols.
IL is perhaps a matter of opinion as to how much simplification or the equations is permissible, but
we feel that the following minimum requirements must be sal'isfied by the general solution of an>· 5:''stem
of equationti, if t]:iis solution is to be regarded as depicting the general circulation and lhc processes which
111aintain it. First, Lhere must be an energy cycle. in which heating produces available potential cncrg:'·,
re\·ersible adiabatic processes conYert available potential energ�· into kinetic energy, and kinetic energy is
dissipated by friction. Second, thel'C must be eddies, 01· departures from zonal symmetrr. Thctic eddies
must for the most part transport sensible heal toward higher latitudes, and thereby act lo reduce the
poleward temperature gradient; they must also gain available potential energ:v from the zonally averaged
field of mass. Likewise the eddies must for the most part transport angular momentum toward higher
latitudes. and thereby coutribute to the maintenance or low-level trade winds and prevailing westerlies;
they must also give up some kinetic energy to the 7.onal circular ion. To complete the angular-momentum
balance, direct meridional circulations must appear in low latitudes and indirect circulations must appear
in middle latitudes; these must also transport additional sensible heat and potential energy. It need
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hardl:-· be mentioned that the transports of sensible heal and angular momentum are non-linear processes,
and that the <>quations must be non-liucar.
Possibly there -is a SYStem of equations whose general solutions is periodic and )'Ct satisfies the above
rcquil'emcnts. If so, it might be possible to obtain the general solution in analytic form. . \n intensive
stud:, of the solution might then disclose tl1e basic reasons why the pl'Ocesses which it depicts also prevail
111 the real atmosphere.
In the absence of any assurance tlrnt the general solution of any suitable S)'Slem of equations can
be found. a less amhitious and more realistic goal is the determination of special anal:-·tic solutions. If
the atmosphere is idealized at least Lo the extent of omitting all geographical features and all variations
of external heatiug with time and longitude. one of these solutions is likewise independent of time and
longitude. This soluLion describes the IIadle.Y now. It is not a good l'epresentalion of the flow ohse,-ved
in the real atmospherP, but it is of inte1'etit for its own sake, and it pla:·s an important role in current
ideas regardin:r rhe general circulation.
Oberbeck (J888) was the first to attempt to obtain the Hadle:-' solution in analytic form. In so doing
he spcC'ificd the temperature field rather than Lhc field of external heating. Qualitatively his solution
rescu,bles tl1e flow envisioned b:· Hadle:-· (1735), with a single direct cell. but, as we noted in Chapter 1 V,
the resemblance seems to be accidental.
:-Ian:-· >·ears later Kropatscheck (1935) atlacked the same problem. and oblai11ed a meridional eircu
latio-11 looking ver:,-' m11ch like the flow visualized by Thomson (1857) and Ferrel (185!=1). with a shallow
indirect cell i11 middle and higher latitudes anJ a single Pole-lo-Equator direct cell filling the r·est of the
troposphere. Like Oberbeck he specified the temperature field, but his equations also included the thermal
wind relation; thus his wcsterlr winds were or the proper intensity, and hi!; direct cell was of the proper
strength ror maintaining them. He adj11sted the surface 7.onal winds so that the surface frictional torque
would balance the verticall>· integrated transport of angular momentum.
For the friction la�·er. howe,·cr, he assumed in advanee that wherever I here were surface easterlies,
or westerlies, there would be a substantial cquatorward, or poleward, drift superposed upon the meridional
circulation which ,vould otherwise prevail. Thus he was fo!'ced to obtain the shallow indirect cell, and
his work cannot be taken as a dernoustration that Thomson's or Ferret's picture of the meridional circu
lation is preferable to Hadley's.
The reader ,, vjl] notice that we have not ?Cl stated whether the meridional circulation which would
actually prevail if large-scale eddies could be prevented from developing, would be the circulation
envisioned by Hadley or the one pictured by Thomson and Fencl, 01· perhaps some other circulation.
This omission is intentional; we do not kno,v the answer.
Since the real Earth posi:;esses geographical irregularities which would render a circulation without
eddies impossible in any case, the question can onl:' pertain to the atmosphere of an idealized Earth.
At the ver.v least. to make the answer detenninate we must specify whether the Earth's surrac.:e consists
entirely of land or entirely of ocean. Ce1'Lainly the field of heating will be profound!�- affected by this
choice.
Let us note, then, that in a certain sense any meridional circulation is possible. \Ve may choose
any temperature field, and an accompanying zonal wind field which approximately satisfies the thermal
wind relation. \Ve may superpose any meridional cil'culation upon this. '''e may I hen solve for the
fields of friction and heating.
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In general the friction and heating so determined will form rather unrealistic patterns. If we demand
that Lhe rric:tion must bear a known l'elation to the ,notion, we can modify ou,· procedure by choosing
any meridional circulation and solving a lineal' equation, with val'iable cocfficients, for lhe zonal circulation
and the accompanying temperature. AllcrnatiYcly we can choose a zonal circulation, which niust satisfy
the constraint that the total frictional tol'que is zero upon any region bounded by the Earth' s surface
and two surfaces of constant angular momentum. and solve for the meridional circulation. In either
event we can then determine t.hc healing fl'om the thcrmodynan1ic elfuation.
The remaining problern will be that of finding an initial choice of Lhe meridional or zonal circulation
which leads lo a reasonable field of heating. IL seems altogether possible that some circulation like
Hadley's and also some circulation like Tho1nson's 01· Ferret's will serve this purpose.
Jn any cvc11t, a zonally symmetric soluLio:□ docs noL describe the observed circulation satisfactorily.
Among the special solutious of the idealized equalio11s which may ofl'el' better representations, Lhe simplest
arc those which describe a Oow containing waves which pr-ogl'ess without changing their shape, as in
t.he steady Rossb :', regime in the lahorator:,· experiments. These arc steady-state solutions in a moving
co-ordinate syste111, an<l it rnay well be possible Lo obtain the111 hy analytic procedures. Next in simplicity
are the vacillaLing solutions, whel'e the waves alter their shape and speed of progression in a regular
periodic mannct·. These doubl:'· periodic solutions become simpl :'· periodic in a suitabl :,· moving co-ordinate
system, and it docs noL seern unrealistic Lo hope: that they also may be: determined anal:vtically.
Like the Hadley solution, the steady-wave solutions and the vacillating solutions, if they exist at
all, arc unstable wilh respect to still further dislurba:□ces, and arc not the solution chosen by the atmo
sphere. If theY are to be offered as a representation of the atmosphere, lhcy should satisfy the same
rninirnurn requirements which we have de,nanded of the general solution. We cannot be certain that
they will do so. Tbc real atmosphere contains ml:rn:'· irregularlt shaped eddies. Some of these transport
angular momenlum and sensible heat poleward acl'Oss middle latitudes, while others transport these
quantities equatorward. The fact that Lhc net effect of the eddies is a poleward t·..ansporL is no assurance
that the eddies in the steady-wave or even the vacillating solutions wi11 transport angular mornentum
and sensible heat in this di,·ection.
i\'everthelcss, it seems plausihle thaL the physical processes which control the conGgmations of the
eddies in the irregular) :'- fluctuating atmosphere, and thcrcb:· determine the tl'ansports which Lhey
acconirlish, may also act in a similar man net' upon the eddies appearing in Lhe unstable but mathematically
possible steady-wave solutions. lt is even more reasonalJle to assume that the average transports of
angnlar momentum and sensible heal by Lhc eddies in the Yacillating solutions will he similar in clitection
and even in amount to the transpoi·ts accon1plished by the ir-regular eddies in the real atmosphere. If
this can be shown to be the case, the discovery of the most general vacillati11g solution would approach
the desired goal.
In view or the diffic:ullies involved in determining even the l la<llc:'· solution analytically, the task
of obtaining stcady-waye solutions would appenr to be rather forrnidnble. Some of the successful alLcmpts
Lo solve equations which have been simplified beyond the point oC describing the maintena!ll;e of Lhe
general circulation reveal some o[ the pl'oblerns involved.
The most celebrated anal:,tic solution of a dynamic equation in meteorological literature is undoubtedly
Rossby's (1930) solution of the two-dimensional vorticity equalion on the beta-plane. This solution
exhibiLs the pt'opagation of stead:· waves in lhe wesLerl :-'•wind belt, and bears considci·able resemblance
to the subsequently discovered flow in some of the lahoraLory experiments. Nevertheless it is not
intended to offer an explanation or the general circulation, since there is no heating nor friction, and the
amplitude of the waYes must be prescl'ibed i11 adYance.
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Jlaurwi.tz (1940) extended Rossby's solution Lo include fricLion aJ1d forcing, buL since the solution
was two-dimensional, the forcing had to he mechanical raLhe1· Lhan thel'mal. l laurwitz also obtained
soluLio11s for the complete sphere. IloLh Rosshy and llaurwitz had u�cd a linearized form of Lhe vorticity
equation, buL Craig ( 1945) noted that their solutions also saLi�fied the non-linear equation. ;\fore recently
Kuo (1959) has obtained three-dimensional analytic solutions for a simplified non-linear systen1 of equa
tions, again wiLhout heaLiJJg and friction.
A featui·c of these non-linear soluLions is that the eddies consist of a single mode of moLion, i.e.
they are of such a configul'ation that Lhe advection which Lhey accomplish produces no distortion. In
the more general field of motion, superposed eddies of more than one mode will distorL one anoLher and
thereby produce sLill further modes. SoluLions possessing more than one mode of motion therefore possess
an infinite number.
If the eddies do not distort Lhe field of motion, they cerLainly do noL alter the field of zonally averaged
angular momentum. It follows that the solutions of the frictionless equaLions 1:011Laining eddies of a
single mode possess no convergence of eddy angula1·-momcntum tr·ansport.
We know of no a11alyLic soluLions of even the most simplified equations which yield the proper
eddy Lransports of sensible heat and angular momcnLum. fo attempting lo represent some of the dishpan
experiments, Loreuz ( 1962) found the general non-Lransient solution of a highly simplified system and
obtained a proper transport of sensible heat, but the system admitted no transport of angular momentum
at aJI, either by the eddies or the meridional circulation. When rnorc degrees of freedolll were added to
the system and an eddy transport of angular momentum was allowed, Lorenz (1963) could obtain Lhc
solution only by numerical integration.
It would therefore greatly facilitate the theoretical study of the circulation if the statistical properties
of the large-scale eddies could in some manner he represented in terms of the zonally averaged motion
upon which they are superposed. The procedure which most natu1·ally suggests itself consists of assuming
that the ho1·izonLal eddy transpol'ts of angular momcnLurn and sensible heal are fJl'OporLional lo the
gl'adienLs of zonally averaged angular vclocity and tempera turc, the factors of proporLionality being
suitably chosen Austausch coeITicienls. Such a procedure would reduce Lhe system of equations Lo one
not much more complicated Lhall the system whi1:h must be solved ir the Ha<lley solution is Lo be obtained.
The obsei·vational studies haYe revealed, however, that throughout about half of the atmosphere
Lhe eddies transpol'L angular momentum toward latitudes o[ higher angular velocity, while in some
regions they transport sensible heat toward latitudes of higher temperaLure. Thus a procedure based
11po11 the introduction of la1·ge-scale Austausch coefficients would yield the wrong answer. A clear
statement of the theoretical reasons why Lhc eddy-transport of angular momentum cannot be expected
to confol'rn to classical turbulence Lheol'y has been given by Ea<ly (1954).
We feel tl1at an analytic solution of the dynamic equations, if it is to be offered as an explanation
of the circulation, cannot by-pass the problem of explaining the configurations of the eddies. Meanwhile,
most theoretical studies actually carried out, except those whicl, have soughL the JJ adley circulation, have
had the ntOl'e modest aim of demonstrating that some observed fealure of tbe circulation must occur after
some other observed fealu1·e has been assumed to occur. With this more limited goal, it is frequently
possible Lo simplify Lhe equations by methods which are not allowable when a complete solution is sought.
The pertw·hation equations

