
CHAPTER III

T H E  A T M O S P H E R I C  C I R C U L A T I O N

In the p rev ious chapter we in troduced the p h y s ic a l law s w h ich  govern the 

c ircu la t io n  o f the atmosphere, and the dynam ic equations w h ich  express these laws in 

m athem atica l fo rm . In th is chapter we w il l  describe  som e o f  the features o f  the 

c ircu la tion  as revealed by observations. W e w ill g ive pa rticu la r attention to the fie lds o f 

m otion, temperature and moisture, averaged w ith respect to longitude and time.

R e s o lu t io n  o f  th e  C i r c u la t io n

The observed fie ld s  o f  m otion, temperature and m o istu re  in the atmosphere 

cannot be represented by any sim p le  analytic formulae, and quantitative statistics o f  the 

c ircu la t io n  are m ost eas ily  presented in  the fo rm  o f  tab les o r graphs. The  three- 

d im ensiona l spatial d istribution o f any particular static, such as the time-averaged w ind 

ve loc ity , can be reasonably w e ll represented by a set o f  tw o-d im ensiona l charts, which 

m ay be ho rizon ta l maps or ve rtica l cross-sections. H ow eve r, a co lle c t io n  o f  charts 

con s is tin g  o f a separate set o f  maps or cross-sections fo r  every statistic o f interest 

w ou ld  be altogether unw ie ldy, and it w ou ld be qu ite in com p le te  i f  the statistics were 

lim ited  to such fam ilia r quantities as means and standard deviations. W h ile  a map o f the 

tim e-averaged fie ld  o f  m otion m ight afford a good descrip tion  o f the trade w inds, it 

w ou ld  not reveal the prevalence o f  m igratory cyc lones in  h igher latitudes. M aps o f 

covariances at suitable time-lags and space-lags m ight im p ly  the existence o f cyclones, 

but a map o f cyc lone  frequency would serve the purpose m ore readily.
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It w il l  be convenient to c la ss ify  the principa l feature o f  the c ircu la tion  in to  four 

categories, as fo llo w  ะ

1. F e a t u r e s  w h i c h  a p p e a r  w h e n  t h e  v a r i a b l e s  a r e  a v e r a g e d  w i t h  r e s p e c t  t o  t i m e  a n d  

l o n g i t u d e .  These are typ if ie d  by the fam ilia r trade w ind s. A  tim e average may 

mean an average over a ll time, or over a ll year at a pa rticu la r time o f year. Som e 

m eteoro log ists prefer to restrict the term “ g e n e r a l  c i r c u l a t i o n ”  to features in this 

category, and it is these features which w il l re ce ive  the m ajor attention in th is 

monograph.

2. F e a t u r e s  i n  a d d i t i o n  t o  t h o s e  o f  t h e  f i r s t  c a t e g o r y  w h i c h  a p p e a r  w h e n  t h e  v a r i a 

b l e s  a r e  a v e r a g e d  w i t h  r e s p e c t  t o  t i m e  a l o n e .  These  are typ if ied  by the A s ia t ic  

summer and w inter monsoons. M ost o f m eteoro log ists in c lude  these as features 

o f  the general circulation.

3. F e a t u r e s  i n  a d d i t i o n  t o  t h o s e  o f  t h e  f i r s t  c a t e g o r y  w h i c h  a p p e a r  w h e n  t h e  v a r i a 

b l e s  a r e  a v e r a g e d  w i t h  r e s p e c t  t o  l o n g i t u d e  a l o n e .  These  are typ if ied  by the 

fa m ilia r  fluctuations o f the zonal index. Stud ies o f  these features are o rd inary  

regarded as general c ircu la tion  studies by those engaged in  them.

4. F e a t u r e s  i n  a d d i t i o n  t o  t h o s e  o f  t h e  f i r s t  t h r e e  c a t e g o r i e s  w h i c h  a p p e a r  w h e n  t h e  

v a r i a b l e s  a r e  n o t  a v e r a g e d .  These are typ ified  by m ig ra to ry  cyclones. M an y  o f 

these features are o rd in a r ily  regarded as secondary c ircu la tion s; some o f their 

ove r-a ll statistica l properties are frequently cons ide red  to be characteristics o f 

the general circulation.

