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ABSTRACT. 

The relationship between global-scale meridional temperature 

gradient and eddy meridional sensible heat transport over an annual 

cycle is examined and found to display distinct two-valued behaviour. 

This occurs in a zone from 45° to 65°N throughout the depth of the 

troposphere; a similar annual cycle in heat transport occurs in the 

lower stratosphere also. Inclusion of eddy latent heat transport 

enhances the effect. 

The two-valued behaviour is caused primarily by the variation of 

the stationary eddy component; this is verified in three different 

data-sets. The transient eddy heat transport is almost independent of 

temperature gradient; the sum of the two eddy components is found to 

be closer to the theoretical relationship with temperature gradient 

than is either of them separately. Since such a parameterization is 

held generally to apply to the transient eddy component only, the 

correctness of separating transient and stationary eddy components in 

the conventional way is called into question. 

The effect of the stratospheric zonal wind in controlling upward 

propagation of stationary waves and hence poleward heat- transport is 

irrelevant to this problem. 

Spectral analysis shows that low zonal wavenumbers (1-4) describe 

well the stationary eddy heat transport in winter and spring; however, 

this misses completely the dominating influence of the deep wintertime 

trough over the northwest Pacific and eastern Asia. 

Annual variations in stationary eddy heat transport are accounted 

for by changes in the land-ocean contrast in diabatic heating (thermal 

forcing of stationary waves). Variations in meridional temperature 

gradient are not directly related to this, but rather to changes in 

the latitudinal contrast in zonal-mean heating. Thus the stationary 

eddy heat transport and global temperature gradient are individual 

responses to separate forcing mechanisms, though the latter is 

probably modified by eddy heat transports. 
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INTRODUCTION. 

A major component of the atmosphere's energy balance is the 

large-scale poleward transport of heat, which results from the 

atmospheric motions caused by heating. This transport is accomplished 

partly by the mean meridional circulation, partly by eddies or waves; 

in midlatitudes it is the eddies which dominate the transport. 

Eddies are conventionally divided into two kinds: 'stationary 

eddies', the wavelike features which, can be seen on monthly- or 

seasonal-mean charts, and 'transient eddies', the travelling 

cyclone-scale waves seen on daily weather analyses. Both kinds are 

important in transporting heat, though their relative magnitudes vary 

considerably through the year. 

It has been argued that this distinction is arbitrary, existing 

for numerical convenience rather than as a consequence of a true 

physical distinction between the two. The forcing mechanism for 

transient eddies is known to be baroclinic instability, which is also 

cited by some as being the principal cause of stationary eddies. The 

case is far from clear, however: others hold that stationary eddies 

result from thermal and/or orographic forcing, yet others that they 

are due to some combination of the two mechanisms. 

Several theoretical and numerical studies have related the eddy 

heat transport (either the transient component or the total) to the 

meridional or zonal-mean temperature structure of the atmosphere. 

These are reviewed in Chapter 1, together with some other studies on 

eddy heat transport and stationary eddies. The theoretical studies 

suggest that the eddy sensible heat transport should be a 

single-valued function of temperature gradient; this chapter presents 
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observational evidence suggesting that it is a two-valued function, 

the problem which has engendered the present study. A discussion of 

the validity of the conventional partitioning into stationary and 

transient components is also presented in this chapter. 

The spatial extent of this two-valued behaviour is examined in 

Chapter 2, together with the relative importance and effect of other 

energy transports. 

In Chapter 3, further data relating to stationary eddies, their 

heat transport, and the tropospheric temperature structure are 

examined in order to define more precisely the nature of the problem. 

The Fourier spectrum of the wind and temperature fields constituting 

the stationary eddy sensible heat transport is presented. 

The heart of this work is contained in the next two chapters. 

Some simple theories to account for the problem are considered in 

Chapter 4, leading to a discussion of the requirements for a solution 

to the problem and the formulation of a solution satisfying these. 

A simple energy budget for the atmosphere, incorporating 

ocean-atmosphere heat transfer, is derived in Chapter 5 in order to 

investigate how longitudinally- and latitudinally-asymmetric diabatic 

heating varies through the year: it is this which gives rise (in part 

at least) to the observed variations in stationary eddy heat transport 

and meridional temperature gradient respectively. 

In order to investigate what effect transient eddies might have 

on the stationary eddy heat transport, a simple analytic model is 

developed in Chapter 6, the effect of transient eddies being 

represented by a diffusion term. 



C H A P T E R 1 

T H E O R I E S AND O B S E R V A T I O N S O F 

E D D Y H E A T T R A N S P O R T 
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I n t r o d u c t i o n . 

A l l a t m o s p h e r i c ( a n d o c e a n i c ) m o t i o n s a r e u l t i m a t e l y c a u s e d b y 

h e a t i n g , m o r e p r e c i s e l y b y t h e l a t i t u d i n a l , l o n g i t u d i n a l a n d v e r t i c a l 

v a r i a t i o n o f t h a t h e a t i n g . T h e e x i s t e n c e o f a m e r i d i o n a l t e m p e r a t u r e 

g r a d i e n t d o e s n o t i n i t s e l f i m p l y t h a t t h e r e w i l l b e p o l e w a r d 

t r a n s p o r t o f h e a t ; h o w e v e r i f a t s o m e i n i t i a l t i m e t h e r e w e r e n o h e a t 

t r a n s p o r t , t h e n t h e e s t a b l i s h m e n t o f r a d i a t i v e e q u i l i b r i u m a t e a c h 

l a t i t u d e b e t w e e n e q u a t o r a n d p o l e s w o u l d l e a d t o a m e r i d i o n a l 

t e m p e r a t u r e g r a d i e n t l a r g e e n o u g h t o c a u s e h y d r o d y n a m i c i n s t a b i l i t y 

w h i c h w o u l d c r e a t e w a v e s t r a n s p o r t i n g h e a t . T h i s w o u l d a l t e r t h e h e a t 

b a l a n c e o f t h e a t m o s p h e r e a n d h e n c e t h e m e a n s o f m a i n t a i n i n g t h e r m a l 

e q u i l i b r i u m . T h e s i t u a t i o n i s f u r t h e r m o d i f i e d b y t h e p r e s e n c e o f 

o c e a n s ( w h i c h a c t a s r e s e v o i r s o f h e a t , a s w e l l a s t r a n s p o r t i n g i t ) , 

s u c h t h a t t h e r e i s h e a t t r a n s f e r a t t h e a t m o s p h e r e - o c e a n i n t e r f a c e ; 

a l s o b y t h e r m a l a n d e l e v a t i o n c o n t r a s t s b e t w e e n c o n t i n e n t s a n d . o c e a n s 

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

h e a t p o l e w a r d s . T h u s p o l e w a r d e d d y h e a t t r a n s p o r t i s a n e c e s s a r y 

c o n s e q u e n c e o f a t m o s p h e r i c m o t i o n s ; a n u n d e r s t a n d i n g o f t h e m e c h a n i s m 

o r m e c h a n i s m s o f e d d y h e a t t r a n s p o r t i s v i t a l t o a f u l l p i c t u r e o f t h e 

g e n e r a l c i r c u l a t i o n o f t h e a t m o s p h e r e , a n d m a y a l s o p r o v i d e i n s i g h t 

i n t o o t h e r a s p e c t s o f t h e e d d i e s . 

S i n c e t h e a t m o s p h e r e ' s t e m p e r a t u r e s t r u c t u r e i n s o m e w a y i n d u c e s 

h e a t t r a n s p o r t , a n d h e a t t r a n s p o r t w i l l e i t h e r m a i n t a i n o r m o d i f y t h e 

t e m p e r a t u r e s t r u c t u r e , i t h a s l o n g b e e n c o n s i d e r e d a p p r o p r i a t e t o s e e k 

s o m e s i m p l e r e l a t i o n b e t w e e n t h e t w o , o f t e n i n o r d e r t o p a r a m e t e r i z e 

t h e f l u x e s i n c l i m a t e m o d e l s w h e r e e x p l i c i t r e p r e s e n t a t i o n o f e d d i e s 

w o u l d a d d a n u n n e c e s s a r y c o m p u t a t i o n a l b u r d e n ; t h e p r o p o s e d r e l a t i o n s 

c a n b e t e s t e d b y e x a m i n a t i o n o f c l i m a t e d a t a , a n d t h e v a l i d i t y o r 
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o t h e r w i s e o f t h e a s s u m p t i o n s o n w h i c h t h e r e l a t i o n s a r e f o r m u l a t e d 

t h e r e b y d e m o n s t r a t e d . C o m m o n l y - u s e d e x i s t i n g p a r a m e t e r i z a t i o n s a r e 

t i m e - i n d e p e n d e n t r e l a t i o n s b e t w e e n z o n a l l y - a v e r a g e d e d d y s e n s i b l e h e a t 

t r a n s p o r t a n d z o n a l l y - a v e r a g e d m e r i d i o n a l t e m p e r a t u r e g r a d i e n t : t h e s e 

a r e e x a m i n e d i n S e c t i o n 1 . 1 b e l o w . 

T h e t i l t o f t h e E a r t h ' s r o t a t i o n a x i s r e l a t i v e t o i t s o r b i t a l 

p l a n e g i v e s r i s e t o a n a n n u a l c y c l e i n t h e i n s o l a t i o n , r e s u l t i n g i n 

a n n u a l c y c l e s i n b o t h t e m p e r a t u r e s t r u c t u r e a n d e d d y h e a t f l u x e s i n 

t h e a t m o s p h e r e . R e l a t i n g t h e s e t w o i n a n y t i m e - d e p e n d e n t s e n s e r a i s e s 

t h e q u e s t i o n o f w h e t h e r a n d h o w o n e m a y a f f e c t t h e o t h e r , i n t h a t 

c h a n g e i n o n e m a y p r e c e d e ( a n d h e n c e b e s a i d t o ' f o r c e ' ) c h a n g e i n t h e 

o t h e r . T h e p r o b l e m o f r e l a t i n g t h e m i n t h i s w a y i s t h e s u b j e c t o f t h e 

p r e s e n t s t u d y . 

1,1 Theoretical Studies. 

T h e s t a r t i n g - p o i n t f o r p a r a m e t e r i z a t i o n o f e d d y s e n s i b l e h e a t 

t r a n s p o r t h a s b e e n t o r e g a r d i t a s a n a l o g o u s t o s m a l l - s c a l e d i f f u s i o n , 

w i t h t h e t r a n s p o r t p r o p o r t i o n a l t o t h e t e m p e r a t u r e g r a d i e n t : t h i s 

a p p r o a c h w a s f i r s t p r o p o s e d b y D e f a n t ( 1 9 2 1 ) . S a l t z m a n n ( 1 9 6 8 ) a r g u e d 

t h a t t h e c o n s t a n t o f p r o p o r t i o n a l i t y , o r " A u s t a u s c h c o e f f i c i e n t " , 

s h o u l d i t s e l f b e p r o p o r t i o n a l t o t h e t e m p e r a t u r e g r a d i e n t , s o t h a t 

E = k ( M T ] / 3 y )
2

 (
1 # 1

) 

w h e r e 

E i s e d d y s e n s i b l e h e a t t r a n s p o r t 

k i s a c o n s t a n t , t o b e d e t e r m i n e d 

e m p i r i c a l l y 
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[ ] s i g n i f i e s a z o n a l a v e r a g e 

O v e r b a r s i g n i f i e s a t i m e a v e r a g e 

T a n d y h a v e t h e i r u s u a l m e a n i n g 

T h e p r o b l e m o f w h e t h e r E s h o u l d b e t h e t o t a l e d d y s e n s i b l e h e a t 

t r a n s p o r t o r o n l y t h e t r a n s i e n t c o m p o n e n t i s d i s c u s s e d i n S e c t i o n 1 . 4 

b e l o w ; s u f f i c e i t t o s a y a t t h i s p o i n t t h a t d i f f e r e n t a u t h o r s h a v e 

i n t e r p r e t e d i t i n v a r i o u s w a y s , h e r e i t i s t h e f o r m o f t h e f u n c t i o n a l 

d e p e n d e n c e o f e d d y h e a t t r a n s p o r t u p o n m e r i d i o n a l t e m p e r a t u r e g r a d i e n t 

t h a t i s o f i n t e r e s t . 

G r e e n ( 1 9 7 0 ) c a l c u l a t e s t h e e d d y k i n e t i c e n e r g y r e l e a s e d b y 

a d i a b a t i c r e d i s t r i b u t i o n o f m a s s t o a s t a t e o f m i n i m u m p o t e n t i a l 

e n e r g y . G i v e n a t o t a l v a r i a t i o n w i t h l a t i t u d e i n f , l o g . p o t e n t i a l 

t e m p e r a t u r e , o f t h e v e r t i c a l l y - i n t e g r a t e d e d d y s e n s i b l e h e a t 

t r a n s p o r t i s g i v e n b y 

Cvf] = <X(g/B)
1 / 2

[A£]
2

 (1.2) 

w h e r e 

B i s s t a t i c s t a b i l i t y , 

°< i s a c o n s t a n t 

T h i s i s e s s e n t i a l l y t h e s a m e r e l a t i o n a s S a l t z m a n n p r o p o s e d , b u t 

i s a r r i v e d a t b y a d i f f e r e n t a r g u m e n t . G r e e n ' s r e l a t i o n i s o b t a i n e d 

b y c o n s i d e r i n g c o n v e r s i o n o f a v a i l a b l e p o t e n t i a l e n e r g y t o k i n e t i c 

e n e r g y , w h e r e a s S a l t z m a n n ' s r e s u l t i s d e r i v e d f r o m l i n e a r m o d e l s o f 

a m p l i f y i n g b 

a r o c l i n i c i n s t a b i l i t y . S t o n e ( 1 9 7 2 ) u s e d E a d y ' s ( 1 9 4 9 ) 

l i n e a r m o d e l t o c a l c u l a t e t h e s e n s i b l e h e a t t r a n s p o r t f o r 

s m a l l - a m p l i t u d e b a r o c l i n i c i n s t a b i l i t i e s f r o m s t a b i l i t y t h e o r y ; h i s 
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r e l a t i o n s h i p i s o f t h e f o r m 

[ v f i Q = k B 1 / 2 ( 3 [ 9 ] / 9 y ) 2 ( 1 . 3 ) 

w h e r e 

Q i s p o t e n t i a l t e m p e r a t u r e 

I n a d d i t i o n t o r e l y i n g o n l i n e a r t h e o r y , t h i s d e r i v a t i o n m a k e s a n 

a s s u m p t i o n a b o u t t h e v e l o c i t y s c a l e ( d e p e n d e n t o n v e r t i c a l s h e a r a n d 

s c a l e h e i g h t ) w h i c h G r e e n ' s d o e s n o t h a v e ; G r e e n ' s i s a m o r e g e n e r a l 

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

H o w e v e r , b o t h a r r i v e a t a s q u a r e - l a w d e p e n d e n c e o f e d d y s e n s i b l e h e a t 

f l u x o n m e r i d i o n a l t e m p e r a t u r e g r a d i e n t . 