The technique or handling otherwise intractable non-linear equations which is found inosL fl'equently
in meteorological literature is that of linearization, i.e. converLing the non-linear equations into linear
equations by treating certain variable factors as constants. The rnosL systematic use of linearization
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occurs in the familiar "perturbation method'". If two time-dependent solutions of the same system of
non-linear equations differ only slightly from one another at some initial time, the departure of one
solution from the other is governed to a close approximation b�· a system of homogeneous linear equations,
during such time as this departure remains small. This principle finds itt- greatest use when one of the
two solutions is already known, in which case the other solution may be found by solving the linear
s:-,•stem. Usually the known solution is in some wa)· simpler than the solution being sought, and most
frequently it is because of its greater simplicity that it has become known. Consequently, the flow repre
sented by the simpler solution is often called the "basic flow". In the majorily of studies in meteorological
literature the basic flow is independent of time, and in most of these cases it is also independent of
longitude. The basic flow could, for example, be a complete I [adley circulation. There is no real necessity,
however, for the kno,vn solution to be independent of longil udc or time, 01· to be any simpler lhan the
unknown solution.

In any event, the coefficients in the linear equations depend not only upon the origina:I non-linear
equations hut also upon 1·hc particular known solution. In some instances whct'c lhe basic fio,-..1 is sufficiently
simple, the coefficients arn constants and the equations are readily solved. ln other important cases Ll1e
coefficients vary with latitude and elevation. lf the basic flow is time-variable, the coefficients also vary
with tirne. The perturbation method has received its n1osl extensive meteorological development by
Bjerknes et al. (1933).
The most important property of homogeneous linear equations is superposability: the sum of any
two solutions is also a solution. It is this fact which has made it possible for the mathematical theor_v
of 1 hese equations to become so highl�· developed. In many instances the general solution may be expressed
as a superposition of simpler solutions or "normal modes". \iV hen the basic flow is independent of time
and longitude each normal mode re-presents a pattern which progresses without changing its shape, while
its amplitude may grow exponentially, remain constanl, 01· decay exponentially.
The perturbation method is most easil:v justified when it is used to investigate the stability of a
basic flow, i.e. to determine whether small distu1·bances superposed on the hasic flow will amplify or
dcca:v. If for arbitrary initial conditions the solution consists of a superposition of normal modes, the
basic now is unstable if at least one normal mode amplifies. Hall of the normal modes decay, iL is stable.
It is often considered neutral ralher than stable if at least one mode retains its amplitude, while none
amplify. An unstahle flow may be stable with respect lo certain classes of disturbance, and unstable
with respect to others. A general solution of Lhc linear equations reveals not only the stability or
instability or the known solution but also the forms of the arnplifying a11d decaying modes. When the
general solution is not readily found, the stahility may often be determined by examining the behaviour
of the total energy of the eddies.
A distu1·bancc or "edd:·" superposed upon a steady zonally symmetric flow represents a supply of
energy oYer and above that contained in the stead:· flow. The linearizcd equations do not eonfot111 to
the law of conservation of energy since they frequenLly allow a disturbance Lo amplify without limit at
an exponential rate. Nevertheless, the non-linear equations from whid1 the linear equations are derived,
and which they closely resemble during the period when the disturbances are small, require a source of
energ:v for the growing disturbances; this sou1·ce must be the energ;' of the basic flow, even though the
equations do not explicitly alter the basic flow. \i\lhen it is impossible to extract energy from the basic
now and at the same time satisfy Lhc remaining constraints, the basic flow must he stable.
;\ study of stability as such is not concerned with the manner in which the basic flow is established
or maintained, and in many studies the original non-linear equations may be simplified by omitting
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friction and thermal [ol'cing altogether. \Vhen this is done, virtuall_v an:v field of motion which is inde
pendent of lime and longitude satisfies the non-linear equations, whether or not it bears any resemblance
to a circulation which could be rnaintained against friction b :-· heating. There is thus a wealth of basic
nows whose stability may be investigated, and man:,' sludie� �eek general criteria for instability, rather
than testing the stabilit:-, of special basic flows. On the otlicr hand, rf'n 1 oving friction removes a sink of
energy from the eddies - sometimes the only i;ink. J\s a result, a large class or hasic flows ma:,, prove
lo be neutral. When friction is included the eddies must also have a source of energ:,·, and Lhe neutral
flows are generall:v restricted to those critical ones for which the so1irc<! and sink of energy just balance.
There are a number of mechanism� Lhrough which a basic now may ll'ansfer its energy to a disturbance,
and the unstable conditions re,;ulting from different mechanisms are gcncrall:, · regnrded as cliITcrenl t:-1 pes
of instabilit:,·. The two most. important l_vpes from the point or view of Lhe general circulation are
barolropic instability and baroclinic inslabilit:,·.
The former type occurs when the eddies receive their energy from the kinetic energy of llw basic
flow. 1l has been trea led in delail by Kuo ( 1911!'.l) and subscquent authors. No turning of the wind direc
tion with height is involved, and the phenomenon is most casil:-· studied h :-1 disregarding the vertical
dimension altogether, and lei ling the original non-linear equation� describe the flow of a lwo-dimcnsional
inco111pressiLlc fluid. A further common simplifieaLion is the beta-plane arproxirnation. ln giYing up
kinetic energ:,· Lhe basic now musl still conserve its total angular momentum. Since, fo, . fixed angular
momentum, a now with unifol'n 1 angular velocity (or uniform linear velocity, in the case of a beta-plane)
contains lhe minimum kinetic cuerg:,·, a flow cannot be harotropicall :,· unstable unle�s it·� angular velocit:,,
varies from one latitude to a11othcr. In this e,·enl the coefficients in the linear equations va,·:-1 with
latitude, and the explicit dctermination of normal modes i$ often ra Lhcr difficu I l. Energy considerations,
on the other hand, show th.11 a necessary condition for barolropic instability is a maximum or minimum
of absolute vorticit:-· somcwhel'e olher than at the Poles (or the extreme la1itucles, in the case of a bcta
plane). Since, when instability docs occ11r, lhe growing disLurhanccs feed upon the kinetic energy of
the basic flow, they mu�t have a structure suitable for transporting angular momentum, in the mean,
toward latitudes of lower angular velocit:-·. They need not lranspm·l any sensible heal.
Baroclinic instabilit)' occurs when Lhc eddies recciYe lhei,· energy from the available poteutial energy
of the basic flow. There is no need fo1· a direct exchange o( kinetic energ:-· with the basic flow; hence lhe
basic flow need not havc any horizontal shear, and the phenomenon is mosl easily investiga led by sup
-pr·essing all variations or the basic velocit:,· with latitude. Bal'ocliuic i 11 �1abilit:v was first studied b_,.
Charne:-· (194.7), Eady (L94.9), and l<jortoft (H)SO), and in more detail by l,uo (1%2). Jn contrast lo
lhe barotropic stability problem, the coefficienls in the linear equations become corn,Lants when the
verlical wind shear is sufficiently simple, in which case Lhe normal modes :-ire eHsily delerrni 11 cd. The
various invcsLigators have used different simplifying assumption$, and their results arc not in complcle
agreement. :'-everthelcss all agree that instability is favoured b :,, a large Coriolis pa!'arneter. largc vertical