F o llo w in g  the m odified notation o f Starr and W h ite  [S tarr and W h ite  1954], we 

w ill let the notation as fo llow  ะ

' denotes the time average o f any quantities,

denotes the departure o f a quantity from  its tim e average,

I ] denotes the long itud inal average o f any quantities,

* denotes the departure o f a quantity from  its long itud ina l average.
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It is  evident that the operators , 7 , [ ] and * are com m utative . B y  the use o f 

these notations the w ind fie ld  บ  m ay now be resolved accord ing  to the form ulae

Ü  = Ü  +  บ  , (3 .1 )

Ü  = [ Ü ]  + Ü *  , (3 .2 )

and thus, in greater detail;

บ  = u \  +  Ü *  +  [ ü ]  + บ * ' , (3 .3 )

Reso lu tions o f  the fie lds o f  temperature T , specific hum id ity  q, and other quantities may 

be s im ila r ly  performed.

A lth ough  the notation used in  Eqs.(3.1) - (3.3) has been adopted by a number 

o f  m eteoro log ists, there seems to be less un iform ity  in  the accom panying  term ino logy. 

W e  w i l l  refer to the fie lds o f  บ  and บ  in Eq.(3.1) as the long-te rm  or time-averaged or 

stand ing m otion and the transient motion. W e w ill re fer to the com ponents [น] and [v] 

o f  [t/] in  Eq.(3.2) as the zona l c ircu la tion  and the m e r id io n a l c ircu la tion , and to the 

com ponents o f บ  as the eddies. W e  w ill a lso in c lude  the f ie ld  o f  [to] demanded by 

con tin u ity  as part o f  the m erid iona l circu lation. Thus the term s in  Eq.(3.3) respective ly  

the tim e-averaged or standing zona l and m erid ional c ircu la t io n , the time-averaged or 

stand ing eddies, the transient zonal and meridional c ircu la tion , and the transient eddies.

The customary use o f the terms zonal and m erid iona l has led to some ambiguity. 

A  zone  genera lly  means a latitude c irc le  or a region extend ing  along a latitude c irc le . 

Z o n a l  m o t i o n  genera lly means m otion parallel to the zones, and is  synonym ous w ith น, 

w h ile  m e r i d i o n a l  m o t i o n  means m otions parallel to the m erid ian s or m erid iona l planes, 

and m ay  be synonym ous w ith  V, or w ith (0. A  z o n a l  a v e r a g e  genera lly  means an 

average w ith in  zones, o r w ith respect to longitude. The  am b igu ity  arises in connection 

w ith  the term “ z o n a l  c i r c u l a t o d ’, w h ich  is sometimes used to mean the zona l m otion น, 

som etim es the zona lly-averaged m otion [t/], and som etim es zona lly-averaged zonal 

m o tio n  [น]. W e  w il l  use the term on ly  in the last sense. L ik e w is e  we w il l  use
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“ m e r i d i o n a l  c i r c u l a t i o n ”  on ly to denote zonally-averaged m e rid ion a l m otion. The term 

“ m e a n  m e r i d i o n a l  c i r c u l a t i o n ”  has been used for the latter purpose, but it has also been 

used fo r the tim e-averaged m erid iona l c ircu la tion . The frequen tly  used term “ m e a n  

m o t i o n ”  is not sp e c if ic  enough when both tim e averages and zona l averages are being 

considered.