T h e d i f f e r e n t f u n c t i o n a l d e p e n d e n c e s o n s t a t i c s t a b i l i t y , B , i n 

E q s . ( 1 . 2 ) a n d ( 1 . 3 ) a r i s e f r o m t h e d i f f e r e n t m e a n s o f d e r i v i n g t h e 

r e l a t i o n s ; S t o n e s u g g e s t s t h a t G r e e n ' s e m p i r i c a l c o n s t a n t << s h o u l d b e 

p r o p o r t i o n a l t o B . H o w e v e r , t h e v a l u e o f B u s e d i s a t y p i c a l 

z o n a l - m e a n v a l u e , t h e a n n u a l v a r i a t i o n o f w h i c h i s n e g l i g i b l e c o m p a r e d 

w i t h t h a t o f h e n c e t h e f u n c t i o n a l d e p e n d e n c e i s n o t i m p o r t a n t , 

a n d m a y r e a s o n a b l y b e t a k e n a s c o n s t a n t f o r l a r g e - s c a l e z o n a l - m e a n 

h e a t t r a n s p o r t . 

N o t e t h a t i n a l l o f E q s . ( 1 . 1 ) , ( 1 . 2 ) , a n d ( 1 . 3 ) t h e e d d y 

s e n s i b l e h e a t t r a n s p o r t i s r e l a t e d t o t h e s q u a r e o f t h e z o n a l - m e a n 

t e m p e r a t u r e g r a d i e n t r a t h e r t h a n t h e z o n a l - m e a n ( t e m p e r a t u r e 

.a 

g r a d i e n t ) . N u m e r i c a l l y , t h e d i f f e r e n c e i s o f l i t t l e c o n s e q u e n c e : f o r 

t h e v a r i a t i o n b e t w e e n J a n u a r y a n d J u l y t e m p e r a t u r e g r a d i e n t s i t i s 

a b o u t 2%. 

N o t e a l s o t h a t we d o n o t n e c e s s a r i l y e x p e c t a r e l a t i o n o f t h e 
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f o r m o f E q . ( 1 . 2 ) t o h o l d l o c a l l y , a s t h e ' l o c a l ' t e m p e r a t u r e 

g r a d i e n t e x p e r i e n c e d b y a p a r c e l o f a i r i s d i f f i c u l t t o d e f i n e ( u n l e s s 

w e k n o w a c c u r a t e l y i t s t r a j e c t o r y ) . C l a p p ( 1 9 7 0 ) s h o w e d t h a t , 

o b s e r v a t i o n a l l y , E q . ( 1 . 2 ) d o e s n o t h o l d l o c a l l y . 

H e l d ( 1 9 7 8 ) d i s c u s s e s h o w t h e v e r t i c a l e x t e n t o f e d d y m o t i o n s 

a f f e c t s t h e r e l a t i o n s h i p b e t w e e n p o l e w a r d e d d y h e a t f l u x a n d 

m e r i d i o n a l t e m p e r a t u r e g r a d i e n t . U s i n g a s i m p l e l i n e a r m o d e l ( b a s e d 

o n C h a r n e y ' s q u a s i - g e o s t r o p h i c | 2 - p l a n e m o d e l ) , h e s h o w s t h a t a 

s q u a r e - l a w d e p e n d e n c e i s a p p r o p r i a t e w h e n t h e v e r t i c a l e x t e n t o f t h e 

e d d i e s i s m u c h g r e a t e r t h a n t h e s c a l e - h e i g h t o f t h e a t m o s p h e r e , w h i c h 

i s t h e c a s e w h e n t h e ( ? - e f f e c t i s n e g l i g i b l e ; w h e n t h e / 3 - e f f e c t i s 

s t r o n g , a s i n l o w l a t i t u d e s , t h e r e l e v a n t v e r t i c a l s c a l e i s i t s e l f 

p r o p o r t i o n a l t o t h e h o r i z o n t a l t e m p e r a t u r e g r a d i e n t , a n d a f i f t h - p o w e r 

r e l a t i o n b e c o m e s a p p r o p r i a t e . 

A l l t h e s e s t u d i e s h a v e t w o i m p o r t a n t f e a t u r e s i n c o m m o n : -

( i ) T h e p o l e w a r d e d d y s e n s i b l e h e a t t r a n s p o r t i n 

m i d l a t i t u d e s i s p r o p o r t i o n a l t o t h e s q u a r e 

o f m e r i d i o n a l t e m p e r a t u r e . g r a d i e n t . 

( i i ) A g i v e n t e m p e r a t u r e g r a d i e n t w i l l h a v e a u n i q u e 

v a l u e o f e d d y s e n s i b l e h e a t t r a n s p o r t 

a s s o c i a t e d w i t h i t ( f o r t h e s a m e s t a t i c 

s t a b i l i t y ) . 

T h e r e s t o f t h e c h a p t e r i s m a i n l y c o n c e r n e d w i t h e x a m i n i n g t h e 

v a l i d i t y o f t h e s e t w o h y p o t h e s e s . 
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1.2 Numerical Studies, 

T h e m o s t c o m p r e h e n s i v e n u m e r i c a l s t u d y t o d a t e o f t h e g e n e r a l 

c i r c u l a t i o n o f t h e a t m o s p h e r e i s t h a t b y O o r t a n d R a s m u s s o n (1971): 

t h i s i s d e s c r i b e d i n S e c t i o n 1 . 3 . 1 b e l o w . T h e p r i n c i p a l f e a t u r e s o f 

t h e a n n u a l c y c l e o f z o n a l - m e a n e d d y s e n s i b l e h e a t t r a n s p o r t s h o w n b y 

t h i s a r e : -

( i ) M a x i m u m t r a n s p o r t s o c c u r a r o u n d J a n u a r y . 

( i i ) L a r g e s t p o l e w a r d t r a n s p o r t s o c c u r a r o u n d 5 5 ° N a n d 

850mb. 

( i i i ) I n m i d l a t i t u d e s , a s i g n i f i c a n t e d d y h e a t t r a n s p o r t 

e x t e n d s a t l e a s t u p t o 5 0 m b f o r m o s t o f t h e y e a r . 

( i v ) I n w i n t e r , t h e h e a t t r a n s p o r t d u e t o s t a t i o n a r y e d d i e s 

i s a t l e a s t a s l a r g e a s t h e t r a n s i e n t c o m p o n e n t ; 

i n s u m m e r i t i s s m a l l a n d n e g a t i v e w h e r e a s t h e 

t r a n s i e n t c o m p o n e n t i s s i m i l a r t o i t s w i n t e r v a l u e . 

T h e v e r t i c a l e x t e n t o f t h e t r a n s p o r t i n d i c a t e s t h a t , b y H e l d ' s 

( 1 9 7 8 ) a r g u m e n t , a s q u a r e - l a w r e l a t i o n b e t w e e n e d d y s e n s i b l e h e a t 

t r a n s p o r t a n d m e r i d i o n a l t e m p e r a t u r e g r a d i e n t s h o u l d h o l d . 

G r e e n (1970) t e s t e d h i s s q u a r e - l a w h y p o t h e s i s u s i n g d a t a t h e n 

a v a i l a b l e , , f i n d i n g t h a t t h e o r y a n d o b s e r v a t i o n w e r e i n ' p r o m i s i n g ' 

a g r e e m e n t ; h o w e v e r h i s d a t a o n l y c o v e r s o n e w h o l e y e a r a n d p a r t o f 

a n o t h e r , w h e r e a s O o r t a n d R a s m u s s o n (1971) e m p l o y a 5 - y e a r d a t a - s e t 

w h i c h p r o v i d e s a b e t t e r t e s t o f h y p o t h e s e s ( s o m e s u b s e q u e n t s t u d i e s 

h a v e u s e d s t a t i s t i c s t a k e n f r o m p e r i o d s o f u p t o 3 0 y e a r s ) . 

V a n L o o n (1979) i n v e s t i g a t e d t h e r e l a t i o n s h i p b e t w e e n e d d y 
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s e n s i b l e h e a t t r a n s p o r t s a n d m e r i d i o n a l t e m p e r a t u r e g r a d i e n t s i n 

w i n t e r . H e t o o k t e m p e r a t u r e g r a d i e n t s o v e r 10° o f l a t i t u d e ( t h e 

v a l i d i t y o f t h i s c h o i c e w i l l b e d i s c u s s e d i n C h a p t e r 2 , S e c t i o n 2 . 4 ) , 

a n d u s e d e d d y t r a n s p o r t s d e r i v e d f r o m 2 9 y e a r s o f d a i l y d a t a . F o r 

N o r t h e r n H e m i s p h e r e m i d l a t i t u d e s t h e r e i s a p o s i t i v e c o r r e l a t i o n 

b e t w e e n b o t h t o t a l a n d s t a t i o n a r y e d d y t r a n s p o r t , a n d t h e m e r i d i o n a l 

t e m p e r a t u r e g r a d i e n t i m m e d i a t e l y t o t h e s o u t h ; a s i g n i f i c a n t n e g a t i v e 

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

t h e n o r t h ; a n d o n l y s m a l l a r e a s o f s t a t i s t i c a l l y s i g n i f i c a n t 

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

T h e s t r o n g e s t p o s i t i v e c o r r e l a t i o n s a r e b e t w e e n t h e t o t a l o r 

s t a t i o n a r y e d d y t r a n s p o r t a n d t h e l o c a l m e r i d i o n a l t e m p e r a t u r e 

g r a d i e n t c e n t r e d a b o u t 1 5 ° t o t h e s o u t h , w h e r e a s S t o n e ' s ( 1 9 7 4 ) l i n e a r 

m o d e l o f e d d y h e a t t r a n s p o r t i n c o r p o r a t i n g m e r i d i o n a l v a r i a t i o n 

p r e d i c t s t h e c o r r e l a t i o n t o b e s t r o n g e s t f o r h e a t t r a n s p o r t a t t h e 

s a m e l a t i t u d e a s t h e s t r o n g e s t t e m p e r a t u r e g r a d i e n t ; t h u s t h e l o c a l 

t e m p e r a t u r e g r a d i e n t i s n o t a g o o d c h o i c e f o r e d d y h e a t t r a n s p o r t 

p a r a m e t e r i z a t i o n . T w o i m p o r t a n t f e a t u r e s e m e r g e f r o m t h i s s t u d y 

( i ) T h e i m p o r t a n c e o f s t a t i o n a r y e d d y h e a t t r a n s p o r t i n 

w i n t e r , a n d i t s s t r o n g c o r r e l a t i o n s w i t h t e m p e r a t u r e 

g r a d i e n t . 

( i i ) • T h e w e a k n e s s o f t h e c o r r e l a t i o n b e t w e e n t r a n s i e n t e d d y 

h e a t t r a n s p o r t a n d m e r i d i o n a l t e m p e r a t u r e g r a d i e n t . 

W h i l e t h e s e g i v e s o m e i n d i c a t i o n o f t h e r e l a t i o n s h i p b e t w e e n e d d y 

h e a t t r a n s p o r t s a n d m e r i d i o n a l t e m p e r a t u r e g r a d i e n t s , t h e y d o s o f o r 

t h e s p a t i a l d o m a i n o n l y . N o t h i n g i s s a i d a b o u t t h e a n n u a l v a r i a t i o n 

o f t h e v a r i o u s q u a n t i t i e s a n d t h e i r r e l a t i o n s h i p i n t h e t e m p o r a l 
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d o m a i n , t h e r e f o r e u n d e r s t a n d i n g o f t h e p h y s i c a l p r o c e s s e s r e l a t i n g 

t h e m i s l i m i t e d i n t h a t i t i s i m p o s s i b l e t o s e e w h e t h e r t e m p e r a t u r e 

g r a d i e n t s c h a n g e b e c a u s e o f c h a n g e s i n t h e e d d y h e a t t r a n s p o r t o r v i c e 

v e r s a . 

T h e s e c o n d p o i n t i s r e m a r k a b l e : t h e t r a n s i e n t e d d i e s r e s u l t f r o m 

b a r o c l i n i c i n s t a b i l i t y , w h i c h i n t u r n d e p e n d s o n t h e m e r i d i o n a l 

t e m p e r a t u r e g r a d i e n t , a l s o E q s . ( 1 . 1 ) a n d ( 1 . 3 ) a r e e s s e n t i a l l y 

d e r i v e d f r o m b a r o c l i n i c i n s t a b i l i t y t h e o r y , s o we s h o u l d e x p e c t t h e 

t r a n s i e n t e d d y h e a t t r a n s p o r t t o b e w e l l - c o r r e l a t e d w i t h t h e 

t e m p e r a t u r e g r a d i e n t . T h i s p r o b l e m i s d i s c u s s e d m o r e f u l l y i n 

S e c t i o n s 1 . 3 a n d 1 . 4 b e l o w . 