wind shear, and low static stahjlit :,·. For vertical wind shears typical of the middle-latitude westerlies,
when critical conditions ai·e �lightly exceeded, Lhe rnosl rapid} :-, amplifying normal mode generally cousists
of a chain of six, seven. or eight waves extending around the glohe. Since the growing disturbances feed
upon tlw available potential cncrg:,· of the basic flow, the:-· must transport sensible heat, in the mean,
toward latitudes 0£ lower temperature. They need not transport 811)' angular momentum.
The most general basic flow which is independent of Lime and longitude possesses both horizontal
and vertical shear. Such a now ma:-' be unstable barotropically, or baroclinically, or both barotropicall :,·
and baroclinieall:,·, but sep::rrale consideration of I.he conditions for harotropic and baroclinic instability
is not sufficient to determine whether the rtow is stable or unstable. The linear equations arc much more
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cornplicaled than in Lhe special cases where c.ither horizonlal or vertical shear is ab!-ent, and in �eneral
Lhe normal modes arc not rcadil)' delormined analylically, although t.hC)' can be found b�· numerical
melhods. The problem has rccenLly been treated in great detail hy Pedlosky (H>64), using the gcostrophic
approximation. \Vhen the equal.ions are further simplified by the two-level approximalion, a necessary
condition ror instability is the existem:e of both positive and negative gradients of "potential vorticit:,r'',
which in this case is a linear combinaLion or vorticity and temperature. Pedlosky has considered certain
flows which satisfy this condition but do not satisfy the condition fol' barotropic instabiliLy, and has
found growing disturbances which gain tbeit· energy from the available ])Otential energy of the basic
now by transporting sensible heat toward latitudes or lower temperature, but. give up kinetic energy
to the basic flow by transporting angular momentum toward latilucles o[ higher angular velocily. The
flows therefore behave in the manner which would be expected if they possessed independent]�· the p1•0pertics of baroclinic instability and barolropic stabilil)', and they possess an energ;v cycle which is quali
tative)�, like the one observed i. n the atmosphere.
The linearized equations have been used for a long time to study the development of cyclones, but
tl1 eir application to the global c·irculation necessarily came only after the rcaliz;JLion tliat. the eddies
played a signif'icanl role in the circulation. Consider:-ible caution is required in using the equations.
In the first place, the flow in the atmosphere almosl never consisls of a zonally s�·mmelric Oow plus small
disturbances. The existing Oow may be averaged with respect lo longitude, and this averaged flow may
be regarded as the basic now, hut. the departures fron\ this average are seldom if ever s1nall. Lise of the
linearized equations when the eddies are large omits the non-linear effects of the field o[ eddies upon
itself: t hese effects would he mainly 1101 iceablo as distortions. This omission is equivalent lo the hypo
thesis that large disturbances superposed upon a ba�ic now behave in the same manner as small disturbances
superposed upon the same flow. One might argue, however, that such an assumption is just another
simplifying approximation which, like the geostrophic approximation, 1s not satisfied perfectly. In any
event, the assumption need not \'iolatc energy principles.
A more seriou .s shortcoming o[ the linearized equations is the om1sswn of the non-linear elTects of
the eddi· es upon the basic flow. These effects would alter the energy of the basic now, and hence Lhe over
all intensity. Because or this omissi· on, the linearizcd equations say nothing about t.hc variations or the
basic flow and, as a consequence, they are incapable of explaining the ultimate intensity o[ the eddies,
since growing or dcca�•'ing normal modes ,viii conti11ue to grow or decay as long as the basic aow does
not vary.
l t is possible ror a particular solul ion of the lincarized equations Lo resemblc the general circula lion
of the atmosphere, i( a neutral basic now is chosen. The energetics ol' the eddies may even be qualitative]�,
correct. Bui the basic flow persists onl:· because all sources and s·inks haYe been removed.
It would be possible at this point to acknowledge Lhe non-linear effect of the eddies upon the basic
Oow, and assume that heating is just sulTicienl to cancel this effect. But the complete s�·stem or equations
would then no longer be linear, even though the equations governing the eddirs would be linear. No
system or linear equations can b�· itself yield a complete explanation or the general circulation; at most
it can explain certain [cature;:; after others have been assumed. For the complete problem, linearization
is not "just anothel' approximation".
A further elTect not admitted by the linearized equations with a constant basic flow is the instability
or a system consisting or this basic flow plus superposed eddies with respect to i:till further disturbances.
Here the instability or a time-variable flow is involved. Such in�tabilit�· appeat·s to be 1·esponsiblc for
the occurrence of vacillation in some or the laboratory experiments and non-pet·iodic flow in the atmo
sphere, in place of the uniformly travelling waves which would appear if a single normal mode were
dominant.
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There are at least two ways in which the theory of stability can add to our understanding of the
global circulation. As earl�, as 1937, V. Bjerknes postulated that the Hadley flow which would prevail
if no disturbances were present. would be unstable. Eady (1950) re-emphasized this point, and charac
terized the instabilit:· as baroclinic. Simplificd analytic solutions for the Hadley eircula I ion such as
Charney's (1959}, and numerical solutiorn; such as Phillips' (1956), support this assumption. For the
real atmosphere the exact Hadley circulation, or the nearest circulation to it which could exist in view
of the geographical irregularities, has not been determined, and its stability cannot readily be investigated.
The prese11cc of disturbances, at least in a sufficient!:· idealized atmosphere, is thus explained: any
circulation devoid of them ""ould soon become unstable. Thi� docs not mean that the disturbances found
in the atmosphere originated as small perturbations on a nearly symmetric circulation, or for that matter
that a nearly symmeLric circulation ever exisLecl. It does rnean Lhat if the disturbances should ever for
any reason temporarily disappear 01· nearly disappear, the remaining symmetric flow would evolve toward
the Hadley circulation, which is unstable, whereupon the disturbances WOltlcl regenerate.
The other appl'Oach considers the stability of the existing zonally averaged now, rather than the
flow which would prevail if no disturbances were present. This flow appears to be nearly always baro
clinically unstable but generally barolropically �table. Moreover, the most rapidly growing normal modes
have di111eu�iuus and structure somewhat like the obser\·cd eddies in the atmosphere, and they possess
a similar energy c�·clc. Linder the hypothesis that the normal modes which arc indicated by the linear
equations as amplifying most rapidly arc the ones which ultimatel:· acquit·c and retain a large amplitude,
tl1e typical size and shape of the cddie., and the observed energy cycle, are qualitative]? accounted for
m terms of the observed basic flow.
Real disturbances do not amplify forever, and it might appear that the typical basic flow should be
neutral rather than unstable, in order that the disturbances should simply maintain tl1 cir in Lensity. Tlo\vcver,
there ai-e limitations to the assumption Lhat large distul'hances behave like small ones. Individual cyclones
tend to have a li(c cycle. By the time that the:-· reach occlusion their shape has changed considerably.
The change of shape and the cessation of growth are not predicted by the linearized equal ions. They
may resulL in part from a change in t.he basic now, in which case they could be described by linear equations
with prespecified time-variable coefficients. l L is likcl:· however that lhe occlusion of a C)'Clone is partly
clue to the non-linear clistorLivc effects of the field of disl.ul'bances upon itself, in which case it can occur
when the basic flow is still unstable rather than neutral.