T h e  B a la n c e  R e q u ire m e n ts

T he  a p p lic a t io n  o f the p h y s ica l law s to the e xp la n a t io n  o f  the observed 

c ircu la tio n  is  the task w h ich now confronts US. The most d irect w ay  to accom plish this 

task w ou ld  be to so lve  the dynam ic equations. A t present we la c k  a su itable means o f 

so lu tion. W e  m ust therefore proceed m ore ind irectly . In the ir usua l fo rm  the dynam ic 

equations enum erate the physica l processes w h ich d ire c t ly  a ffe c t any quantity. Fo r 

exam ple , the therm odynam ic equation states that the tem perature m ay be altered by 

ad vec iio n , ad iaba tic  com pression o r expansion , and net heating . It is  sometimes 

possib le  to evaluate the long-term in fluence  o f each process a ffecting  some features o f 

the c irc u la t io n  b y  recourse to the observationa l data. In th is  section  we w il l p lay 

attention on the balance requirements o f some important processes w h ich  maintain the 

atmospheric circu lation .

A .  T h e  B a la n c e  o f  W a te r

Cons ide r the total mass o f water contained in the region o f  the atmosphere north 

o f a region latitude. Th is  quantity may be temporarily increased by evaporation from the 

unde rly ing  Earth  o r decreased by p rec ip ita tion  fa llin g  to the Earth . It may also be 

increased o r decreased by an in f lo w  o r ou tflow  o f m o ist a ir  across the southern 

boundary. There  is  no necessity for the amount o f evaporation tak ing  p lace north o f a 

given la titude to balance the amount o f precip itation fa llin g  there, but, i f  the long-term 

average rates o f  evaporation and prec ip ita tion  fa il to balance, enough water must be 

transported w ith in  the atmosphere in to  o r out o f the region to ba lance the de fic it or
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excess o f  evaporation. The need fo r th is condition to be fu lf i l le d  constitutes the balance 

requirement fo r the transport o f water in  the atmosphere.

F o r  com pu ta tiona l purposes it is  desirab le to express the water ba lance in 

ana ly tic  fo rm . I f  we integrate the general form ula o f the co n tin u ity  equation over the 

vo lum e o f  the region north o f latitude <|> 1, and then average w ith  tim e, we find that

.พ2f 2 n r  c o s  ( p \  [ p X v ]  d .1 = I n r 1  c o s  <p [ p  d X / d t ]  d t p  d z  , (3.4)
0 J p 1

where X  is any scalar quantity.

[ p x s ]  is  measured at la titude <p, and it is assumed that there is  no transport 

across the lo w e r  boundary by the m otion  o f the atm osphere. A n  approx im ation  to 

Eq.(3.4) obta ined by integrating Eq.(2.36) over the mass o f  the reg ion, using Eq.(2,37), 

is
fP0 fPO f r f l

2 m  c o s  <p\ [x v ]  g A  d p  = 2 m 2  c o s  < p [ d X / d t ]  g ' ] d ( p  d p  ,
/o 1

(3.5)

I f  q represents the mass o f water per unit mass o f  air, w e obta in

r po
( d q ! d t ) g A  d p  = E q - P q , (3 .6 )

where Eo is the rate o f evaporation from  the Earth,

P 0 is the rate o f precipitation upon the Earth.

Equating  X  to q in Eq.(3.5), we obtain the water balance equation

rPO r* n
I 2m  cos (pi [çv j g-1 dp = I 2 m 1  c o s  < P [ E q - P o \g A d<p 1 

Jo J*,
(3 .7)

The left-hand side of Eq.(3.7) represents the total transport of water across
latitude <tq. The right-hand side has been used in constructing the transport curve in
Fig.(3.2) from the values of E0 and P0 in Fig.(3.1). In most applications the horizontal
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transport o f  liq u id  and so lid  water is  disregarded, and q is assumed to represent spec ific  

hum idity.
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F ig u r e  3 .1  A verage  annual evaporation (so lid  curve) and prec ip ita tion  (dash curve) 

per unit area. Values are in g cm '2 y e a r1 (scale on left).

F ig u r e  3 .2  Excess o f  evaporation over p recip ita tion (so lid  curve), in  g cm  2 y e a r 1 

(scale on left), and northward transport o f  water in the atmosphere re

quired fo r balance (dash curve) in units o f 1011 g s e c 1 (scale on right).
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B . T h e  B a la n c e  o f  A b s o lu te  A n g u la r  M o m e n tu m

The ba lance  o f  abso lu te angu lar m om entum  is  ana logous to that o f  water. 