B o t h p o i n t s c a s t d o u b t o n c u r r e n t a s s u m p t i o n s r e g a r d i n g t h e 

p a r a m e t e r i z a t i o n o f e d d y h e a t f l u x e s . We h a v e n o t h e o r y c o m p a r a b l e 

w i t h t h a t f o r t r a n s i e n t e d d i e s t o r e l a t e s t a t i o n a r y e d d y h e a t f l u x a n d 

m e r i d i o n a l t e m p e r a t u r e g r a d i e n t ; p a r a m e t e r i z a t i o n s o f t r a n s i e n t e d d y 

h e a t f l u x i n c o r p o r a t i n g m e r i d i o n a l d e p e n d e n c e a r e i n p o o r a g r e e m e n t 

w i t h o b s e r v e d v a l u e s . 

L o r e n z ( 1 9 7 9 ) a p p r o a c h e d t h e p r o b l e m f r o m a d i f f e r e n t a n g l e . He 

s o u g h t t o e s t a b l i s h w h e t h e r m o t i o n s o n d i f f e r e n t t i m e - s c a l e s w e r e 

' f o r c e d ' o r ' f r e e ' . F o r c e d v a r i a t i o n s a r e d e f i n e d a s t h o s e w h i c h a r e 

r e s p o n s e s t o c h a n g e s i n e x t e r n a l c o n d i t i o n s ( e g i n c o m i n g s o l a r 

r a d i a t i o n ) , g e n e r a l l y t h o u g h t o f a s c l i m a t i c v a r i a t i o n s . F r e e 

v a r i a t i o n s a r e t h o s e w h i c h t a k e p l a c e i n d e p e n d e n t l y o f c h a n g e s i n 

e x t e r n a l c o n d i t i o n s , f l u c t u a t i o n s r e s u l t i n g f r o m i n s t a b i l i t i e s 

i n t e r n a l t o t h e a t m o s p h e r e . I n t h e p r e s e n t c o n t e x t , v a r i a t i o n s i n 

e d d y h e a t f l u x w o u l d b e f o r c e d i f c h a n g e s i n t h e e x t e r n a l h e a t i n g o f 

t h e a t m o s p h e r e f o r c e d c h a n g e s i n t h e t e m p e r a t u r e g r a d i e n t w h i c h i n 
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turn forced variations in the heat flux, and free if variations in the 

eddy heat flux forced changes in the temperature gradient. By-

calculating covariances of eddy heat flux convergence and temperature 

from time-series of geopotential height and temperature for different 

time-periods it is possible to see whether variations in the eddy heat 

flux on various time-scales are forced or free, and to test the 

validity of the diffusion approach to parameterization. 

Lorenz found by such covariance analysis that for motions on the 

annual and seasonal scale (and of corresponding space-scale), 

variations were definitely forced; variations on smaller time-scales 

appear to be free; variations on the scale of a month seem to lie on 

the boundary between forced and free regimes. In general, it seems 

that diffusion theory will not lead to a realistic parameterization of 

eddy heat flux except on time-scales of a year down to two months (or 

possibly one month), and hence on large space-scales only. 

Diffusive parameterizations must therefore be used with caution 

and will almost certainly not represent well heat fluxes by eddies of 

time-scales less than one month, ie the transient eddies; these are 

the ones which it is usually required to parameterize. The annual 

cycle of stationary eddy heat flux should however be predictable from 

the temperature gradients throughout the year and indeed be defined 

physically by these. 

Stone and Miller (1980) determined empirically both linear and 

power-law fits between poleward heat transport and meridional 

temperature gradient. By using monthly-mean values and 1000mb 

temperature gradients taken over 30 of latitude, they isolated the 

forced variations as defined by Lorenz (1979)* Several interesting 
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r e s u l t s c o n c e r n i n g m i d l a t i t u d e e d d y h e a t f l u x e s e m e r g e f r o m t h e i r 

s t u d y : -

( i ) T h e s q u a r e - l a w p a r a m e t e r i z a t i o n o f e d d y s e n s i b l e 

h e a t t r a n s p o r t i s s h o w n t o b e a p p r o x i m a t e l y 

v a l i d f o r t h e t o t a l e d d y t r a n s p o r t . 

( i i ) E d d y s e n s i b l e h e a t t r a n s p o r t i s w e l l - c o r r e l a t e d 

w i t h t e m p e r a t u r e g r a d i e n t s e i t h e r a t 1 0 0 0 m b o r 

v e r t i c a l l y - a v e r a g e d , b u t n o t s o w e l l -

c o r r e l a t e d f o r h i g h e r l e v e l s n o r t h o f 5 0 ° N . 

( i i i ) T h e t o t a l e d d y s e n s i b l e h e a t t r a n s p o r t i s m u c h 

b e t t e r c o r r e l a t e d w i t h t e m p e r a t u r e g r a d i e n t 

t h a n i s e i t h e r t h e s t a t i o n a r y o r t r a n s i e n t 

c o m p o n e n t . 

P o i n t ( i i ) i s s u r p r i s i n g , s i n c e t h e 1 0 0 0 m b t e m p e r a t u r e g r a d i e n t 

i s n o t t y p i c a l o f t h e t r o p o s p h e r e a s a w h o l e ; 5 0 0 m b o r 7 0 0 m b a r e m o r e 

t y p i c a l o f t h e b a r o c l i n i c z o n e o f t h e t r o p o s p h e r e , s o t h a t t e m p e r a t u r e 

g r a d i e n t s a t t h e s e l e v e l s s h o u l d b e w e l l - c o r r e l a t e d w i t h t h e e d d y h e a t 

t r a n s p o r t s , a s i t i s t h e s e w h i c h o s t e n s i b l y g i v e r i s e t o t h e 

l a r g e - s c a l e b a r o c l i n i c e d d i e s w h i c h a c c o m p l i s h t h e h e a t t r a n s p o r t . 

T h e p r o b l e m o f e d d y c l a s s i f i c a t i o n i s a g a i n r a i s e d b y ( i i i ) . T h e 

a u t h o r s s u g g e s t t h a t t h e r e e x i s t s a n e g a t i v e f e e d b a c k m e c h a n i s m 

b e t w e e n s t a t i o n a r y a n d t r a n s i e n t e d d i e s , w h i c h w o u l d b e c o n s i s t e n t 

w i t h t h e n e g a t i v e c o r r e l a t i o n b e t w e e n t h e t w o o v e r m u c h o f t h e 

N o r t h e r n H e m i s p h e r e n o t e d b y v a n L o o n ( 1 9 7 9 ) . T h i s h y p o t h e s i s w i l l b e 

d i s c u s s e d f u r t h e r i n S e c t i o n 1 . 4 b e l o w . 
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In general, these numerical studies have shown that while 

correlations do exist between eddy sensible heat transport and 

meridional temperature gradient, the proposed parameterizations should 

be used with caution, since it is not clear which component of the 

eddy heat transport can reasonably be thus parameterized: the evidence 

is that it should be the sum of the two, whereas existing theory 

suggests it should be only the transient component. Furthermore, the 

physical link between them is not well-understood, and the eddy time-

and space-scale is important. The chapter proceeds with a 

re-examination of the validity of proposed parameterizations and a 

discussion of the classification of eddies into stationary and 

transient types. 

1.3 Eddy Heat Transport: A Problem. 

1.3.1 The Data-Set. 

The basic data-set used for this study is that of Oort and 

Rasmusson (1971), which contains a comprehensive set of atmospheric 

general circulation statistics. They analysed daily data principally 

from the MIT General Circulation Library for a five-year period May 

1958 - April 1963 to calculate monthly, seasonal and annual averages 

of zonal-mean statistics of wind, temperature, geopotential height and 

specific humidity, as well as appropriate spatial and temporal 

variances and covariances (the latter including horizontal and 

vertical energy transports). A vertical average (1012.5 - 75 mb) and 

values at 13 pressure-levels from 1000mb to 50mb are given. 



- 23 -

T h e r e a r e s e v e r a l p o t e n t i a l s o u r c e s o f e r r o r i n t h e s e 

s t a t i s t i c s : -

( i ) R a n d o m o b s e r v a t i o n a l e r r o r s - i n m e a s u r e m e n t o r 

c o d i n g . 

( i i ) S y s t e m a t i c o b s e r v a t i o n a l e r r o r s - a l l d a t a a r e 

f o r 0 0 0 0 GMT i r r e s p e c t i v e o f l o c a t i o n . 

( i i i ) G r i d d i n g e r r o r s - t o c a l c u l a t e z o n a l - m e a n s , s t a t i o n 

d a t a a r e t r a n s f e r r e d t o a l a t i t u d e - l o n g i t u d e g r i d 

b y a s o p h i s t i c a t e d i n t e r p o l a t i o n s c h e m e . 

( i v ) T h e u n e v e n d i s t r i b u t i o n o f o b s e r v i n g s t a t i o n s ( i n 

p a r t i c u l a r , t h e s p a r s e c o v e r a g e o v e r t h e o c e a n s a n d 

i n h i g h l a t i t u d e s ) . 

N o t e a l s o t h a t t h e s t a t i s t i c s g i v e n o i n d i c a t i o n o f i n t e r a n n u a l 

v a r i a t i o n s ; t h e s e a r e t r e a t e d b y O o r t ( 1 9 7 7 ) u s i n g t h e s a m e d a t a - s e t , 

a n d w i l l b e d i s c u s s e d i n C h a p t e r 3 . S e c t i o n 3 . 7 . 

R e m o v a l o f o b v i o u s c o d i n g e r r o r s a n d a h y d r o s t a t i c c h e c k t o 

e n s u r e v e r t i c a l c o n s i s t e n c y o f t e m p e r a t u r e a n d g e o p o t e n t i a l h e i g h t f o r 

e a c h r a d i o s o n d e r e p o r t i n t h e o r i g i n a l d a t a p r o c e s s i n g e l i m i n a t e d t h e 

l a r g e s t r a n d o m e r r o r s , l e a v i n g t h e a c c u r a c y o f m e a s u r e m e n t a s t h e o n l y 

r a n d o m o b s e r v a t i o n a l e r r o r . F o r a s i n g l e m e a s u r e m e n t t h i s i s o f t h e 

o r d e r o f 1K i n t e m p e r a t u r e o r 2 m s " ' i n w i n d ; b u t a r o u n d 1 5 0 ( d a i l y ) 

v a l u e s w e r e b e i n g u s e d , a n d u p t o 5 1 v a l u e s a r o u n d a p a r t i c u l a r 

l a t i t u d e c i r c l e , s o t h e e r r o r i n t h e z o n a l - a n d t i m e - m e a n b e c o m e s 

i n s i g n i f i c a n t . 

B y u s i n g o n l y 0 0 0 0 GMT d a t a t h r o u g h o u t , v a l u e s a r e s e l e c t e d a t 

p a r t i c u l a r l o c a t i o n s f r o m p a r t i c u l a r p a r t s o f t h e d i u r n a l c y c l e w h i c h 

m a y n o t b e t y p i c a l o f t h o s e , f o r e x a m p l e , p r o d u c i n g s i g n i f i c a n t 
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p o l e w a r d h e a t t r a n s p o r t , i n s u c h a w a y t h a t t h e z o n a l a v e r a g e c o n t a i n s 

a s y s t e m a t i c e r r o r . F o r e x a m p l e , t h e r a d i a t i o n c o r r e c t i o n a p p l i e d t o 

r a d i o s o n d e t e m p e r a t u r e m e a s u r e m e n t s i s p o s s i b l y i n a d e q u a t e i n w i n t e r 

d a y t i m e , s o t h a t a t l o w l a t i t u d e s o v e r t h e P a c i f i c t h e t e m p e r a t u r e a t 

u p p e r l e v e l s w i l l b e w r o n g b y 2 o r 3 K ; h i g h l e v e l s a r e i n w i n t e r 

d a r k n e s s a n d h e n c e n o t s u s c e p t i b l e t o t h e s a m e e r r o r , s o t h e 

m e r i d i o n a l t e m p e r a t u r e g r a d i e n t w o u l d b e w r o n g b y a t l e a s t 10% i n t h i s 

r e g i o n ( t h e z o n a l - m e a n t e m p e r a t u r e d i f f e r e n c e b e t w e e n 2 0 ° N a n d 7 5 ° N 

b e i n g a r o u n d 2 5 K ) ; h o w e v e r , w h e n t h e z o n a l - m e a n i s t a k e n t h i s i s 

r e d u c e d t o a b o u t 5 % . T h u s w i n t e r ( O c t o b e r - M a r c h ) t e m p e r a t u r e 

g r a d i e n t s c a l c u l a t e d f r o m t h i s d a t a - s e t s h o u l d b e u s e d w i t h t h i s t a k e n 

i n t o a c c o u n t . T h i s k i n d o f e r r o r c o u l d a l s o a f f e c t e d d y s e n s i b l e h e a t 

t r a n s p o r t s , b u t t h e m a g n i t u d e o f t h e e f f e c t c a n n o t b e d e t e r m i n e d 

w i t h o u t s o m e k n o w l e d g e o f t h e i r s p a t i a l v a r i a t i o n , w h i c h w i l l b e 

p r e s e n t e d i n C h a p t e r 3 . 