The equations for the basic flow
WhaL is mainly lacking in I heorelical work based upon lincarized equal.ions is an expla11al iun of
the observed basic flow and its variaLions. Crowing disturbances, in removing energy from a basic flow,
ordinarily render it less unstable; ultimately Lhey render it. neutral and the disturbances cease growing,
or, as just noted, they may cease growing while tlie basic flow is still unstable. Thus the distui·hances
act as a governor, maintaining the basic flow al near!:' neutral sLability. There is, however, a wide variety
of neutral basic flows. The appropriate flow is not simply Lhe Hadley Gow, reduced hy a constant factor.
Stability consideralions therefore place a constraint upon the basic flow, but do not determine it.
Tt is nevertheless possible in principle to determine the basic now if the properties of the disturbances
arc known, not b:-· means of the linearized equations, but by the zonally-avcraged equations which govern
l'he basic flow. These equations are icle11tical with the ones which govern the ]-facile:· flow, except that
the convergences of the cdd�1 -transports of angulal' momentum and sensihle heat appear as additional
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mechanical and 1hermal forcing. I[ these transports are prcspecified, the procedure for solving the
equations is similar Lo the procedure for solving for the l ladJey circulation, and il should be approximately
as difficult.
A solution of these equations would not, by itself explain the basic now, since the prespecified trans
ports actuall�, depend upon the eddies, which in turn are influenced by the basic flow. Consequently
the determination of a solution would be a somewhat unrewarding accomplishment. Since it would also
be a difficult task, i t is not surprising that it has not been carried out. Nevertheless, in combination
with a suitable solution of the lincarized equations, a solution of' the equations governing the basic
now might offer the best attainable approximation to an analytic solution of the complete system.
\Ve have noted that under the hypothesis that the normal modes which grow most rapidly when
small in amplitude are lhe ones which will remain after reaching finite amplitude, the ]inearized equations
may be solved for eddies of an unknown amp'lil ude but a known shape, in terms o[ a prespecified basic
flow. Likewise, we have seen Lhat the zonally averaged equations may in principle be solved for the
basic flow, provided that t,he transports or angular momentum and sensible heat by the eddies arc
prcspecified. The combined system of equations should therefore he solvable for the zonal flow and the
eddies simultaneously, provided simply that the ampli1udc of the eddies is prespecified. The appropriate
amplitude may be delermined by the condition that the basic flow sl1ould be neutral, so that the eddies
will undergo no 11et gain 01· loss of energy.
In reality the new system of cquaLions does nol differ too greatly from the original system of governing
equations upon which it is based, and it may be regarded as "another approximation". It has been
simplified to the extent of omitting the non-linear effects of the field of eddies upon itself, but it is still
a closed non-linear system. The linearized equations governing the eddies still appear among the equations,
but they arc now no longer linear, since the coefficients, which depend upon the basic flow, arc now
unknowns of lhe system. From the poi11t of Yiew of duplicating the circulation, there is nothing to
recommend a solution of this s�slem oYer a nume,·ical solution or the original system from which it was
derived. However, the process of solvi11g Lhe s:-·stem may yield some insight into the general circulaLion
which is not afforded by a t:-•pical numerical experiment. The maintenance of the eddies by a basic flow
which is baroclinically unstable or neutral bul barotropically stable, and the control of the basic flow
by the transports of angular momentum and energ;-' accomplished by the eddies, should be clearly
revealed. An added feature is that lhe restriclion to a single normal mode will aulomaticall;-' yield a
steady-wave solution.
An approximate method of solving a system or equations of this sort was used by Charne:,· ('1959)
to construct a model of the general circulation. Jn this study Charney hegan with a simplified system
of equations essentially the same as tl1c one used b)· Phillips (1956) in l1is original numerical experiment.
This system includes the beta-plane, two-layer, and geostrophic approximations. He first solved analyti
cally for the Hadley circulation - a task made possible by the simplicity of the equations. He round
this circulation to be unstable, and he determined the most rapid! :-· amplifying normal mode. He then
postulated that the growing disturbance would 1·e1ain its shape while it modified the zonal flow, and he
solved [or a new zonal now in terms of an unknown amplitude of the eddies, including as additional thermal
and mechanical forcing the effects of the eddy-tra11sports or angular momenlum and energy. Finally
he determined the amplitude of the disturbance hy requiring that the available potential energy given
to the disturbances by the zonal flow and by external heating should balance the kinetic energy removed
from the disturbances by the zonal now and h :-.- friction. A balancing energy cycle was thus assured.
The picture or the general circulation obtained by Charney is realistic in certain features. Easterly
surface winds appeal' in low and high latitudes, "�th westerlies in helween. The energy cycle proceech
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in the right direcLion. More significant from the poinL of view of rneLhod is the close resemblance to Lhe
l'esults of Phillips, since Charne_v was 1:1lte111pLing to solve by an approximate meLhod nearly the same
cquaLions which Phillips had solved numerically.