A n g u la r  m om entum  m ay be exchanged between the atm osphere and the underly ing  

surface, and it m ay be transported ho rizon ta lly  by the m otion o f  atmosphere. A lthough  

in d iv id u a l masses o f  a ir do not conserve their angu lar m om entum  even approxim ately, 

s t ill the pressure torque w ith in  the atmosphere transfers angular m om entum  on ly  from  

long itude to another, w h ile  the fr ic t ion a l torque transfers its a lm ost en tire ly  from  one 

elevation to another. A n y  net exchange o f angular m om entum  w ith the underly ing Earth 

by  the region o f  the atmosphere north o f  a g iven la titude must therefore be balanced by 

a transport o f  angu lar m om entum  across that latitude. A s  H ad ley  noted long ago, the 

atmosphere exerts a westward frictiona l drag upon the Earth in the latitudes o f the trade 

w inds, whence angu lar m om entum  is transfered to the atmosphere from  the Earth. In 

m id d le  la titudes w here the w esterlies p reva il, a n g u la r  m om entum  is  returned to the 

Earth. There is  an add itiona l weak transfer to the atmosphere in  the po la r caps.

The fr ic t ion a l drag is often spoken o f  as i f  it  was the on ly  means fo r exchanging 

angular momentum  between the atmosphere and the Earth, but another m echanism  can 

operate wherever there are mountains, h ills , or sm all irregularities. I f  there is  a horizon

ta l pressure d iffe rence  across a m ounta in  range, the a ir  w i l l  e ffe c t iv e ly  push the 

m ounta in , and the rest o f  the Earth  w ith  it, tow ard low e r pressure; the m ounta in 

therefore pushes the toward higher pressure. A lthough  it seems natural to p icture the air 

as p ilin g  upon the w indw ard sides o f  mountains, and thereby augm enting the fr ic t iona l 

torque, it is not obv ious that th is shou ld be the ease, s ince m any m ounta in masses are 

so large that the pressure d iffe rence  across them  depends m a in ly  the pos itions o f 

m igratory cyc lones and anticyclones.
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Equating  X  to the absolute angular momentum M  in  Eq.(3.5), we find that

2 t j t 2  c o s  (p i  [ q u v ]  d z  + 2 TO'3’ Q .  c o s 3 ( p i  [ p v ]  d z

. i n

27tr3 c o s 2 ( p [ T 0J  d ( p  -

J o00 pllfl

0 h  1
r 2 cos <p [ Z p E  -  Z p w )  d ( p  d z  ,

(3.8)

where X p E is the sum  o f  the pressure on the east s ide  o f  the m ounta ins o r other 

sloping terrain intersecting the latitude circ le ,

Xpv/ is  the sum o f the pressure on the west side o f  the m ounta ins o r other 

sloping terrain intersecting the latitude c irc le ,

T 0  ̂ is  the eastward com ponent o f the fr ic t io n a l stress T 0 at the E a rth ’s 

surface.

The  terms on the left represent the transports o f  re la tive  angular momentum  and 

Q  - momentum.

F ig u r e  3 .3  Average eastward torque per unit area exerted upon the atmosphere by 

surface friction  (solid curve), and by m ountains in the Northern H e m i

sphere (dash curve) in units o f 108 g sec-2 (scale on left).
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c .  T h e  B a la n c e  o f  T o ta l E n e rg y

The  balance o f total energy presents a more com plicated problem . Not on ly  does 

the atm osphere exchange energy w ith the unde rly ing  Earth , but both the atmosphere 

and the underly ing  Earth  gain energy from  the รนท and lose it to outer space through 

radiation.