T h e e r r o r s i n h e r e n t i n t h e g r i d d i n g p r o c e s s a r e d i f f i c u l t t o 

a s s e s s , b u t a r e p r o b a b l y o f s i m i l a r m a g n i t u d e t o r a n d o m o b s e r v a t i o n a l 

e r r o r s . A g a i n , t h e e f f e c t o f u s i n g a l a r g e q u a n t i t y o f d a t a s h o u l d 

r e n d e r s u c h e r r o r s i n s i g n i f i c a n t ( w h e r e a s f o r a f o r e c a s t m o d e l t h e y 

c o u l d w e l l b e i m p o r t a n t ) . T h i s d o e s n o t h o w e v e r a p p l y t o d a t a - s p a r s e 

r e g i o n s , s u c h a s t h e P a c i f i c O c e a n ( c o v e r a g e o v e r t h e A t l a n t i c i s 

r a t h e r b e t t e r ) . H e r e , a l o n g e r t i m e - s e r i e s i s o f n o h e l p ; w e c o n s i d e r 

i n s t e a d t h e e f f e c t o n t h e z o n a l m e a n o f e r r o r s o n p a r t o f t h e l a t i t u d e 

c i r c l e . A r e a s o n a b l e e s t i m a t e o f w i n t e r - t i m e e r r o r s a r i s i n g i n t h e 

g r i d d i n g p r o c e s s s o m e w h e r e l i k e t h e P a c i f i c i s 2 K i n t e m p e r a t u r e a n d 

2 m s ~ ' i n w i n d , h e n c e 4 K m s ~ ' i n t h e h e a t t r a n s p o r t . I f t h i s s i z e o f 

e r r o r e x i s t s o v e r 2 0 % o f a l a t i t u d e c i r c l e , t h e n t h e t o t a l e r r o r i n 

t h e z o n a l m e a n w i l l b e 0 . 8 K m s ~ ' . T a k i n g a l l t h e e r r o r s t o g e t h e r , l e t 



u s s a y t h a t t h e t o t a l e r r o r i n t h e z o n a l m e a n i s 1 K m s ~ ' : t h i s i s n o 

l a r g e r t h a n t h e i n t e r a n n u a l v a r i a t i o n ( s e e e r r o r - b a r s o n F i g . 1 . 1 ) . 

T h e p r o b l e m o f e r r o r s i s f u r t h e r d i s c u s s e d i n C h a p t e r 3 . S e c t i o n 3 . 4 . 

P r o v i d e d t h e e r r o r s a r e n o l a r g e r t h a n s u g g e s t e d h e r e , I b e l i e v e 

t h i s s e t o f s t a t i s t i c s c a n b e t a k e n t o d e s c r i b e w e l l t h e z o n a l - m e a n 

g e n e r a l c i r c u l a t i o n o f t h e a t m o s p h e r e . 

1 . 3 . 2 D e f i n i t i o n s o f K e y V a r i a b l e s . 

I n m i d l a t i t u d e s , t h e b u l k o f m e r i d i o n a l h e a t t r a n s p o r t i s 

a c c o m p l i s h e d b y e d d i e s ( s e e F i g . 1 . 2 ) , w h i c h a r e c o n v e n t i o n a l l y 

d i v i d e d i n t o S t a t i o n a r y a n d T r a n s i e n t c o m p o n e n t s . T h e z o n a l - m e a n e d d y 

s e n s i b l e h e a t t r a n s p o r t s f o r t h e s e a r e g i v e n b y 

E S t = [ v * T * ] ( 1 . 4 a ) 

E t r = ( 1 . 4 b ) 

a n d E = E S T + E T R . 

w h e r e 

v * = v - [ v ] T * = T - [ T ] 

v ' = v - v T ' = T - T 

S T , T R r e f e r t o s t a t i o n a r y a n d t r a n s i e n t c o m p o n e n t s 

r e s p e c t i v e l y . 

I n a c c o r d a n c e w i t h G r e e n ( 1 9 7 0 ) , e d d y h e a t t r a n s p o r t s w i l l b e 

r e l a t e d t o m e r i d i o n a l e n t r o p y d i f f e r e n c e : t h i s i s h e r e d e f i n e d b e t w e e n 

t w o l a t i t u d e s f , , f t a s 

, ( [ T C Q ] - [ T ( ( & ) ] \ 3 
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I n g e n e r a l , A w i l l b e t a k e n b e t w e e n 2 0 ° a n d 7 5 ° N , a z o n e 

e n c o m p a s s i n g t h e m a i n r e g i o n o f b a r o c l i n i c i n s t a b i l i t y , a n d a l s o 

p o s s e s s i n g g o o d d a t a c o v e r a g e . 

I n t h e f i r s t p a r t o f t h i s s t u d y , t h e h e a t t r a n s p o r t s i n t h e 

t r o p o s p h e r e a s a w h o l e a r e c o n s i d e r e d . I t i s t h e r e f o r e n e c e s s a r y t o 

d e f i n e a t r o p o s p h e r i c p r e s s u r e - a v e r a g e : t h i s i s t a k e n o v e r 

1 0 1 2 . 5 - 2 5 0 m b , 2 5 0 m b b e i n g r o u g h l y t h e a n n u a l - m e a n h e i g h t o f t h e 

t r o p o p a u s e i n m i d l a t i t u d e s . F o r a q u a n t i t y A d e f i n e d a t n d i s c r e t e 

p r e s s u r e - l e v e l s , t h i s a v e r a g e i s d e f i n e d a s 

2 s
t
; fti 

A
r

 = (1.6) 

Z*Ti 
i 

i s i n g e n e r a l g i v e n b y - p t . , ) , w i t h p 0 e f f e c t i v e l y s e t 

a t 1 0 2 5 m b , = 2 0 0 m b . 

T r o p o s p h e r i c a l l y - a v e r a g e d e n t r o p y g r a d i e n t s a r e f o u n d b y t a k i n g 

t h e p r e s s u r e - a v e r a g e o f a ' s c a l c u l a t e d a t e a c h l e v e l . 

T h e t r u e h e i g h t o f t h e t r o p o p a u s e i n f a c t v a r i e s w i t h b o t h 

l a t i t u d e a n d s e a s o n ; h e n c e t r o p o s p h e r i c a v e r a g e s d e f i n e d a s a b o v e m a y 

i n c l u d e p a r t o f t h e l o w e r s t r a t o s p h e r e , o r e l s e o m i t t h e u p p e r 

t r o p o s p h e r e . I n p a r t i c u l a r , e n t r o p y g r a d i e n t s t a k e n o v e r 2 0 ° - 7 5 ° N 

m a y i n c l u d e a p a r t a b o v e t h e t r o p o p a u s e n e a r 7 5 ° N b u t b e l o w i t n e a r 

2 0 ° N . T h e f o l l o w i n g t a b l e s h o w s t h e e f f e c t o f t a k i n g 

p r e s s u r e - a v e r a g e s u p t o 1 5 0 m b o r 3 5 0 m b ( p e r c e n t a g e s a r e d i f f e r e n c e s 

f r o m 1 0 1 2 . 5 - 2 5 0 m b f o r p r e c e d i n g c o l u m n ) . 
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Table 1.1 

Z o n a l - m e a n m e r i d i o n a l e n t r o p y g r a d i e n t s a n d e d d y h e a t t r a n s p o r t s 

( U n i t s : K m s ~ ' ) p r e s s u r e - a v e r a g e d o v e r d i f f e r e n t l a y e r s , f o r J a n u a r y 

a n d J u l y . 

J a n 

J u l y 

R a n g e A Est Et* E 

1 5 0 - 1 0 1 2 . 5 m b 1 4 . 0 - 1 1 % 1 0 . 5 8 . 4 1 8 . 9 +155 

2 5 0 - 1 0 1 2 . 5 m b 1 5 . 7 1 0 . 1 8 . 7 1 8 . 8 

3 5 0 - 1 0 1 2 . 5 m b 1 6 . 6 +6% 1 0 . 5 9 . 8 2 0 . 3 +856 

1 5 0 - 1 0 1 2 . 5 m b 3 . 4 -956 - . 9 5 . 7 4 . 8 +1456 

2 5 0 - 1 0 1 2 . 5 m b 3 . 7 - 1 . 0 5 . 2 4 . 2 

3 5 0 - 1 0 1 2 . 5 m b 3 . 8 +356 - 1 . 1 5 . 2 4 . 1 -256 

A h e i g h t a v e r a g e u p t o 3 5 0 m b ( i e b e l o w t r o p o p a u s e f o r a l l 

l a t i t u d e s a n d s e a s o n s ) c h a n g e s t h e s e q u a n t i t i e s b y n o m o r e t h a n 856, 

w h i l e i n c l u s i o n o f t h e s t r a t o s p h e r e u p t o 1 5 0 m b h a s a s l i g h t l y g r e a t e r 

e f f e c t . I t a p p e a r s t h a t t h e u p p e r h e i g h t l i m i t i s n o t c r i t i c a l 

p r o v i d e d t h e a v e r a g e i n c l u d e s ' m o s t o f t h e t r o p o s p h e r e a n d v e r y l i t t l e 

s t r a t o s p h e r e . 

I t c o u l d b e a r g u e d t h a t a s t h e t e m p e r a t u r e d i f f e r e n c e b e t w e e n 2 0 ° 

a n d 7 5 ° N i s r o u g h l y c o n s t a n t f r o m 2 k m u p t o 8 k m ( G r e e n ( 1 9 7 0 ) ) , a 

p r e s s u r e - a v e r a g e o v e r t h i s r e g i o n s h o u l d b e t y p i c a l o f t h e t r o p o s p h e r e 

a s a w h o l e ( s i n c e i t i s o u t s i d e t h e b o u n d a r y l a y e r a n d b e l o w t h e 

t r o p o p a u s e ) ; b u t a s t h e m a x i m u m e d d y t r a n s p o r t i s a t 8 5 0 m b , s u c h a n 

a v e r a g e w o u l d e x c l u d e a m a j o r c o n t r i b u t i o n t o t h e t r o p o s p h e r i c h e a t 

t r a n s p o r t . 

T h e e f f e c t o f t a k i n g i n d i v i d u a l l e v e l s r a t h e r t h a n t h e 

t r o p o s p h e r i c a v e r a g e i s d i s c u s s e d m o r e f u l l y i n C h a p t e r 2 , S e c t i o n 

2 . 3 . 
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E(Kms"j 

Fig. 1.1a: Monthly-mean tropospherically-averaged total eddy sensible 
heat transport, E, at 55°N against square of entropy 
gradient, A , taken between 20° and 75°N. Error-bars are 
interannual variation, 1 standard error. 
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F i g s . 1 . 1 b a n d c : A s F i g . 1 . 1 a , b u t f o r ( b ) s t a t i o n a r y a n d 

( c ) t r a n s i e n t e d d y h e a t t r a n s p o r t . 



1.2: Mean 

energy-

Units : 

and eddy fluxes of potential energy, sensible heat, latent heat and total 

for January and and July. Fluxes are integrated over layer 1012.5-75mb. 

1 0
n

 cal day"'. From Oort and Rasmusson (1971). 



1 . 3 . 3 T h e P r o b l e m . 

F i g . 1 . 1 s h o w s t h e m o n t h l y - m e a n s e n s i b l e h e a t t r a n s p o r t s f o r 

s t a t i o n a r y a n d t r a n s i e n t e d d i e s , a n d t h e s u m o f t h e t w o , p l o t t e d 

a g a i n s t t h e s q u a r e o f e n t r o p y g r a d i e n t a s d e f i n e d a b o v e . S e v e r a l 

i n t e r e s t i n g f e a t u r e s a r e a p p a r e n t i n t h i s f i g u r e : -

( i ) F o r t h e t o t a l e d d y s e n s i b l e h e a t t r a n s p o r t , t h e p o i n t s 

f o r e a c h m o n t h l i e o n a ' l o o p ' a b o u t t h e r e g r e s s i o n -

l i n e . T h e t o t a l t r a n s p o r t i s n o t a s i n g l e - v a l u e d 

f u n c t i o n o f e n t r o p y g r a d i e n t a s E q s . ( 1 . 1 ) , ( 1 . 2 ) 

a n d ( 1 . 3 ) h a v e s u g g e s t e d s h o u l d b e t h e c a s e , b u t 

i s r a t h e r a t w o - v a l u e d f u n c t i o n d e p e n d i n g o n t i m e o f 

y e a r , w i t h t r a n s p o r t s l a r g e r i n a u t u m n t h a n i n 

s p r i n g . T h i s b e h a v i o u r i s r e p r o d u c e d i n t h e 

s t a t i o n a r y c o m p o n e n t , b u t n o t s o c l e a r l y i n 

t h e t r a n s i e n t . 

( i i ) T h e v a l u e s f o r t h e t o t a l t r a n s p o r t l i e c l o s e r t o 

a s t r a i g h t l i n e w i t h z e r o i n t e r c e p t t h a n d o e i t h e r 

o f t h e t w o c o m p o n e n t s ( s e e a l s o T a b l e 1 . 2 b e l o w ) . 

A g a i n , t h i s e m p h a s i z e s t h a t p a r a m e t e r i z a t i o n s o f 

t h e f o r m o f E q . ( 1 . 2 ) s e e m t o a p p l y b e s t t o t h e s u m 

o f t r a n s i e n t a n d s t a t i o n a r y e d d y t r a n s p o r t s . 

( i i i ) I n w i n t e r ( N o - F e ) , t h e s t a t i o n a r y e d d i e s t r a n s p o r t 

m o r e h e a t p o l e w a r d s t h a n d o t h e t r a n s i e n t e d d i e s ; 

f o r l a r g e e n t r o p y g r a d i e n t s , t h e y a r e m o r e 

e f f i c i e n t a t t r a n s p o r t i n g h e a t . T h e t r a n s i e n t 

e d d y t r a n s p o r t a c t u a l l y a p p e a r s t o d e c r e a s e a s 

t h e e n t r o p y g r a d i e n t a n d s t a t i o n a r y e d d y 

t r a n s p o r t a p p r o a c h t h e i r m a x i m u m v a l u e s . 
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(iv) In summer (Jn - Au), the net stationary eddy sensible 

heat transport is equatorwards, hence counter-

gradient. This shows that at this time of year 

the eddies are probably not baroclinic in 

origin. 

