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Since Kuo's equation of balaiice of tlie 
kinetic energy of zonal motion in the at- 
mosphere IS of basic importaiicc for tlie 
study of the general circulation (Kuo 19511, 
I wish to point out that this equation may 
be simplificd if account is taken of the equa- 
tion of continuity for the mean motion of 
the atmosphere. It turns out that the con- 
stancy of the specific mass @ along latitude 
circles and with time appears to be a n  un- 
necessary hypothesis. Moreover the terms 
related to the meridional circulation arc more 
eascly interpreted. 

In orthogonal and axial symmetrical co- 
ordinates (XI = 2, 5 2 ,  x"), the quation of 
motion along a latitudr circlr assilllies thc 
form of a balancc: 

from wliicli the equation of t!ic iiican mo- 
tion may casely be dcducrd: 

where ?7 designatcs the zonal mean of X 
and X thc corresponding wcightrd nieaii 
(ZX = Q X ) ,  X "  = X - X the fluctuation 
of X with respect to the weigtlicd mean, 

- 
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versity of Stockholm. 

ylj the coefficients of the metric form (yll + 0, 
y '  = o when i + j ;  i, j = I, 2 ,  3) ,  vl = sl 
the contravariant and v ,  = ylj v j  the covariaiit 
components of the air velocity v relative 
to the Earth, y the determinant 1 1  yij ; where 

11 - 

d a  a = ;/t + Ca ~ and c;  = I or 0, resp. 2x2 
when i = I or =i= I .  

After multiplication of ( I )  by v1 and 
substitution of the equation of continuity 

n 

-- 
I d ,-- - 9 + ( v y  pz) = 0, one obtains thc 

at \iy ax. 
equation of balance 

or, explicitly in spherical coordinates (yI1 =F 

a 0 , using thc classical zonal, meridi- 

onal and vertical coniponciits ( 1 1 ,  v ,  111) of 
the velocity, 

where 

I 

2 

I 
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Y = - (Tr)'F -t nlf"v" ii 

z == ~ ( G ) *  

alld 
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arc the meridional and vertical components 
of the flux of the "mean zonal kinetic en- 

ergy" (: 2 @).) and 

o = i i { [ 2 w s i n p + - t g c p  I /  v- 
r - 1  

- [zocoscp+ 7 ; -1 QW + @ l i ' V "  . 

* ($ + ; tg 9, + @U" ill" (;; - - ;) ) -  
is the corresponding rate of production. 

The flux (Y,  Z )  of "mean zonal kinetic 
energy" in the meridional plane includes a 
convective flux and a flux related to the 
flux of linear zonal momentum; this non 
convective flux is directed to the North in 
the belt of westerlies (VAN MIEGHEM, 1949)- 

The production of "mean zonal kinetic 
energy" results from: a) the mean meridi- 
onal circulation ( e v ,  piu) and the vorticity 
created by the Earth's rotation and by the cur- 
vature of the zonal flow; b) the eddy stres- 
ses ~ u " v "  and Q U " I U "  and the horizontal and 
vertical shears of the mean zonal wind e. 

It should also be noted that the "mean 

- -  

I 
zonal kinetic energy" 

not a scalar quantity, (but disregarding the 
factor 4) one of thc components of the ten- 
sor F i F j ,  ( i ,  j = I ,  2, 3). 

Finally Kuo's conclusive statement "the 
eddy process in the atmosphere is n self con- 
sistent and self suficient mechanism in main- 
tnining the zonal wind systems" may be mis- 
leading and instigate unnecessary controverses. 
In order to avoid misunderstandings, it should 
be mentioned that the rates of production 
(CJ)  of the potential (@) and kinetic (K,) 
energy of the mean three-dimensional mo- 
tion, of the kinetic energy (K,) of the large- 
scale eddies and of the thermal energy (E,) 
(sensible and latent heat) assumc the form 

o(K,,,) S j d i v G  +A - C J ( @ ) ,  

o(K,) = -& + (-77 p . v") , 

o(E,) S - j d i v G  - ( - v p . v " )  

I 
I , 

where 
,- - 
V W n = ~ U " U "  (- - r tg 9, + ;) f 

- a$ - + @ V " l U "  (2 + - - ') + 
aY r 

+ Q U " l U " ( &  a- - ;) + @ U " V "  ($ a- + - Ytgcp). 

For simplicity the viscosity and the small- 
scale turbulence have been neglected here. 
The above formulas show that: 

p . v" express the 
rate of conversion of thermal energy resp. 
into kinetic energy of the mean motion and 
into kinetic energy of the large-scale eddies ; 

expresses the rate of conversion of 
kinetic energy of the large-scale eddies into 
kinetic energy of mean motion, or, more 
precisely, a positive term of A, such as 

I) j div? and - 

z) 

ae ii 
etJ"v" (5 + tg cp) > 0, gives a rate 

of conversion of K, into K,a and, a negative - 

term, such as eu"iu" (g - F) < 0, a 

rate of conversion of K,, into K,. 

Conversion of thermal energy into kinetic 
energy of the large scale eddies occurs when the 
work performed by the pressure force along 
the path of thc large-scale eddying motion p gositive; when this work is negative 
sta le large-scale eddying motion) the con- 

version of energy takes place in the opposite 
direction. 

In a threc-dimensional diverging flow, 
thermal energy is transformed into kinetic 
cnergy K, ; the reversed transformation is 
taking place in a three-dimensional con- 
verging flow. 

From the point of view of large scale 
energy transformations in the atmos here, it 

versions between the mechanical energy 
K,,, + 0 of the mean motion, the thermal 
energie E, and the kinetic energy K, of 

should be emphazised that all possi : le con- 
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the large-scale eddics may occur and in fact, 
do occur. 

Stockholm, February, 1952. 

R E F E R E N C E S  

Kuu, H. L. ,  1951 : A Note on the Kinetic Energy 
Balance of the Zonal Wind Systems. T d u s ,  3, 
205-207. 

VAN MIEGHEM, J., 1949 : Production et redistribution 
de la quantitt de mouvenient et de l’tnergie cint- 
tique dam I’atmosphhre. Application H la circula- 
tion atinosphtrique gtntrale. J .  Sc. de in  M d ~ n r . ,  
I, 55-67. 

Reply 
By H. L. KUO. 

Mnssnchsef ts  Insrirute of Techfrology 

March 1952 

Prof. Van Mieghem’s introduction of the 
mean value weighted by the density distribu- 
tion is interesting. Through this definition of 
the mean, the restriction on the density put 
forward in my short note becomes unnecessary. 

As for the sentence “the eddy process in the 
atmosphere is a self consistent and self sufficient 
mechanism in maintaining the zonal wind 
systems” quoted by Prof. Van Mieghem, I 
have only intended to point out that this eddy 
process is important both for the angular 
momentum balance and for the kinetic energy 
balance of the mean zonal winds and that its 
effects are of the right order of magnitude and 
direction, so that it may account for the major 
portions of these balances. It is hoped that it 
does not give the impression that no energy 
supply is needed by these eddies, nor that it 
excludes the effects of other physical processes. 
The note is primarily concerned with the 
kinetic energy balance of the mean zonal wind 
systems, in which the work done by the 
pressure forces does not occur, although it is a 
very important factor for the production of 
kinetic energy of almost aU other kinds of 
motions. This is one advantage of my equation. 
The energy exchange between eddies of 
different scales discussed by Van Mieghem is 
surely an important process in the atmosphere, 
but not directly connected with the main- 
tenance of the mean zonal wind systems. 