T h e  in com in g  so la r energy, w h ich  is  the u lt im a te  d r iv in g  fo rce  fo r  the 

atm ospheric and oceanic c ircu la tions, is more intense in  lo w  than h igh latitudes. Som e 

o f  th is energy is  re flected  o r scattered back to space and p lay  no further ro le  in  the 

energy balance. The rem ainder is  absorbed by the atmosphere and the Earth ’s surface is 

m ore intense in low  latitudes. The energy re-radiated to space by the atmosphere and the 

E a rth ’s surface is also m ore intense in low  latitudes. M u ch  o f  the outgo ing rad ia tion  

takes p lace  from  the uppermost layers o f water vapour in  the atmosphere; these extend 

to great heights in low  latitudes and are therefore about as co ld  as the uppermost water

F ig u r e  3 .4  Average  so la r energy reaching the extrem ity  o f the atmosphere (upper 

so lid  curve), average solar energy absorbed by the atmosphere-ocean- 

Earth system (lower solid curve), and average infra-red radiation leaving 

the atmosphere-ocean-Earth system (dashed curve). Va lues are in  watt 

rrr2 (scale on left).
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vapour in  h ighe r latitudes. The net result is  therefore a considerab le excess o f heating in 

low  la titudes. It fo llo w s  that there m ust be a poleward transport o r transfer o f energy 

across v ir tu a lly  every latitude.

The re  are numerous estimates o f  the incom ing and ou tgo ing  radiation. F ig .(3.3) 

is again upon the values com piled by Se lle rs [Sellers 1966] from  a num ber o f sources. 

F ig .(3.4) presents the net radiation and the required northward transport and transfer o f 

energy. T h e  p rin c ipa l features are gain the peak values in m idd le  latitudes.

F ig u r e  3 .5  Excess o f absorbed so la r rad iation over ou tgo ing  in fra-red  rad iation 

(so lid  curve), in watt n r 2 (scale on left); and no rthw ard  transport o f 

energy by the atmosphere and oceans requ ired  fo r  balance (dashed 

curve), in units o f 1014 watt (scale on right).

S in ce  the atmosphere must satisfy the balance requirem ent fo r  total energy, this 

requ irem ent must also depend upon the cho ice  o f phase. I f  the l iq u id  phase is chosen, 

the net rad ia t io n  received or em itted by the atmosphere, the therm a l internal energy 

transfered to  the atmosphere from  Earth , and the latent ene rgy  supp lied  to the 

atm osphere by evaporation must together be balanced by transports o f sensible heat, 

potential energy, k inetic  energy and latent energy w ith in the atmosphere. If the gaseous
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phase is  chosen , evaporation adds no energy to the atm osphere, but p rec ip ita tion  

removes negative energy.

I f  we set X  = K  4- + I in Eq.(3.5), we find from  Eq.(2.15) after some arrange

ment o f  terms that

2 k t  c o s p [ k  +  0  +  /) V + p v 2 7 V 2 c o s  <p [ q + V . f \  d t p d z  ,

(3.9)

T he  term  p v  on the le ft represents the w ork  done against a un it area o f  the 

southern boundary by the pressure forces. N o ting  that fo r a d ry  atmosphere it w ou ld  be 

p roportiona l to, and additional to, the term p/v, w h ich  w ou ld  represent the transport o f 

in terna l energy. F o r the real atmosphere p v  is  s t ill p ropo rtiona l to the transport o f 

thermal internal energy.

In the strictest sense Eq.(3.9) is  not app licab le , because the mass transport 

across the E a rth ’s surface was neg lected in de riv ing  it. H ow eve r, it  m ay be used i f  I  

in c lu d es  both therm al and latent in terna l energy, and i f  the gain o f  latent energy 

re su lt ing  from  evaporation from  the surface is in c luded  in  Q .  A lte rn a t iv e ly , I  may 

include o n ly  thermal internal energy, and the release o f  latent heat by condensation may 

be in c luded  in Q .