If it can be shown that these are genuine properties of the 

atmospheric circulation rather than computational anomalies (as will 

be done in Chapters 2 and 3), then they show that theories of eddy 

heat transport such as that of Green (1970) need to be revised to 

include some other predictor of eddy sensible heat transport besides 

meridional temperature gradient, some seasonally-varying quantity 

which is not the same in spring and autumn, such that the transport 

can be a two-valued function of temperature gradient. An alternative 

possibility is a time-lag between variations in temperature gradient 

and heat transport. This is discussed in Chapter 4, Section 4.1.1. 

The following table shows correlations between entropy gradient 

and transport, together with the root-mean-square deviations from the 

regression-lines of Fig. 1.1 for the total transport and its two 

components. 

- Table 1.2 

E Est 
e

tr 

Correlation .95 .95 .74 

RMS Deviation (Kms"' ) 1.9 1.8 1.0 

Note that in Fig. 1.1a the intercept for the total transport was 

forced to be zero, since this is what we expect from Eq. (1.2). If 

this condition is not enforced, then the intercept is -0.5; the rms 

deviation is hardly smaller than the value in Table 1.2, so a 



\ 
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zero-intercept fit is equally acceptable. 

Since the rms deviation for the transient component is smaller 

than for the stationary component or total transport, one might expect 

a higher correlation. However, the transient eddy heat transport is 

relatively independent of entropy gradient (as Fig. 1.1c shows), so 

the correlation will be low; it is nevertheless still possible for the 

rms deviation to be small also (the correlation is in general 

essentially a measure of how strong the dependence is of one quantity 

on another). 

The total transport is well-correlated with entropy gradient, and 

much better correlated than the transient eddy component. When the 

regression-line for the stationary eddy component is forced through 

the origin (it being reasonable to assume zero heat transport in the 

absence of a temperature gradient), the rms deviation is 3-OKms""
1

. 

The behaviour of the transient eddy transport with respect to 

temperature gradient is far from that suggested by Eq. (1.2): for 

half the year (October - April) the transport appears to be almost 

independent of temperature gradient, so that setting it as a constant 

would be a better parameterization (with an rms deviation of 1.5Kms~', 

compared with 2.4Kms~
f

 for the zero-intercept case). It is only in 

summer (June - August) that the transient component is closely related 

to temperature gradient, when the stationary component is small. 

Clearly, either the division of eddies into 'transient' and 

'stationary' types is not a division between physical processes (in 

that baroclinic instability is not responsible for the transient 

eddies alone, except (probably) in summer when the stationary eddy 

transport is equatorwards), or something else apart from meridional 
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t e m p e r a t u r e g r a d i e n t d e t e r m i n e s t h e t r a n s i e n t e d d y t r a n s p o r t , o r b o t h . 

T h e e x i s t e n c e o f a ' n e g a t i v e f e e d b a c k m e c h a n i s m ' p o s t u l a t e d b y 

S t o n e a n d M i l l e r ( 1 9 8 0 ) i s a n a t t r a c t i v e e x p l a n a t i o n o f t h e d o w n t u r n 

i n t r a n s i e n t e d d y t r a n s p o r t f o r n e a r - m a x i m u m s t a t i o n a r y t r a n s p o r t s , 

b u t t h e p h y s i c a l j u s t i f i c a t i o n f o r t h i s i s a t p r e s e n t l a c k i n g . 

A r e l a t i o n o f t h e f o r m o f E q . ( 1 . 2 ) i s c l e a r l y b e s t a p p l i e d t o 

t h e t o t a l e d d y s e n s i b l e h e a t t r a n s p o r t ; h o w e v e r , t h i s s t i l l l e a v e s t h e 

p r o b l e m o f w h y t h i s t r a n s p o r t i s a t w o - v a l u e d f u n c t i o n o f t e m p e r a t u r e 

g r a d i e n t . T h u s t h e p r i n c i p a l d i f f i c u l t y w i t h t h e t h e o r y f r o m w h i c h 

E q . ( 1 . 2 ) i s d e r i v e d i s t h a t i t s u g g e s t s t h a t m e r i d i o n a l t e m p e r a t u r e 

g r a d i e n t i s t h e o n l y p r e d i c t o r r e q u i r e d t o d e f i n e t h e h e a t t r a n s p o r t , 

w h i c h i t c l e a r l y i s n ' t . 

L o o k i n g m o r e c l o s e l y a t F i g . 1 . 1 , t h e r e i s a d e c r e a s e o f 40% i n 

t h e t o t a l e d d y t r a n s p o r t f r o m F e b r u a r y t o M a r c h , a l t h o u g h t h e 

m e r i d i o n a l e n t r o p y g r a d i e n t s f o r t h e t w o m o n t h s a r e a l m o s t i d e n t i c a l . 

8 5 % o f t h e d e c r e a s e i s a c c o u n t e d f o r b y t h e c h a n g e i n t h e s t a t i o n a r y 

c o m p o n e n t , w h i c h i s p e r h a p s s u r p r i s i n g i n v i e w o f t h e h i g h c o r r e l a t i o n 

b e t w e e n t h i s a n d e n t r o p y g r a d i e n t . M a r c h a n d O c t o b e r h a v e i d e n t i c a l 

v a l u e s o f t o t a l e d d y t r a n s p o r t , d u e t o a l a r g e r t r a n s i e n t c o m p o n e n t i n 

O c t o b e r , a l t h o u g h A i s 30% s m a l l e r t h e n . A p r i l a n d N o v e m b e r h a v e 

w i d e l y d i f f e r i n g v a l u e s o f t o t a l e d d y t r a n s p o r t , f o r s i m i l a r v a l u e s o f 

e n t r o p y g r a d i e n t , t h i s b e i n g e n t i r e l y a c c o u n t e d f o r b y t h e d i f f e r e n c e 

i n t h e s t a t i o n a r y e d d y t r a n s p o r t s f o r t h e t w o m o n t h s - t h a t f o r A p r i l 

i s o n l y 40% o f N o v e m b e r ' s . T h e F e b r u a r y / M a r c h d i f f e r e n c e i s 

i n t e r e s t i n g i n t h a t t h e r e i s a l a r g e c h a n g e i n h e a t t r a n s p o r t f r o m o n e 

m o n t h t o t h e n e x t , a l t h o u g h t h e s p r i n g / a u t u m n d i f f e r e n c e a s a w h o l e 

g i v e s r i s e t o t h e ' l o o p ' . C l o s e r i n s p e c t i o n r e v e a l s t h a t t h e m o s t 



o b v i o u s c a u s e s o f t h e ' l o o p ' a r e t h e F e b r u a r y / M a r c h a n d A p r i l / N o v e m b e r 

d i f f e r e n c e s i n t h e s t a t i o n a r y t r a n s p o r t s , h o w e v e r f o r S e p t e m b e r a n d 

O c t o b e r i t i s t h e t r a n s i e n t c o m p o n e n t w h i c h c a u s e s t h e a u t u m n f l u x e s 

t o b e l a r g e r t h a n t h o s e i n s p r i n g . 

F r o m a l l t h i s , i t s e e m s t h a t i t i s n e c e s s a r y t o u n d e r s t a n d f i r s t 

h o w t h e s t a t i o n a r y e d d y h e a t t r a n s p o r t i s r e l a t e d t o t h e a t m o s p h e r i c 

t e m p e r a t u r e s t r u c t u r e a n d t h e p h y s i c a l b a s i s f o r t h e 

s t a t i o n a r y / t r a n s i e n t d i v i s i o n . 

1.4 Classification of eddies 

F i g s . 1 . 1 b a n d 1 . 1 c s h o w t h a t t h e c o n v e n t i o n a l d i v i s i o n o f 

e d d i e s i n t o s t a t i o n a r y a n d t r a n s i e n t c o m p o n e n t s l e a d s t o t h e 

c o n c l u s i o n t h a t , i n t h e a b s e n c e o f a n y m e r i d i o n a l t e m p e r a t u r e 

g r a d i e n t , b o t h c l a s s e s , w i l l p r o d u c e a n e t m e r i d i o n a l t r a n s p o r t o f 

h e a t , a n a m o u n t r o u g h l y h a l f t h e i r w i n t e r v a l u e s ; f u r t h e r m o r e , f o r t h e 

s t a t i o n a r y e d d i e s t h i s i s u p g r a d i e n t . T h e f i r s t r e s u l t i s e s p e c i a l l y 

s u r p r i s i n g f o r t h e t r a n s i e n t e d d i e s , f o r w h i c h w e e x p e c t E q . ( 1 . 2 ) t o 

h o l d , w i t h z e r o i n t e r c e p t ; i t i s n o t s o s u r p r i s i n g f o r t h e s t a t i o n a r y 

e d d i e s , w h o s e h e a t t r a n s p o r t i s l e s s c e r t a i n l y r e l a t e d t o m e r i d i o n a l 

t e m p e r a t u r e g r a d i e n t . 

I t s e e m s t h a t t h e t o t a l e d d y h e a t t r a n s p o r t m a y b e a m o r e 

f u n d a m e n t a l q u a n t i t y t h a n t h e t w o c o m p o n e n t s . I t i s a l s o s u g g e s t e d 

( S t o n e a n d M i l l e r ( 1 9 8 0 ) ) t h a t t h e c o n v e n t i o n a l d i v i s i o n b e t w e e n 

s t a t i o n a r y a n d t r a n s i e n t e d d i e s r e p r e s e n t s a d i v i s i o n w h i c h e x i s t s f o r 

n u m e r i c a l c o n v e n i e n c e r a t h e r t h a n a s a r e s u l t o f p h y s i c a l d i f f e r e n c e s , 

s u c h a s d i f f e r e n t f o r c i n g m e c h a n i s m s : l o n g i t u d i n a l v a r i a t i o n s i n 

d i a b a t i c h e a t i n g a n d b a r o c l i n i c i n s t a b i l i t y , f o r e x a m p l e . 
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I t h a s b e e n s u g g e s t e d t h a t t h e r e e x i s t s a ' n e g a t i v e f e e d b a c k ' 

b e t w e e n t h e t w o t y p e s o f e d d y ( S t o n e a n d M i l l e r ( o p . c i t . ) ) : t h i s i s 

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

b y v a n L o o n ( 1 9 7 9 ) . T h e r e i s a l s o e v i d e n c e f o r t h i s i n r e s u l t s f r o m a 

G e n e r a l C i r c u l a t i o n M o d e l , d e s c r i b e d b y M a n a b e a n d T e r p s t r a ( 1 9 7 4 ) . 

T h e y i n v e s t i g a t e d , i n t e r a l i a , t h e d i f f e r e n c e s i n t h e e d d y t r a n s p o r t s 

a r i s i n g f r o m r u n n i n g t h e m o d e l w i t h a n d w i t h o u t m o u n t a i n s : t h e y f o u n d 

t h a t w h i l e t h e t o t a l e d d y h e a t t r a n s p o r t w a s l i t t l e d i f f e r e n t i n t h e 

t w o c a s e s , t h e b a l a n c e b e t w e e n s t a t i o n a r y a n d t r a n s i e n t c o m p o n e n t s w a s 

s i g n i f i c a n t l y d i f f e r e n t . T h i s s u g g e s t s t h a t f o r a g i v e n r a d i a t i o n 

b a l a n c e t h e h e a t t r a n s p o r t i s u n i q u e l y d e t e r m i n e d , b u t t h e r e l a t i v e 

m a g n i t u d e o f t h e c o m p o n e n t s d e p e n d s o n t h e e x i s t e n c e o f l o n g i t u d i n a l 

v a r i a t i o n s i n s t a t i o n a r y e d d y f o r c i n g ( i n t h i s c a s e , o r o g r a p h y ) . T h e 

a t m o s p h e r e — r e a l a n d m o d e l — w i l l a p p a r e n t l y d e v e l o p a t o t a l e d d y 

f l u x i n d e p e n d e n t o f t h e p a r t i t i o n i n g i n t o s t a t i o n a r y a n d t r a n s i e n t 

c o m p o n e n t s . 

O n e p l a u s i b l e h y p o t h e s i s i s t h a t t h e t o t a l e d d y f l u x i s o f f i r s t 

i m p o r t a n c e ; t h e s t a t i o n a r y e d d y f l u x i s d e t e r m i n e d b y w h a t e v e r f o r c i n g 

m e c h a n i s m ( s ) o p e r a t e s t o p r o d u c e i t , a n d t h e t r a n s i e n t e d d y f l u x i s 

t h e n e s t a b l i s h e d a s t h e r e s i d u a l , i e ( t o t a l f l u x ) - ( s t a t i o n a r y f l u x ) . 

T w o p r o b l e m s a r e a p p a r e n t i n t h i s : f i r s t , i t g i v e s n o r e a s o n f o r t h e 

t w o - v a l u e d b e h a v i o u r o f e d d y h e a t f l u x a g a i n s t t e m p e r a t u r e g r a d i e n t ; 

s e c o n d , t h i s d o e s n o t e x p l a i n w h y t h e a t m o s p h e r e s h o u l d r e q u i r e t h a t a 

c e r t a i n t o t a l f l u x , o r m e r i d i o n a l t e m p e r a t u r e g r a d i e n t , b e 

e s t a b l i s h e d . 

A p o s s i b l e a n s w e r t o t h e l a t t e r p r o b l e m i s p r o v i d e d b y S t o n e ' s 

( 1 9 7 8 ) t h e o r y o f ' b a r o c l i n i c a d j u s t m e n t ' . T h i s s t a t e s t h a t t h e 

a t m o s p h e r e a d j u s t s t h e m e r i d i o n a l h e a t f l u x e s t o m a i n t a i n l o c a l 
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t e m p e r a t u r e g r a d i e n t s c l o s e t o t h e t h r e s h o l d f o r b a r o c l i n i c 

i n s t a b i l i t y . I f t h e g r a d i e n t i n c r e a s e s m u c h b e y o n d t h i s , t h e e d d y 

f l u x e s d u e t o t h e l o n g e s t w a v e s r e a c t s o a s t o r e s t o r e t h e g r a d i e n t t o 

i t s t h r e s h o l d v a l u e . T h i s d o e s h o w e v e r a s s u m e t h a t t h e s e l o n g w a v e s 

r e s u l t f r o m b a r o c l i n i c i n s t a b i l i t y , w h i c h i s n o t n e c e s s a r i l y t h e c a s e 

( s e e b e l o w ) . 