r1

would seem possible lo obLain an exacL solution of the new system by a sucecssive-approximaLion
scheme in which the firsl few steps duplicate the pr·ocedurc used by Charney. Following these sleps,
a second approximaLion to the field of eddies, again in term1< of an unknown amplitude, is obtained by
finding the most rapid]:, growing n1ode corresponding to the new zonal flow. The transporLs of angular
momentum and enel'g�, by Lhe new eddies are used to solve for the next approximation to the basic flow,
and again the amplitude of the eddies is dctermi11cd by requiring the energy e:,·clc Lo balance. This scheme
is Lhen repeated unLil convergence is obtained. There is of course no assul'anee that such a scheme "·ill
converge at all, but in view o[ Lhe general resemblance of Charncy's approxi rn aLion to Phillips's solution,
which is indicative of llie final approximation, iL seems possihle thaL the method will converge raLher
rapidly.
It remains to be seen whether some further exLensio11 of this method, capable of repre/:enting vacil
lation 01· perhaps some more irregular behaviour, can yield a more realistic represenlaLion of the general
circulaLion while couLinuing to offer as much ·irrsighL iuto the manner in which the circulatio.n operates.

CHAPTER IX

THE REMAINING PROBLEMS
The large numerical experiments, in which the statf' of the atmosphere is sometimes represented
by many thousands of numbers, constitute our closest approach lo a theoretical demonstration that lhe
circulation must assume the form which it docs rather than some other conceivable form. 'The demon
stration is by no means complete. Certain qunn1·ities which rcall:-• depend upon the circulation, such as
the spatial distribution of absorption or radiation by wa Ler vapour, havc usually had I heir observed
values preassigned lo them. Certain features, such as the presence of tropical hurri· canes, have not yet
been reproduced. �lorcover, since even 1he most realistic numerical solutions are particular solutions.
the possibility of o1her particular solutions with rather different properties cannot be completely eliminated.
='levertheless, shol'tcomings of these sorts have characterized virtually all theoretical studies of the general
circulation, usuall�, to a rn11ch greater extent. One gets Lhe impression that the experimenls will
ultimat.elv duplicate the atmospheric circulation to any desired degree of accurac�, .
. \s demonstrations I haL ·the atrnosphere must behave as it docs, thcoretic.tl studies empJo:-·ing more
classical rnnlhemaLical procedures have not as :-·et compared with the nu111erical experiments. One of
the closer approximations to such a demonstration is the previously cited study by Charney (1.959).
Yet Charney found it necessary to introduce the ad hoe assumption that t.he fully developed disturbances,
su pe1·posed upon the prevailing zonal flow, would possess the sarue shape as the most rapidly growing
incipient disturbances superposed upon the fladle:v 0ow. Altogether he succeeded in duplicating no more
than the grossest features of the general circulation. Kevertheless, by following through his complete
pl'Ocedurc one can gain a certain i11Sight concerning the reasons why tl1P atmosphere behaves as it does,
which one might not gain from an inspection of the millions of tabulated 11uinhers forming the complete
output of a numerical experiment.
A deeper physical insight may sometimes be afforded by a simple qualitative description. In this
concluding chapler we shall outline as nearly complete a qualitative explanation for some of the main
features of the circulation as we feel can at presenL be formulated. \�'e shall not attempt Lo make our
presentation rigorous, and our arguments wiJI not alwavs be demonstrations that the atmosphere must
behave as it does, rather than in some other manner. We shall however attempt Lo present the correct
reasons for the observed behaviour, to the extent that tliese are known. ln addition we shall indicate
the areas where suitable qualitative explanations have ?et Lo be offered.
An explanatiou or the circulation of the atmosphere logically begins with the driving force. There
seems to be no question but that this is solar radiation, and that it is the greater intensity of this radiation
in lowe1· than in higher latiludes which enables it to produce available potential energy, which it may
do either by healing the atmosphere directly, ot by heating the underlying surface which in turn transmits
energy to the atmosphere.
It follows that the atmosphere must possess a circulation. For in the absence of motion, each
latitude would assume a stale of thermal equilibrium, losing as much heal as it gained, and in order lo
lose more heat than the higher latitudes, the lower latitudes wou Id have to be warmer. But a c1·oss-
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latitude Lemperature contrast would he incompatible with a slate of 110 motion, for if h)rdrostatic equili
brium prevailed. there would be cross-latitude pressure gradients, and horizontal motions would develop,
while if h_vdroslaLic equilibrium did 11ot prevail, vertical motion� would develop.
The required circulation must transport energ:-· front low to high laLitudes, and I hereby bring about,
a weaker poleward temperature gradient than would otherwise prevail. but it cannot destroy the irradient
altogether. This follows because friction is continually dissipating the kinetic energ)· of the circulation.
and new kinetic energy must be produced al the expense of available potenlial encrg:,-, whence new
:--IYailable potential energ:v must be generated b :-· heating or Lhe warmer regions and cooling of the colder
ones. I[ every latitude remained in lhermal equilibrium in spite of lhe circulation, there would be no
local hca Ling or cooling, while if the circulation destro:,·ed the temperaLurP con I rasl altogether. Lhere
would be no warmer and colder regions to be heated and cooled. [f tbe circulaLion transported energy
equator-ward and thereby rnaintained a stronger temperature contrast than wO'uld otherwise prevail,
the tropical regions would be cooled and the polar regions would be heated b�,- radialion, and available
potential energy would be destroyed. Likewise. if the circulation transported enough energ)' poleward
to reverse the temperature gradient, Lhe no\Y warmer polar regions would be cooled and the now cooler
tropical regions would be heated bv radiation, and availabl1:: potential energy would again be dcst1·0:-'cd.
The arguments which we have presented are far from rigorous. First of all, available potential �,rnrgy
may he generated without any horizontal heating contrast if the atmosphere is staLic:ill:-· unstable.
\\'ithottL going into detail, we shall �imply note that radiation evident! :-· Lends Lo produce a stable strati
fication throughout much of the atmosphere: where this is not the case, small-scale convecti,·e motions
lend to develop and stabilize the stratification. Even as�uming a ,Laticall :,' stable atmosphere, however,
we have not considered the vertical strucl11re of the atmosphere in sufficient, detail. In the lower
stratosphere, for example, the equatorial latitudes are the colde$l. and heating destroys available potential
cnerg:-,. Our general conclugions can apply only Lo some sort of vertical average, but neit.hcl' the outgoing
1'aciiation nor the generation of available potential energy depends simply upon vertically averaged tern·
peratures. Final]:v, we have omitted the possibilit:, that the necessar:-· generation of available potential
encrg�· could result from cross-longitude temperature and heating contrasts, which niight perhaps ari�e
from the cross-longitude contrast between land and ocean. Neve1·theless, we feel that our explanations,
while not rigorous, are essentially correct.
Accompanying the polew,nd temperature gradient there 11111st. be a poleward pressure gradient at
higher levels or an cquatorward pressure gradient al lower levels, or both. . \bsence or these gl'adients
would require too small a vertical pressure gradient al high latitudes or too lal'gc a vertical pressure
gradient at low latitudes to be in h�·drostatic equilibrium. There would then have Lo he net downward
acceleration in high latitudes or net upward acceleration in low latitudes. The full cxplanaLion f 01· hydro
static equilibrium is rather complex, involving an explanation of the Lvpical scale of motion, hut at this
point we are concerned onl:, with the equilibrium of the average state over an extensive region of the
atmosphere. We must nevertheless I.urn lo quantitative considerations. A net upward acceleration over
an extensive regton in low latitudes requires that the ai,· leaving the region be moving upward more
rapid)�- than the air enLeri11g the region. In the present instance. the velocitie� which would be requii·ed
at the boundar:,· of the region in the absence of the ,-tipulated pressure gradients ,vould be greater than
any which could be maintained against friction, c,·en if solar heatin� produced available potential energy
with the maximum possible efficiency.