T h e  G e n e ra l C ir c u la t io n

The  m ean, w o rldw ide  d is tr ib u tio n  o f w inds is  re ferred to as the g e n e r a l  

c i r c u l a t i o n  [M il le r  1966]. It is determ ined by averag ing w ind  observations ove r long 

periods o f  tim e and thus represents the largest o f the scales o f m otion. If the earth were 

not rotating and i f  the surface were homogeneous, the temperature d iffe rence  between 

equator and po les w ou ld produce a thermal c ircu lation  ce ll in each hem isphere like  that 

shown schem atica lly  in F ig .(3.6).



32

(๖) Temperature high in the south, low  in the north 

F ig u r e  3 .6  A  schem atic representation o f the thermal circulation o f atmosphere.

Near the surface o f the earth, air w ou ld  f lo w  equatorward; heated by the warmth 

o f  the equatoria l reg ions, it would rise and g radua lly  move poleward, w here it would 

sink, thus com p leting  the circu it. Earth rotation and the non-uniform  surface properties 

greatly m od ify  th is s im p le  c ircu lation pattern. Instead o f one single ce ll in  each hem i

sphere, there are three la titudinal ce lls and there are long itud inal varia tions around each 

hemisphere.
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A  schem atic  representation o f  the f low  averaged over each la titude o f the globe 

is shown in  F ig .(3 .7 ).

F ig u r e  3 .7  A  schematic representation o f  the general c ircu la tion  o f  atmosphere.

The  ho rizon ta l flow  is shown w ith in  the c irc le , w h ile  the net m erid iona l c ircu 

lation is  dep icted  in  the vertica l cross section around the periphery. N ear the equator 

there is  a be lt o f  lo w  pressure; it is  know n as the do ldrum s, because the horizonta l 

pressure grad ien t is  genera lly weak here and w inds are light and variab le . It marks a 

zone where the w ind  belt to the north and south converge and rise. A s  a result, there are 

frequent heavy ra in  shower in the doldrums.

The  30 °-w id e  belts to the south and north o f  the do ld rum s are noted fo r the 

rem arkable persistence o f the low -leve l w inds. W inds from  the east dom inate both o f 

these belts, the one in  the Northern Hem isphere experiencing w inds genera lly  from  the 

northeast, w h ile  southeast w inds are found in  the Southern H em isphe re  belt. These 

w ind are know n as the t r a d e  w i n d s  because o f the important ro le  they p layed in opening 

up the N ew  W o r ld  when ships depended on sails.
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A  senes o f  la rge  h igh pressure areas (anticyclones) is  located  at about 30° N  

and another near 30° ร . In these zones the mean vertica l m otion  is  one o f descent, 

which inh ib its  the fo rm ation o f clouds and precip ita tion . In this belt, a long  the eastern 

edges o f the in d iv id u a l anticyclones, most o f  the w o rld ’s great deserts are found. The 

ligh t w ins genera lly  encountered in  this belt have given rise to the nam e popu larly  

applied to th is  sub trop ica l h igh pressure zone: the horse la titudes. Span ish  sa iling  

vessels, ca rry ing  horses to the New  W orld , on occas ion  were beca lm ed in  one o f these 

high centers and som e o f the an im als had to be slaughtered as the supp ly  o f  food 

became in su ffic ien t to complete the voyage.

Betw een 35° and 60° in both hem ispheres, westerly w inds p re va il. A lthough 

they vary c o n s id e ra b ly  between northwest and southwest, they u su a lly  have a 

component from  the west. Th is  zone is noted fo r its large number o f  m o v ing  cyclones 

and the changeable weather.

A t  60° la titude , the subpolar low s fo rm  an alm ost con tinuous trough o f low  

pressure in  the Southern Hem isphere, but in  the Northern H em isphe re  there are two 

distinct sem i-perm anent low  centers, one near the A leu tian  Islands in  the P a c if ic , and 

the other near Ice land in  the A tlan tic . Between the subpolar low s and the poles, high 

pressure areas dom inate close to the surface, w ith  weak easterlies. B u t these y ie ld  w ith 

increased height rather q u ick ly  to westerly w inds, so that much o f the m idd le  and upper 

troposphere po lew ard  o f  about 25° is dom inated by west w inds.
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