N o t e a l s o t h a t i f a f e e d b a c k m e c h a n i s m o p e r a t e d s u c h t h a t t h e 

t r a n s i e n t f l u x e s a c t e d t o c o n t r o l t h e s t a t i o n a r y , t h e n i n w i n t e r a n d 

i n s p r i n g w e s h o u l d e x p e c t t h e t r a n s i e n t f l u x t o f o l l o w t h e 

t e m p e r a t u r e g r a d i e n t c l o s e l y , a s i t d o e s t h e r e s t o f t h e y e a r , w i t h 

s t a t i o n a r y e d d i e s p e r h a p s a d j u s t i n g t h e m s e l v e s t o m a k e u p t h e t o t a l 

f l u x r e q u i r e d ; h e n c e , s u c h a f e e d b a c k m e c h a n i s m m u s t o p e r a t e i n t h e 

r e v e r s e d i r e c t i o n ( s t a t i o n a r y f l u x e s c o n t r o l l i n g t r a n s i e n t ) . 

A n o t h e r h y p o t h e s i s i s t h a t t h e t r a n s i e n t e d d i e s t r a n s p o r t h e a t 

d o w n t h e l o c a l t e m p e r a t u r e g r a d i e n t , w h i c h g i v e s r i s e t o a f l u x i n t h e 

z o n a l a s w e l l a s t h e m e r i d i o n a l d i r e c t i o n . T h i s f l u x w i l l a c t u p o n 

t h e s t a t i o n a r y e d d y f i e l d s , c h a n g i n g b o t h a m p l i t u d e a n d r e l a t i v e p h a s e 

o f w i n d a n d t e m p e r a t u r e w a v e s s o a s t o e n h a n c e t h e s t a t i o n a r y e d d y 

h e a t f l u x . H o w e v e r , t h e t e m p e r a t u r e g r a d i e n t s w i l l p a r t i a l l y b e 

e s t a b l i s h e d i n t h e f i r s t p l a c e b y t h e s t a t i o n a r y w a v e p a t t e r n , s o t h a t 

n o s i m p l e p i c t u r e o f s t a t i o n a r y e d d y f l u x e s b e i n g c o n t r o l l e d b y t h e 

t r a n s i e n t e d d i e s c a n b e f o r m u l a t e d , a s t h e i n t e r a c t i o n a p p e a r s t o w o r k 

i n b o t h d i r e c t i o n s . A l s o , t h e m e r i d i o n a l f l u x b y t r a n s i e n t e d d i e s 

s h o u l d s t i l l b e r e l a t e d t o t h e m e r i d i o n a l t e m p e r a t u r e g r a d i e n t s i n 

t h i s c a s e , w h e r e a s F i g . 1 . 1 c s h o w s t h a t t h i s i s n o t w h a t h a p p e n s . 

I t i s c l e a r t h a t t h e s t a t i o n a r y a n d t r a n s i e n t e d d y h e a t f l u x e s 

a r e n o t i n d e p e n d e n t o f o n e a n o t h e r ; w h a t i s n o t c l e a r i s t h e 
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r e l a t i o n s h i p b e t w e e n t h e m , a n d t h e o r i g i n a n d n a t u r e o f t h e s t a t i o n a r y 

e d d i e s : i t i s t o t h e l a t t e r p r o b l e m t h a t we t u r n n o w . 

V a r i o u s a l t e r n a t i v e ( a n d n o t m u t u a l l y e x c l u s i v e ) h y p o t h e s e s 

e x i s t . O n e i s t h a t t h e s t a t i o n a r y p l a n e t a r y w a v e s ( z o n a l w a v e n u m b e r s 

1 - 4 ) a r e f o r c e d b y z o n a l v a r i a t i o n s i n o r o g r a p h y a n d d i a b a t i c 

h e a t i n g ( t h e l a t t e r d u e t o t h e d i f f e r e n t t h e r m a l p r o p e r t i e s o f l a n d 

a n d o c e a n ) , w h e r e a s t h e w a v e s o f z o n a l w a v e n u m b e r s 5 - 8 ( a n d h i g h e r ) 

a r e e s s e n t i a l l y t r a n s i e n t i n n a t u r e , a r i s i n g f r o m b a r o c l i n i c 

i n s t a b i l i t y o f t h e z o n a l f l o w . O b s e r v a t i o n a l s t u d i e s h a v e i n d i c a t e d 

t h a t i n w i n t e r a l a r g e p a r t o f t h e s t a t i o n a r y e d d y h e a t f l u x i s i n 

z o n a l w a v e n u m e r s 1 - 4 , w i t h w a v e n u m b e r 2 d o m i n a t i n g ( W i i n - N i e l s e n e t 

a l . ( 1 9 6 3 , 1 9 6 4 ) ; s e e a l s o C h a p t e r 3 o f t h e p r e s e n t w o r k ) . 

T h e o r e t i c a l s t u d i e s b y B a t e s ( 1 9 7 7 ) a n d S h u t t s ( 1 9 7 8 ) s h o w t h a t 

t h e r m a l l y a n d / o r o r o g r a p h i c a l l y f o r c e d p l a n e t a r y w a v e s w i l l p r o d u c e 

h e a t f l u x e s c o m p a r a b l e w i t h t h o s e o b s e r v e d f o r s t a t i o n a r y w a v e s i n t h e 

r e a l a t m o s p h e r e . 

Other authors have suggested that baroclinic instability is 

responsible for at least a part of the observed stationary wave 

pattern, based on both energy cycle studies and model results. Both 

Holopainen (1970) and Oort and Peixoto (1974) calculate conversion of 

available potential energy of the mean flow to that of the stationary 

eddies, and imply that the magnitude of this conversion in winter 

shows that the stationary eddies arise from baroclinic instability. 

However, the definition of the conversion term is such that a 

zonal-mean downgradient heat flux due to any eddy forcing will appear 

to give such a conversion, and does not automatically imply that 

baroclinic instability is the cause of this conversion (even if the 

eddy possesses characteristics of baroclinic eddies). 
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Y a o ( 1 9 8 0 ) d e s c r i b e s a m o d e l i n w h i c h t h e p r o c e s s e s m a i n t a i n i n g 

t h e s t a t i o n a r y e d d i e s c a n b e s t u d i e d , a n d c o n c l u d e s t h a t f o r 

w a v e n u m b e r 3 t h e s e w a v e s a r e m a i n t a i n e d b y b a r o c l i n i c p r o c e s s e s . 

H o w e v e r , t h e m o d e l i s l i m i t e d i n t h a t i t i s f o r c e d b y o r o g r a p h y o n l y , 

g e t s t h e s u r f a c e w i n d s w r o n g ( e a s t e r l y e v e r y w h e r e ) , a n d i s v e r y 

l i m i t e d i n t h e s p e c t r a l d o m a i n ; i n t e r p r e t a t i o n o f r e s u l t s i s a g a i n 

b a s e d o n t h e p r e m i s e t h a t c o n v e r s i o n o f a v a i l a b l e p o t e n t i a l e n e r g y o f 

t h e m e a n f l o w t o t h a t o f t h e e d d i e s i s p r o o f o f b a r o c l i n i c i n s t a b i l i t y 

a s c a u s e o f t h e e d d i e s . H i s r e s u l t s s u g g e s t t h a t b a r o c l i n i c p r o c e s s e s 

a r e r e s p o n s i b l e f o r m a i n t e n a n c e o f t h e o b s e r v e d s t a t i o n a r y w a v e s o n l y 

i n t h e l i m i t e d c a s e o f l a r g e m e r i d i o n a l t e m p e r a t u r e g r a d i e n t a n d z o n a l 

w a v e n u m b e r 3 ( w h e r e a s i t i s w a v e n u m b e r 2 t h a t i s d o m i n a n t i n t h e 

s t a t i o n a r y e d d y f l u x ) . F u r t h e r m o r e , S h u t t s ( 1 9 7 8 ) h a s s u g g e s t e d t h a t 

i n t h e l o w e r t r o p o s p h e r e t h e r m a l l y r a t h e r t h a n o r o g r a p h i c a l l y f o r c e d 

w a v e s a r e p r e d o m i n a n t l y r e s p o n s i b l e f o r s t a t i o n a r y e d d y h e a t 

t r a n s p o r t . T h e n a t u r e o f Y a o ' s m o d e l i s s u c h t h a t c o m p a r i s o n w i t h t h e 

r e a l a t m o s p h e r e i s d i f f i c u l t , a n d c e r t a i n a s s u m p t i o n s m a y w e l l b e 

u n r e a l i s t i c . 

H o w e v e r , t h e r e i s a w a y i n w h i c h b a r o c l i n i c i n s t a b i l i t y m a y w e l l 

e n h a n c e t h e s t a t i o n a r y e d d y h e a t f l u x : i t h a s b e e n s u g g e s t e d t h a t p a r t 

o f t h e s t a t i o n a r y w a v e p a t t e r n i s d u e t o b a r o c l i n i c e d d i e s d e v e l o p i n g 

p r e f e r e n t i a l l y i n r e g i o n s o f e n h a n c e d b a r o c l i n i t y w h o s e l o c a t i o n s a r e 

f i x e d b y t h e s t a t i o n a r y w a v e s , s o t h a t e d d i e s w h i c h a r e ' t r a n s i e n t ' i n 

n a t u r e a p p e a r a s s t a t i o n a r y w a v e s , a n d t h e i r h e a t f l u x e s c o n t a m i n a t e 

t h e s t a t i o n a r y e d d y f l u x . A p o s s i b l e e x a m p l e o f t h i s w o u l d b e t h e 

' I c e l a n d i c L o w ' . E v e n F o u r i e r a n a l y s i s o f l o n g - w a v e p a t t e r n s w i l l n o t 

n e c e s s a r i l y e l i m i n a t e t h i s k i n d o f e d d y . H o w e v e r , i f i t c o n s t i t u t e d a 

m a j o r c o m p o n e n t o f t h e s t a t i o n a r y e d d y f l u x , t h e n t h e l a r g e d e c r e a s e 
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i n e d d y h e a t f l u x f r o m F e b r u a r y t o M a r c h w o u l d s t i l l p r e s e n t a 

p r o b l e m : t h e t e m p e r a t u r e g r a d i e n t h a r d l y c h a n g e s a t t h i s t i m e , s o t h e 

f l u x s h o u l d h a r d l y c h a n g e i f i t i s d u e t o b a r o c l i n i c e d d i e s . T h e f a c t 

t h a t t h e s t a t i o n a r y e d d y f l u x i n s u m m e r i s s m a l l a n d u p g r a d i e n t i s 

a l s o e v i d e n c e t h a t t h e o b s e r v e d s t a t i o n a r y w a v e p a t t e r n c a n n o t c o n t a i n 

a l a r g e c o m p o n e n t o f b a r o c l i n i c e d d i e s d e v e l o p i n g i n p r e f e r r e d 

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

h y p o t h e s i s w i l l b e p r e s e n t e d i n C h a p t e r 4 , i n t h e l i g h t o f d a t a o n t h e 

l o n g i t u d i n a l v a r i a t i o n o f e d d y f l u x e s . 

T h e e v i d e n c e f o r a n d a g a i n s t t h e o b s e r v e d s t a t i o n a r y w a v e p a t t e r n 

b e i n g d u e t o b a r o c l i n i c i n s t a b i l i t y i n s o m e f o r m i s n o t c o n c l u s i v e 

e i t h e r w a y ; t h e b a l a n c e s e e m s i n f a v o u r o f t h e r m a l / o r o g r a p h i c f o r c i n g 

b e i n g t h e m a j o r c a u s e , b u t w i t h t h e p o s s i b i l i t y o f a c o n t r i b u t i o n f r o m 

b a r o c l i n i c i n s t a b i l i t y . I t w o u l d b e c o n v e n i e n t i f t h e s t a t i o n a r y e d d y 

f l u x c o u l d b e p a r t i t i o n e d i n t o a b a r o c l i n i c c o m p o n e n t w h i c h c o u l d b e 

i n c l u d e d w i t h t h e t r a n s i e n t e d d y f l u x i n a p a r a m e t e r i z a t i o n o f t h e 

f o r m o f E q . ( 1 . 2 ) , w i t h t h e r e m a i n i n g p a r t b e i n g d u e t o o r o g r a p h i c 

a n d t h e r m a l f o r c i n g , w h i c h c o u l d b e r e p r e s e n t e d e x p l i c i t l y i n a m o d e l . 

T h i s w o u l d h a v e s o m e p h y s i c a l j u s t i f i c a t i o n , b u t i t i s n o t c l e a r h o w 

o r i f t h e t w o p a r t s c a n b e s e p a r a t e d n u m e r i c a l l y . 

S u c h a p a r t i t i o n i n g m i g h t b e a c h i e v e d f r o m a k n o w l e d g e o f t h e 

t o t a l e d d y f l u x a n d a l a w r e l a t i n g h e a t t r a n s p o r t b y s t a t i o n a r y e d d i e s 

f o r c e d t h e r m a l l y / o r o g r a p h i c a l l y t o o t h e r o b s e r v e d p a r a m e t e r s ; h o w e v e r 

n o s u c h u n i v e r s a l l a w h a s a p p a r e n t l y b e e n f o r m u l a t e d , a s n u m e r i c a l 

m o d e l s g e n e r a l l y c a r r y t h i s t r a n s p o r t e x p l i c i t l y a n d i t s f o r m d e p e n d s 

o n t h e m o d e l f o r m u l a t i o n . S u c h a l a w c o u l d o n l y b e d e f i n e d f r o m a 

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

o f t h e s e ) , a n d e v e n t h e n i t m i g h t b e d i f f i c u l t t o e x t r a c t t h e t r u e 
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stationary eddy heat transport as this should be modified by 

baroclinic instability in the model! 