At the Earth's surface as a whole neither castcrl:v nor westcrl)' win<ls can p1·edon1inalc. This follows
because there can be no net long-term transfer of angular momentum from the Earth to the atmosphere,
and hence 110 net !Surface torque. Either easterl�- winds must prevail al some latitudes and westerlies
at others, 01· else there can be no systematic distribut:ion of surface easterlies and westerlies at all.
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IL is natural Lo conclude Lhat general weslcrl�· winds must prcdomioalc aloft. Absence of these
winds would rcqnire too large a poleward pressure gradient aloft, or loo large an equatorward pressure
gradient at the surface, or both, to he in gcostrophic equilibrium. I Jenee tlwrr would haYe to he nel
poleward acceleration al high levels or net cqunlorwal'CI acceleration al low levels. Like the explanation
for hydrostatic <•quilibrium, the full explanation for geostrophic equilibrium is rather complex. but again
we arc ;:it present concerned only with the equilibrium of an a,·eragc state OYCr an extensive region.
J l owevcr, in this C'ase the possibility o[ non-g<·ostrophic flow cannot he rli,ninaled hy cner·gy considcr11tions
alone.
A high]� non-geoslrophic circulation, in which the pressure decreases equalorward al low levcb and
poleward al high levels, while there are no systematic N1sterly or weslrrly winds at an:-· level, is apparent] :-,
possible if there i!> a downward transport of northwar<l momentum across all levels, attaining; its maximum
value in middle levels. The downward transport could he ,ll'<'Omplishccl by ·'m<'soscale" s:-·stems ha\·ing
horizontal dimrnsions of perhaps a hundrc<l kilomctrrs, in which the polcward-111oving air sinks und the
equatorward-1110\'ing air risc-s. \\'<• ;;hall pr<';;cnlly ronsider ir<·ostrophie equilibrium in g;rcalcr <lC'tail;
in the meantin,c we shall nrcrely assunie that no mechanism 1•xists for maintaining the mr;;oscale systems
which would bring about the needed downwal'd transport of nor·thward nromenturn. In that event quasi
geostrophic we!'t<•rl)- wind-< 11111st prevail at upper lr\'els.
The preceding arc thr fC'alu1·cs of the cir1·ulation which arc most rcadil�· deduced from basic prinl'iples,
even if not in a completely rigorous fashion. The)' include a poleward tra11sporL of C'nerg:-', which is
needed to hold the polewar·d temperature !!radient below its thermal-equilibrium ,·alue, and therrby
enable the heating to produce available potential «'nergy. :\o conclu;;ions have been drawn eon,·<•rning
the poleward transport of absolute angular momentum: therrfore no e.xplanaliorr ro,· lhc latitudes occupied
by Lhe surface easterlies and westerlies has IH'en offered.
One circulation scheme compatible with the properties so far deduced is the zonally symmetric
circulation of Hadle:·, possibly with the ntodif'icatiom introduced by Thomson and Ferrel. In such a
circulation there must be general poleward flow at upper leYeJ,_ and equatorwarc.J flow at lower levels in
order Lo bring about the necessar,v poleward transport of encrg:·, since sensible hC'al plus potential energy
increases with elevation in a stahl)' stratificd atmosphere. Tlw mesoscfllc rddies which in the more general
ca:;e might produce a downward transport of northward momentum arc ('crlainl:· absent, so that upper·
level wrstcrlies must be present. Thus the direrl meridional cell also brings about a polcw.1rd transport
or angular rnomenlurn, and the sur•f,H·c winds n1·c ea�lcrl:· in low latitudes and wcstcrl:' in higher laliludcs.
,\Ithough the I ladle:· ,·in:ulatiorr is consistent with the go\'Crning physical laws, it does not occur,
because it is barnelinicall�· unstable. 13aroclinic inst.abilil:' is fa\'oured h�· a larg<' Coriolis parameter, large
Yertical wind shear with it,: accompan:·ing large horizontal lemperaturr gradient, and low v<•r·tical stabilit:'·
In the I ladley circulation the�e conditions arc 111et in middle and high latitudes. Possibly they arc not
met in the tropics, wher<' the Co,·iolis para111clcr and the poleward ternperalurc gradient arc smaller.
hut Lhc !<Cparale latitudes do not act indep('ndently of one anotber, a11cl the I ladle�· circulation as an
entity i,; unstable.. \ eirculation conlaining longitudc-deprnde11t eddies therefore occur:; in it� :;lead.
Quantitative considerations arc reqtrired lo determine whether any p;:irticular l[adle> circulation is
haroelinically unstable. Thal the I ladle>' l"ireulation belonging lo the Earth's atmosphere should meet
the conditions for in;.tabilit:· must he considered accidental. It is concei,·able that the atmosphere of a
more slowI:· rolating planet could possess n stable I ladley circulation.
The eddies nrust lose kinetic cnerg�· through frictional dissipation. Under the assumption that the
warmer portions of the cddie!:' will rndiate more heat to space than the colder portions, the eddies must
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lose availahle potential energy by heating. They must therefore gain either aYailable potenlial energy
or kinetic energy from the zonally averaged flow. In the former case they must bring about a cross
latitude transport of sensible heat, and in the latter case a cross-latitude transpo1·t of a11gula1· momentum.
In either event the zonally averaged flow must then differ from the Hadley circulation which would pl'evail
if the eddies we,·e absent.
The principal remaining properties of the circulation, incluui.ng Lhc occurrence of hydrostatic and
gcostrophic equilibrium, and the distribution of the surface easterly and westerly winds, depend upon
the scale and structure of the eddies. We consider first the qualitative properties o[ quasi-hydrostatic
equilibrium, quasi-horizontal motion, quasi-gcostrophic equil' ibrium, and quasi-non-divergent motion.
Small scales of motion arc of course not geostrophic, and the very smallest scales are not even hyd rosl.atic.
\¥e are interested in explaining why most of the enc1·gy o( the atmosphere is in the hydrostatic and
geosLrophie rnu<lc.:s.
lL i� sometimes staled that the flow must be quasi-horizontal and quasi-h�·drostatic because the
effective vertical depth of the at111osphere is extremely small compared to its horizontal extent. This
argument docs not appear sound. There is nothing physically impossible about a thin layer of flu. id in
which the principal motions or perhaps the onl.,· ones are vertically propagating sound waves, which are
decidedly not h>r clrostatic. Likewise, even under quasi-hydrostatic conditions, the motions in such a
layer cou Id be confined to gravity wa,·es, which arc non-geostrophic. The relative unimportance of such
motions in tl1e atrnosphe1·e is due Lo the absence or the processes which would be needed to produce and
maintffin them.
The adjustment of an initial!�· unbalanced flow toward geostrophic equilibrium has been studied by
Rossb�· (1938b) ,.rnd in greater detail by Obukhov (1949). However, the adjustment considered by these
authors is local, occurring at the expense of geostrophic equilibrium elsewhere. The circulation as a whole
becomes neither more nor less geostrophic during the prnccss.
The problem may he clarified through a consideration of scale theory, in the manne1' suggested by
Ch::irne:· (J948). Assuming that the motions have horizontal velocities, horizontal and vertical dimensions,
and time scales typical of the principal rnolions in the atmosphere, and appl�·ing order-of-magnitude
consicleraLions to the various terms in the goveming equations, Chan1ey finds that the motions must be
nearly hydrostatic, horizontal, geostrophic, and non-cli,·crgenL. The problem of explaining these propc1·ties
Lhereb.v becomes equivalent to the problem of explaining the typical observed scales of atmospheric
motions. It ·is therefore onJ:-, slighily less involved than the whole problem o[ tl i e general circulation,
which requires an explanation of the shapes o[ the systems of motion as we.II as their dimensions and
amplitudes.
IL is thus obvious lhat hydroslalic and geostrophic equilibrium cannot be explained, any more than
can the whole circulation, withouL considering the thermal forcing. The principal component of the
forcing, the Equator-to-Pole gradient of heating, is of l:;uge scale and infinite period, and the motion
which it dircctl_v forces, na1 11ely the Hadley circulation, is likewise of large scale and infinite period. We
l1avc already noted that the Flad le�, circulation is nearly h :-rdrostatic and geostrophic. lt is sometimes
con�idcrcd non-gcostrophic because the transports of energy and momentum arc accomplished entirely
h)• the small non-geostrophic meridional motions. l\cverthelcss the zonal flow, whicl1 contains most of
the kinetic energ_,·, is app1·oxirnately geostrophic.
In the 1·eal atmosphere the seasonal variations ol' ht!ating provide another large-scale long-period
componenl of the rorcing. The diurnal variatious provide a further component which has a large scale
hu l a short period. The latter COII\J)Onent forces the wcll-k11own thermal a trnosphcric tides which are