If realistic models of thermal and orographic forcing predict 

stationary eddy heat fluxes of the correct magnitude, and if variation 

of these fluxes is consistent with observed changes in thermal 

forcing, then the evidence for thermal/orographic forcing rather than 

baroclininc instability being the cause of the observed stationary 

waves is strong. Evidence from observational data is presented in 

Chapter 5 which suggests that variations in thermal forcing can 

explain the observed variations in stationary eddy heat transport. 
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C H A P T E R 2 

M E R I D I O N A L A N D V E R T I C A L V A R I A T I O N S I N 

E D D Y H E A T T R A N S P O R T 
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Introduction. 

In this chapter, the behaviour of eddy heat transport with 

respect to meridional entropy gradient is considered with the 

inclusion of other forms of energy transport, and over a range of 

latitudes and heights. It is shown that the observed two-valued 

behaviour is a genuine property of atmospheric heat transports, at 

least for this data-set. 

2.1 Other Energy Transports. 

Besides transporting sensible heat, eddies also transport latent 

heat, potential energy and kinetic energy; there is also transport of 

all these forms of energy by the mean meridional circulation. The 

relative magnitudes of all but kinetic energy transports (which are 

negligible by comparison with the other transports) are illustrated in 

Fig. 1.2. It can be seen from this that in midlatitudes- the only 

fluxes which are significant are the eddy fluxes of sensible and 

latent heat, in both winter and summer. 

The eddy latent heat transports are defined (cp. Eqs. (1.4a) 

and (1.4b)) as:-

lst = w ] (2.1a) 

l
r
* = [ v v ] (2.1b) 

where 

q is specific humidity 

The low-latitude energy input to the eddies is in the form of 

both sensible and latent heat, with latent heat dominating but being 



Fig. 2.1: Latent (• •) and Sensible + Latent (• •) meridional 
heat transport by eddies at 55 N against A as Fig. 1.1; 
all quantities tropospherically- averaged. Units: K m s

- 1

. 
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c o n v e r t e d t o s e n s i b l e h e a t b y c o n d e n s a t i o n a n d r a i n f a l l a s t r o p i c a l 

a i r m o v e s p o l e w a r d s . S i n c e t h e t w o f o r m s o f h e a t t r a n s p o r t a r e s o 

c l o s e l y l i n k e d , i t c o u l d b e p o s t u l a t e d t h a t t h e s u m o f l a t e n t a n d 

s e n s i b l e h e a t f l u x e s m i g h t b e a s i n g l e - v a l u e d f u n c t i o n o f m e r i d i o n a l 

t e m p e r a t u r e g r a d i e n t . 

F i g . 2 . 1 s h o w s t h a t t h i s i s n o t t h e c a s e . T h e l a t e n t h e a t 

t r a n s p o r t i s a b o u t 2 5 $ h i g h e r i n a u t u m n t h a n i n s p r i n g , s o t h a t i t 

e n h a n c e s r a t h e r t h a n r e d u c e s t h e t w o - v a l u e d n a t u r e o f e d d y h e a t 

t r a n s p o r t w i t h r e s p e c t t o m e r i d i o n a l e n t r o p y g r a d i e n t . 

T h e d i f f e r e n c e i n l a t e n t h e a t t r a n s p o r t b e t w e e n s p r i n g a n d a u t u m n 

i s a c c o u n t e d f o r b y t h e h i g h e r t e m p e r a t u r e s i n a u t u m n o f t h e 

e x t r a t r o p i c a l o c e a n a n d a t m o s p h e r e n e a r t h e i r i n t e r f a c e , a s s h o w n b y 

M o n t h l y M e t e o r o l o g i c a l C h a r t s o f t h e O c e a n s ( M e t e o r o l o g i c a l O f f i c e : 

1 9 4 7 , 1 9 4 9 , 1 9 5 0 ) . A l t h o u g h t h e t e m p e r a t u r e d i f f e r e n c e s b e t w e e n o c e a n 

a n d a t m o s p h e r e a r e s i m i l a r i n b o t h s e a s o n s , t h e n o n l i n e a r v a r i a t i o n o f 

s a t u r a t e d v a p o u r p r e s s u r e w i t h t e m p e r a t u r e r e s u l t s i n t h e s p e c i f i c 

h u m i d i t y o f t h e a t m o s p h e r e b e i n g h i g h e r i n a u t u m n ( r e l a t i v e h u m i d i t y 

r e m a i n i n g r o u g h l y c o n s t a n t ) . T h i s i n t u r n i n c r e a s e s q * a n d q ' , a n d 

h e n c e t h e l a t e n t h e a t t r a n s p o r t . 

C u r i o u s l y , t h e o b s e r v e d a n n u a l v a r i a t i o n i n e d d y l a t e n t h e a t 

t r a n s p o r t i s s m a l l c o m p a r e d w i t h t h a t o f t h e w i n d a n d s p e c i f i c 

h u m i d i t y f i e l d s . T h e - ( s e n s i b l e + l a t e n t ) h e a t l o s t b y u n i t m a s s o f 

a i r i n m o v i n g f r o m l o w t o h i g h l a t i t u d e s , w i t h t e m p e r a t u r e 

d i f f e r e n c e A T a n d s p e c i f i c h u m i d i t y d i f f e r e n c e A q b e t w e e n t h e m i s 

g i v e n b y 

c p A T + L c A q 



- 46 -

T h i s m a y b e r e w r i t t e n a s 

c , a r h + 7
f 

S u b s t i t u t i n g t y p i c a l J a n u a r y a n d J u l y v a l u e s o f A q a n d A T ( f r o m 

O o r t a n d R a s m u s s o n ( 1 9 7 1 ) ) s h o w s , f i r s t l y , t h a t t h e t e r m ( L t A q / c ? A t ) 

i s b e t w e e n 0 . 2 5 a n d 0 . 5 i n J a n u a r y , a n d a r o u n d 1 i n J u l y , s o t h a t 

l a t e n t h e a t t r a n s p o r t s h o u l d b e o f s i m i l a r m a g n i t u d e t o t h e s e n s i b l e 

h e a t t r a n s p o r t i n s u m m e r , b u t s m a l l e r i n w i n t e r , a s i s i n d e e d o b s e r v e d 

( s e e F i g . 2 . 1 ) . T h e l a t e n t b e a t c o n t e n t o f u n i t a i r m a s s i n J u l y i s 

a b o u t d o u b l e i t s J a n u a r y v a l u e , b u t i t s p o l e w a r d v e l o c i t y p e r h a p s h a l f 

t h a t i n J a n u a r y , s o t h a t t h e l a t e n t h e a t w i l l b e r o u g h l y e q u a l i n b o t h 

m o n t h s , a s o b s e r v e d . F i n a l l y , t h e t o t a l e d d y h e a t t r a n s p o r t i n J u l y 

s h o u l d b e a r o u n d 3 0 % t o 4 0 $ o f J a n u a r y ' s : F i g . 1 . 3 s h o w s t h e a c t u a l 

f r a c t i o n i s 3 5 $ . 

2.2 Latitudinal Variation. 

T h e l a t i t u d i n a l e x t e n t o f t h e r e g i o n i n w h i c h e d d y s e n s i b l e h e a t 

t r a n s p o r t d i s p l a y s t w o - v a l u e d b e h a v i o u r w i t h r e s p e c t t o g l o b a l - s c a l e 

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

s t a r t s t o a p p e a r a t 4 5 ° N a n d i s s t r o n g e s t a t a r o u n d 5 0 ° t o 5 5 ° N ( s e e 

a l s o F i g . 1 . 1 a ) , n e a r t h e l a t i t u d e o f m a x i m u m e d d y h e a t t r a n s p o r t . 

A t 6 5 ° N t h e e f f e c t s h o w s u p a s a n a b n o r m a l l y l a r g e e d d y h e a t t r a n s p o r t 

i n N o v e m b e r a l o n e , w h i c h m a y , I s u s p e c t , b e d u e i n p a r t t o n u m e r i c a l 

e r r o r s i n p r e p a r a t i o n o f t h e o r i g i n a l d a t a ( t h i s w i l l b e d i s c u s s e d i n 

C h a p t e r s 3 a n d 5 ) . T h u s t h e h e a t t r a n s p o r t i s t w o - v a l u e d i n a z o n a l 

b e l t s t r e t c h i n g f r o m 4 5 ° N t o 6 5 ° N , n o r t h o f w h i c h t h e s t a t i o n a r y e d d y 

s e n s i b l e h e a t t r a n s p o r t i s s m a l l c o m p a r e d w i t h t h e t r a n s i e n t 
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E(Kms-j 

2.2: Eddy meridional sensible heat transport at various latitud 
against A as Fig. 1.1; all quantities 
tropospherically-averaged. Units: Kms"

1

. 
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component, which itself undergoes an annual cycle of variation similar 

to that at 55°N. 

Whereas Figs. 1.1 and 2.1 showed at 55°N a sharp fall in eddy 

heat transport from February to March, at 45°N the equivalent fall is 

spread over January to March (and is almost as large as that at 55°N); 

this was also noted, at 55°N, in a different data-set (see Chapter 3). 

2.3 Vertical Variations. 

2.3.1 Variations in the Troposphere. 

In this section, the relation between eddy sensible heat 

transport and meridional entropy gradient at various pressure-levels 

in the troposphere and lower stratosphere is considered. There is 

some difficulty in interpreting heat transports at a particular level, 

especially in mid-troposphere, as the heat transport is slantwise 

rather than horizontal; however this will give us an idea of the 

vertical variation of the transports, and of their observed two-valued 

behaviour with respect to temperature gradient; it will also 

demonstrate the validity of using data at one level (500mb) for a 

deeper investigation of the problem, to be presented in Chapter 3« 

Fig. 2.3 shows that at 850mb, 700mb and 500mb the autumn eddy 

sensible heat transports (both total and stationary) are significantly 

larger than those in the spring, as for the tropospheric averages 

(Fig. 1.1). At 400mb the two-valued behaviour is still apparent, 

although September's transport is now similar to that in May, and 

November has a marked peak in both stationary and total eddy 

transports. The 300mb picture is partially different, for although 
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i 

E(Kms-) 

Fig. 2.3: Eddy meridional sensible heat transport at 55°N against A , 
at various pressure-levels. Units: Kms~' . 
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Fig. 2.3 continued. 



the heat transport has a sharp peak in November and is much lower in 

March than in February (both features being due again to changes in 

the stationary eddy transport), in April and in May the total transport 

is apparently larger than in the equivalent autumn period. This is 

due to the variations in temperature rather than those in eddy heat 

transport, as the latter are similar to those at lower levels for both 

stationary and total eddy transports. 

The annual cycles of total and stationary eddy sensible heat 

transport and of meridional entropy gradient at 700mb closely resemble 

those averaged over the troposphere as a whole; those at 500mb also 

show the principal features described in Section 1.3, although the 

transports are smaller. 

The relationship between tropospherically-averaged total eddy 

sensible heat transports and the entropy gradients at 1000mb and 500mb 

is shown in Fig. 2.4. Several simple climate models (eg Budyko 

(1969), Sellers (1969), North (1975)) use the surface temperature 

gradient, which is similar to that at 1000mb, to parameterize eddy 

heat transports; 500mb is a mid-troposperic height where the entropy 

gradient is typical of the troposphere as a whole, and is used by 

Green (1970). At both levels, the characteristic two-valued behaviour 

is displayed, showing that choice of an entropy gradient other than 

the tropospherically-averaged one does not eliminate this behaviour. 

At 500mb the correlation between total eddy heat transport and entropy 

gradient is 0.95, as for the tropospheric-average gradient; the 500mb 

plot on Fig. 2.4 is very similar to Fig. 1.1a. One might expect the 

appropriate entropy gradient for tropospheric-average transports to be 

one typical of the whole troposphere; nevertheless, the correlation 
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Fig. 2.4: Tropospherically-averaged sensible heat transport at 55° N 
against A at 1000mb (• *) and 700mb (x x). 
Units: Kms . 
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with the 1000mb entropy gradient is also high, at 0.93. Thus the eddy 

sensible heat transport would be parameterized almost as well by the 

1000mb entropy gradient as by the tropospherically-averaged one but 

the problem of the two-valued behaviour of the heat transport remains. 

2.3.2 Variations in the Stratosphere. 

The relationship to be expected between eddy heat transports and 

temperature gradients in the stratosphere is less clear. Stationary 

(planetary) waves in the stratosphere are believed to result from 

vertical propagation of tropospheric stationary waves (Charney and 

Drazin (1961)), and such vertical propagation is controlled by the 

sign and magnitude of the zonal wind. Thus the structure of the 

stratospheric stationary waves is closely related to those waves in 

the troposphere, whose heat transport is in turn supposedly related to 

the tropospheric meridional temperature gradient. The temperature 

structure in the stratosphere is very different from that of the 

troposphere, with the meridional temperature gradient above 200mb (and 

at that height for much of the year) being in the opposite sense. 

Oort and Rasmusson's (1971) statistics show that the stratospheric 

eddy heat transport is nevertheless polewards for nearly all the year, 

ie countergradient. It therefore seems more appropriate to relate 

stratospheric eddy heat transports to meridional temperature gradients 

in the troposphere rather than to those in the stratosphere. 