TIIE

REMAIXING PHOHLE�IS

'l49

decidedly non-gcostrophic, but which contain only a minor amount of the total energy, and which in
general do not appear to interact too strongly with the remaining motions.
Somewhat smaller-scale motions are directly forced in the real atmosphere as a 1·esult or the heating
conlrasl between conlinenls and oceans, or between smaller geographical features, but most of the smaller
scale motions, either in the real or the idealized atmosphere, result from the non-linear interactions of
larger-scale motions. Among the smaller-scale motions are those resulting from instability.
I nstability, regardless of bow readily it may be investigated by linearizecl equations, is a non-linear
process. Lt is a special case of the non-linear interaction of Lwo superposed fields or motion to produce
a third, when the amplitude of the first of Lhe interacting fields is much larger than that of the second.
Because o[ the disparity in amplitudes, the amplitude of the first field remains nearly constant, and may
be treated as a constant in the equations governing Lhc second and Lhird fields.
Typical studies o( the baroclinic instabilit.v of zonally symmetric motion similar to that occurring
in the atmosphere indicate that lhe most rapidly gl'owing disturbances have the proper space and time
scales to be nearly hydrostatic and geostrophic, according Lo scale theory. If we postulate that fully
developed eddies have the same scales as Lhe most rapid.ly growing small-amplitude eddies superposed
upon the same basic flow, we oblain a fairly acceptable explanation for hydrostatic and geostrophic
equilibrium. llere a word o( warning is needed. The studies indicating that hydrostatic and gcostrophic
rnodes of motion amplify most rapidly al'e based for the most part upon equations whicl1 contain the
hydrostatic and geostrophic approximations, and which are therefore incapable of revealing the possible
growth of non-hydros latic or non-geostrophic modes. J\ I the present time it can only he assumed that
further non-linear processes, whether int·eractions of two modes of eddy motion which are each demanded
b :,· the instability of the zonally averaged flow, or instabilities of a zonal flow plus a singlf' mode with
respect to still further modes, will lead on! :,· to new motions also having the proper space and time scales,
or else Lo motions of such small amplitude that the:, are noL important components of the total circulation.
The remaining properties of the circulation depend upon Lhc shapes or the eddies as well as their
sizes. Thus a poleward transport of angular momentum is generally produced by a pattern of troughs
and ridges which are displaced eastward with increasing latitude, while a poleward transport of sensible
heat is produced by troughs and ridge;; which are displaced ·westward with increasing elevation. \Ve
regard the problem of explaining the pattern of the transport of angqlar momentum hy Lhe eddies as
the most important problen, in general-circulation theory among those for which we now lack a fairlv
adequate qualitative explanation. The convergence of the angular-momentum transport exerts a con
trolling inFluence upon the latitudes chosen by the surface easterlies and westerlies. ll also tends to
disrupt the geostrophic equilibrium aloft, and thereby leads to Lhe formation of' direct meridional cells
in low latitudes and indirect cells in middle latitudes, which tend to restore the equilibrium. Thus the
cells in the tropics are much stronger than they would be in the lJadley circulation. These direct cells
transport large amounts of water equatorward, which then produce the heavy precipila Lion in Lhe tropics.
They also transport sensible heal. plus potential energy away from the Equator.
The earliest atlempls to explain the eddy transport of angular momentum were based upon an
analog)' with classical turbulence theory. The eddies were assumed to transport angular momentum
toward latitudes or lower angular velocity, so that the stronger westerlies would effectively drag the
weaker westerlies ahead. However, there is no physical basis for applying clas8ical turbulence theory to
eddies of cyclone scale; indeed the assumption that all eddies transport angular momentum in accordance
w1th difTu�ion concepts is equivalent Lo the assumption that all zonall :,• s:,•mmetric flows other lhan solid
rotation arc barotropically unstable . .\foreover, the th!•ory would yield incorrect results, since throughout
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most of the tropics and subtropics angular momentum is transported toward latitudes of stronger
westerlies.
Studies of baroclinic stability of now on the beta-plane, such as the one b :-,· Pecllosky (1964}, yield
an angular-momentum transpo1·t of the proper sign at low latitudes, but they also indicate a counter
gradient transport on the poleward side ol' the westerly-wind maximum, where it is not actua.lly observed.
Po�sibl�- the latter result is only a shortcoming of the beta-plane, since the numerical experiments
pcrfonnecl on the beta-plane, such as that of Phillips ( L956), yield similar results. However, studies
based upon perturbation theory cannot appl :-,- to llnite-amplitude disturbances, unless furth<'r hypotheses
arc introduced.
The postulate that finite-amplitude eddies superposed upon a zonally averaged now should have the
same shape as the most l'apidly amplifying incipient disturbances superposed upon the same Oow would
lead to simpler and more regularly shaped eddies than those actually found. Classical turbulence theory,
on the other hand, would lead Lo mol'c irregular eddies than those observed. In either event the eddies
would be assumed to possess some equilibrium form determined by Lhe zonally averaged Oow.
We feel l.lrnl there are good reasons l"ol' believing thal Lhe propel'ties of the eddies cannot be represented
in terms of the current zonal flow. Let us assume that there docs exist some equilibrium con11guration
which the eddies would ultimately attain if the zonal flow did not vary. The time required for eddies of
cyclone scale to reach approximate equilibrium might be one or two days. But during this time the zonal
flow will vary, largely as a result of the transp01·1. of angular momentum and energy by the eddies. The
new zonal flow will demand a new equilibrium configuration, and in approaching this new con11guration
v
the e<l<lies will further alter the zonal rJow, etc., and no equilibrium will ever be reached. '\ le may note
that these considerations do nol preclude the possibility that the effecls of small-scale eddies can be fail 'ly
well represented in terms of the larger-scale now, since small-scale eddies may attain an equilibrium
con11gm·ation in the course of an hour or less, while the larger-scale Clow should remain reasonabl:· constant
for considerably longer.
Despite these observations, the postulate that finite-amplitude eddies possess the same genera.I shape
as rapid):, amplifying infinitesimal eddies leads lo a number of correct conclusions. Sensible heat is
transported towa1·d colclci- latitudes, so that Lhc eddies gain available potential energy from the zonal
flow. Angular momentum is transported prcclomiuanLly toward latitudes of higher angular Yelocity, so
that the eddies give up ki11etic energy to the zonal now. \Ve should therefore note that any explanation
based upon the lhcor:· of baroclinic stability has departed considerably from the type of qualitative
explanation which we presented earlier in this chapter. The mathematical work required to 11ncl the
form of tl1c most tapidly amplifying disturbance, when the zonal flow varies both horizontal!�- and
ver·ticall:', is extremely inYolved. The investigator who has solved the problem ma�· still gain little physical
insight as lo why the eddies prove to have one particular shape rather than another.
If the eddies arc to transport angular momentum into the latitudes of maximum westerlies, as they
apparently do on the heta-planc, the trough an<l ridge Jines must assume somewhat the same shape
as the wcsterl)· wind profile itself, with their maximum eastward positions coinciding wilh Lhc maximum
westerlies. The troughs and ridges therefore acl somewhat: in lhc manner of elastic bands, which are
stretched out b.,· the zonal now, but are prevented by Lhe elastic restoring force from being pulled too
grcaLly ouL of ·hape. YcL we can ofTer no simple explanation as to why the troughs and ridges should
behave in this rnanner. Their L:,ipical shape on the sphere presents an equally perplexing problem.
Simple qualitative a1·g11rnents could pec·haps be offered Lo explain some of the principal re1naining
features, such as the equatorward Lempcrature gradient in the stratosphere and the reversed stratospheric
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energy cycle. By this point, however, our explanation or the general circulation has become so incomplete
that we shall not attempt to extend it any further.
Jn closing this monograph, we must express an intuitive conviction that a complete qualitative
explanation of the principal features of the general circulation will eventually be foun<l. It seems possible,
for example, that there should be some system of equations and ordered inequalities, with as man�·
unknowns as relations, which will yield the rigorous result that the poleward eddy-transport o[ angular
momentum across middle latitudes is greater than zero. It seems further possible that this rigorous
qualitative result might then be converted into a comprehensible qualitative argument. To our knowl
edge, however, the desired system of relations has yet to be found.
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LIST OF SYMBOLS
Symbols containing subscripts are noL separately listed excepL where Lhe subscripL a!Lers Lhe meaning
of Lhe symbol. A subscript o denotes a value at the EarLh's surface. Subscripts z and e attached to
the symbols A, K, C, C, D denote zonal and eddy q uantitics. Subscripts A, cp, z denote the components
of a vector.
A
(t

b
C
C

c. �
Cr,
c.
D

g
g

H

h

1
i
j
[(
k
If

L
M

m

N
n
p

Available potential energy
i\Iean radius of Earth, 6.37 X 103 km, (or radius o[ container in laboratory
experiment)
Inner radius of annulus in laboratory experiment
R.ate of conversion of available p0Le11 Lia] energy into kinetic energy by reversible
adiabatic processes
Specific heat of liquid water, 41.85x '106 cm2 scc-2 deg- 1
Rate of conversion of zonal available polenLial energy i11lo eddy available
potential energy
Surface drag coefficient
RaLe of conversion of zonal kineLic energy into eddy kinetic energ:,·
Specific heat of air al consLant pt·essure, 9.96x 106 cm 2 sec- 2 deg- 1
Specific heat of air at constant volume, 7.09x 10 6 cm 2 sec-2 deg- 1
Hate of dissipation of kineLic energy by friction
Rate of upward turbulent transfer of water vapour, per unit horizontal area
RaLe or evaporation from Earth's surface, per unit area
Frictional force per unit mass
Coriolis parameter
Hale of generation of available potential ene1·gy b:,, heating
Acceleration of gravit:,·
Ylcan magniLude of g, 981 cm sec- 2
Hate of producLion of internal energy b :-,, heating
Depth of fluid in laboratory experiment
lnLcrnal energy per unit mass
Unit vector directed eastward
Unit vector directed northward
[( inctic energy per unit mass
Unit vecLor directed upward
Average number of arithmetic operations needed to compute a single time
derivative in a numerical experiment
LaLent heat of condensation
Absolute angular rnomcnturn per unit mass about EarLh's axis
Number o[ dependent variables in a numerical experiment
Efficiency factor, 1 - p-K PK
Total number of time steps in a numerical experiment
Average pressure on an isentropic surface
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UST OF SYMBOLS

p.
Po
Poo
Q
q
q,
R
r.

r.
Ro
R oT
Rw

s

s

T
t
Ta
Tv

u

(J

X
X
y
z
a

/3
r

y
I'ct
b
e

r,

f/
0
K

}.
µ
V

p
a

Pressure
RaLe of precipitaLion, per unit area
Standai·d pressure, 1000 mb
Rate of heating per unit mass
Specific humidit:,1
Specific humidity of saturated air at given pressure and temperature
Gas constanL for air, er,- c,., 2.87 X 106 crn 2 sec-2 deg- 1
Position, with respect to Earth's ccntre
�fagoiLudc of r, distance from Earth's centre
H.ossby number
Thermal Hossby 11umbe1·
Gas constant for ,,vater vapour, 4.62x 10 6 cm2 scc- 2 cleg- 1
Area of Earth's surface
Specific entropy
Absolute temperature
Time
Taylor number
Virtual temperature
Horizontal wind velocity, horizontal projection of V
Eastward component of V
Divergent irrotational parL of U
Geoslrophic wind velocity
Eastward component of gcostt·ophic wind
Rotational non-divergent part of U
\Vind velocity
Northward component ol' V
Upward component of V
Arbitrary dependent var·iable
Eastward distance on beLa-plane
Xor·thward distance on beta-plane
Elevation, measured up,vard
Specific volume
Derivative of Coriolis parameter with respecL to northward dislance, df/dy
Vertical lapse rate of temperature, - rJT/iJ2
RaLio of specific heats of air, cp/c., 1.405
Dry-adiabatic lapse rate, g/cp, 9.8 °/km
Horizontal divel'gence, V- U
Coefficient or thermal expansion, rl ( I )na/dT
Vorticity, V-Uxk
Efflcicncy of atmospheric energy c:-·de
Potential Lempcraturc
R/cp , 0.288
Longitude, measured easLward
Coefficient of turbulent viscosity
l( inematic viscosity
Density
Static stability factor, - (T/0)80/Jp

LIST OF SY�l801.S

T.

<P
rp
X
(JI
'II

n
Q
(J)

{o}

n.

( )"

[\ ) ]
( r

f1.
( )'.

Friclional stress per unil horizontal area
Potcnlial energy p<•r unit mass. gc-opotcnlial
LaLiLude, measured northward
\"clocit�· potential for· di,·ergent ,·clocity
Stream function for meridional circulalion
Stream function for rotational ,·elocity
.\ngular wlocily of Earth (or angular velocity of container in laboratory cxper·
imcnl)
�lagnitudc of Q, 7.2!J2 X 10....; sec- 1
Individual pres;;ure change, dp/dt
Integral over entire mass of almosphere
I lorizonlal a,·erage
Departm·e from horizontal average
Longitudinal awrage
Dcparlure from longitudioal average
Time average
Dc•parlure from time average
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