Figs. 2.5 and 2.6 compare the results of plotting eddy heat 

transports at three levels in the stratosphere against entropy 

gradients at the same levels (Fig. 2.5) and tropospherically-averaged 

(Fig. 2.6). From Fig. 2.5 it is apparent that there is little 
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E(Kms-j 

E(Kms-) 

Fig. 2.5: Stratospheric stationary eddy meridional sensible heat 
transports at 55°n against a at same levels. 
Units: Kms

-

' . 
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Fig. 2.6: Stratospheric stationary eddy meridional sensible heat 
transport at 55 N against tropospherically-averaged A . 
Units: Kms

- 1

 . 
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relation between eddy heat transports at any level in the stratosphere 

and the entropy gradients at the same level; indeed at 100mb the 

relationship is inverse! However, at 30mb it appears that Eq. (1.2) 

or similar could relate eddy heat transport and entropy gradient if 

the months May-August are omitted. These are the months when the 

zonal wind at this level is .easterly (Labitzke (1972)), leading to 

trapping of stationary waves (Charney and Drazin (op. cit.)) and 

hence poleward eddy heat transport close to zero irrespective of 

temperature gradient. Of the remaining months, March alone appears 

anomalous, with the heat transport being large when the entropy 

gradient is very small (and about to change sign). This is the 

opposite to the tropospheric case, but with the 200mb and 100mb eddy 

transport variations bearing little relation to those in entropy 

gradient at these levels, it is perhaps fortuitous that at 30mb the 

relationship between them appears stronger. 

Fig. 2.6 shows that at 200mb and 100mb the variation of 

stationary eddy heat transport with entropy gradient displays the same 

features as at lower levels; at 30mb, although the transports are much 

larger for November - March than at lower ' levels, the same 

characteristic features pertain: a sudden decrease in^ transport from 

February to March and a large difference between April and November 

transports, with virtually identical entropy gradients for each pair 

of months. In general, the stratospheric stationary eddy sensible 

heat transport varies in a similar way to that transport in the 

troposphere. 

It therefore appears that the characteristic features of the 

observed annual variation of stationary eddy sensible heat transport, 
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which lead to it being a two-valued function of meridional temperature 

gradient, occur throughout the depth of the troposphere and at least 

in the lower stratosphere. 

We note also that these stratospheric transports are more closely-

related to tropospheric temperature gradients than to those in the 

stratosphere, which supports Charney and Drazin's (op. cit.) theory 

that stratospheric stationary waves result from vertical propagation 

of wave energy from the troposphere, and that an easterly zonal wind 

inhibits this vertical propagation. 

2.4 Entropy gradients: Latitudinal limits. 

Hitherto, entropy differences between 20° and 75°N have been 

used; here, the effects of varying both latitudinal limits are 

examined. 

The latitudinal width of the zone over which the entropy gradient 

is taken is of prime importance. Van Loon (1979) used a 10° - wide 

zone; Stone and Miller (1980), following Lorenz (1979), chose one 20° 

wide, centred on the latitude being considered. However, instability 

theory (eg Eady (1949)) shows that the wave with the longest 

meridional wavelength will be the fastest-growing; trajectory analysis 

(Green, Ludlam and Mcllveen (1966)) shows individual parcels of air 

moving over 30° or more of latitude. Srivatsangam (1978) showed in an 

observational study that a diffusion model of sensible heat transport 

is best applied only when nearly an entire hemisphere is treated as a 

zone of mixing. It is therefore sensible to choose a zone 

sufficiently wide to include the whole entropy difference experienced 

by warm air moving polewards (or cold air moving equatorwards) , or 
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which is baroclinically unstable, or in which significant eddy heat 

transport occurs. Thus the appropriate temperature gradient to use 

should be taken over a wider zone than any of those used in the 

studies cited above. Green (1970) chooses 20 - 70 N , which fulfils 

these criteria. 

The limits used in the present study encompass the zonal belt 

including the major part of the pole-equator temperature difference. 

Fig. 2.7 shows that in winter and spring this extends at least as far 

south as 20°N, with the local gradient being strongest south of around 

45° N. Thus for fluxes at 55°N the southern latitudinal limit for the 

temperature gradient should be much further south than the 40°N which 

Stone and Miller's analysis would suggest; a northern limit of 75°N is 

however realistic as the gradient is relatively slack north of this. 

Fig. 2.8 shows the effect of changing both the northern and 

southern latitudes , ) between which the entropy difference is 

calculated. Figs. 2.8a and 2.8b show that, keeping - 70°N, the 

total eddy sensible heat transport is only two-valued with respect to 

entropy difference when <f
l
 e 30°N, with the effect becoming more 

marked as ^
 m

o v e d further south. When ^
2
= 3 5°N, the eddy heat 

transport no longer behaves as a linear function of entropy 

difference, and the two-valued behaviour is lost. This can be 

attributed to the fact that when the transport approaches its maximum 

values in January and February, the temperature gradient decreases 

from its December value; as the transport drops sharply in March, so 

the gradient increases again before dropping with the transport in 

April. This is evidence that variations in heat transport influence 

the meridional temperature gradient rather than the other way round: 

in this case, the increasing transport reduces the meridional 
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Fig. 2.7: Monthly-mean Northern Hemisphere temperatures at 700mb. 

Units:°C. 
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temperature contrast at a time when the zonal-mean atmosphere-earth 

radiation balance changes only slowly; when the transport decreases, 

the temperature contrast increases as the change in the radiation 

balance does not counter this sufficiently rapidly (Energy balance in 

the atmosphere is discussed in more detail in Chapter 5). However, 

this only pertains to the zone north of 35°N; the action of the eddies 

south of this is to maintain the temperature contrast over the wider 

zone being considered (ie north of 20°N), indicating that the 

equatorward extent of the wintertime eddies is important. 

Figs. 2.8b and 2.8c show that if ^ is moved to 70° or 65°N 

(keeping <f at 20°N), the two-valued nature of the plot is just as 

pronounced, showing that any direct influence of polar ice, whose 

southern limit of extent is around 65°N, on the meridional temperature 

gradient as a cause of the observed two-valued behaviour is ruled out. 

Finally, Fig. 2.8c also shows eddy heat transport against the 

entropy difference taken over 20° - 50° N, the region in which eddy 

heat transport increases with latitude (see Fig. 1.2), where local 

meridional temperature gradients are strongest (Fig. 2.7), and which 

may be regarded as a source of eddy heat transport. The eddy heat 

transport is clearly two-valued throughout most of the year in this 

case also, whence (together with the foregoing) we conclude that it is 

in the maintenance of the strong wintertime temperature gradient 

across this region into March when the eddy transport at the same time 

decreases sharply that the current problem may well lie. 

Further evidence for the importance of this zone comes from van 

Loon's (1979) study. He found that eddy sensible heat transports 

(total or stationary) were , most strongly correlated with local 
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temperature gradients to the south (as stated in Section 1.2); in 

particular, the transport at 55°N is most strongly correlated with the 

gradient in the region 25° - 45°N: again, the region where the 

gradients are strongest. Thus eddy transports will not be as 

well-correlated with an entropy gradient taken over a zone excluding 

this region; furthermore, the relationship between midlatitude eddy 

heat transports and temperature gradients in this region is probably 

not just a statistical correlation but a physical interaction also. 

From all these results it is seen that the quasi-linear and 

two-valued behaviour of eddy sensible heat transport with respect to 

meridional entropy gradient seen in Fig. 1.1 occurs only when that 

gradient is taken over a region including most of the eddy heat 

transport source zone, 20° - 50°N, as we should expect from Fig. 2.7; 

in particular, the region 20° - 50°N is important to the midlatitude 

eddy heat fluxes in terms of its effect upon entropy gradients. The 

region 50° - 75°N plays a minor role in determining the form of eddy 

heat flux against entropy gradient. 

2.5 Summary of Important Results. 

(a) When the monthly-mean midlatitude eddy heat transport — 

sensible or sensible plus latent — is plotted 

against some large-scale extra-tropical meridional 

temperature gradient (both quantities being either 

tropospheric averages or values at individual 

pressure levels in the troposphere), it exhibits 

marked two-valued behaviour. 
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(b) This two-valued behaviour is principally a consequence 

of the variation of the stationary eddy heat 

transport. 

(c) This behaviour is exhibited throughout the troposphere in the 

midlatitude zone 45° - 65°N; the stationary eddy 

sensible heat transport exhibits such behaviour in 

the lower stratosphere also. 

(d) The existence of this behaviour is dependent on the 

temperature gradients in the zone 20° - 50°N, which 

is the source zone of eddy heat transport. 

The problem of the observed two-valued behaviour seems now to be 

two problems, viz:-

(i) Why does the stationary eddy heat transport vary as it 

does (it cannot be because of temperature gradient 

variations)? 

(ii) What controls the variation of temperature gradients? 
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CHAPTER 3 

FURTHER INVESTIGATION OF 

EDDY HEAT TRANSPORT DATA 
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Introduction. 

In this chapter, the longitudinal and latitudinal variations of 

the 500mb stationary eddy sensible heat transport and of its 

constituent wind and temperature fields are investigated in order to 

establish the nature of the changes in the atmospheric circulation 

which give rise to the observed variations of this heat transport. 

The changes in the zonal-mean variance fields and their correlation 

are first considered; these fields are then Fourier-analysed to 

determine the dominant space-scale of the observed variations in heat 

transport. 

3«1 Zonal-Mean Variance Fields and Correlation. 

The zonal-mean stationary eddy sensible heat transport is given 

by 

Est = [v*
f

] [T*
2

] r ^ v . T ) (3-1 > 

where 

r
a
(v,T) is the spatial correlation between 

temperature and meridional wind fields. 

Note that [A*
2

 ], the spatial variance of some quantity A, is 

essentially a measure of the zonal asymmetry in A. The correlation 

r
A
(v,T) is a measure of some kind of phase difference between the two 

fields. 

Tropospheric averages of [v*
2

] and [T*'
2

] for each month and six 

latitudes are given in Table 3»1: they were calculated from the 

variances at different levels given in Oort and Rasmusson (1971 ). 

From these, values of r ^ V j T ) for the troposphere were calculated; 



Table 3-1 

Northern Hemisphere tropospheric averages of [v*
1

] * , [T*
1

] and r
2
(v,T) for each month, 

[v*
1 ]1/2 

from Oort and Rasmusson (1971). 

[ T *
i

]
1 / 2

 | r
2
(v ,T) 

40 45 50 55 60 65 i 40 45 50 55 60 60 | 40 45 50 55 60 65 

Jan 3.7 4.5 4.8 4-7 4.5 4.5 ! 4.3 5.1 5.6 5.6 5.5 5.1 ! .43 .46 .45 .38 .27 .14 

Feb 3.1 4.0 4.6 4.7 4.5 4.2 ! 3.4 4.2 4.9 5.2 5.2 4.8 | .41 .43 .45 .45 .39 .20 

Mar 3.0 3.5 3.7 3.6 3-5 3.4 i 2.5 3.1 3-5 3.9 4.3 4.3 ! .29 .42 .46 .46 • 38 .18 

Apr 2.4 2.7 2.9 2.9 2.7 2.3 | 1.8 2.0 2.4 2.8 3.0 2.9 ! .11 .26 .39 .44 .38 .21 

May 1.8 1.9 1.9 1.9 2.0 2.2 | 2.0 2.1 2.1 2.0 1.9 1.9 ! -.11 .07 •05 .21 .32 .24 

Jun 2.0 1.9 1.8 1.9 2.0 1.8 I 2.3 2.3 2.3 2.1 1.9 1 .8 | -.15 -.29 -.43 -.35 -.11 .09 

Jul 2.3 2.0 1.9 1.7 1.8 1.6 | 2.6 2.5 2.5 2.3 2.2 2.0 | -.08 -.18 -.36 -.26 -.15 -.06 

Aug 1.9 1.5 1.4 1.7 2.0 1.9 | 2.2 2.0 2.0 1.9 1.9 1.7 ! -.10 -.17 -.29 -.25 -.08 -.03 

Sep 1.8 1.6 1.8 2.1 2.6 2.7 ! 1 .7 1.5 1.4 1.5 1.7 1.9 ! .20 .29 .28 2.9 .23 .16 

Oct 2.0 2.4 2.6 2.9 3-2 3.0 | 1 .8 2.3 2.8 3.2 3.5 3.6 | .22 .34 .45 .45 • 36 .20 

Nov 2.7 3.2 3.2 3.2 3-4 3.6 ! 2.7 3-6 4.4 4.8 4.9 4.8 | .15 .28 .47 .59 .55 .34 

Dec 3.2 3-9 4.0 3.8 3.3 2.9 ! 3.5 4.5 5.1 5.2 4.9 4.4 ! .29 .36 .43 .46 • 39 .15 
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these also are presented in Table 3»1» 

This table shows that from 50°N northwards, between October and 

April r
2
(v,T) is roughly constant, save in November when it appears to 

be rather high at 55° , 60° and 65° N compared with the values round 

about. Closer inspection of Oort and Rasmusson (op. cit.) reveals 

that from 55° N northwards both [v*
1

] and [T*
z

] display values high 

compared with those round about in the upper half of the troposphere 

(though at 55° N the November peak in the tropospherically-averaged 

stationary eddy heat transport appears to be caused mainly by the 

large correlation). Without recourse to their original data-set it is 

impossible to say whether the problem is purely numerical or a genuine 

result caused by the behaviour of the atmosphere at least in the 

period used. However, the other data-sets to be discussed in this 

chapter do not show a similar peak in either the heat transport or the 

variances, whereas they do show the other key features of Fig. 1.1b 

(this is discussed more fully in Section 3*3)« We believe therefore 

that this anomaly does not cast doubt on the general validity of Oort 

and Rasmusson's statistics; those for November at latitudes 55°N and 

northwards may contain some error. 

We now look at each of the four quantities in Eq. (3»1) for the 

pairs of months when the difference in heat transport is greatest, 

namely February - March and April - November (the latter 

notwithstanding the foregoing: some useful information can be 

obtained, though the results must be interpreted with caution). 500mb 

values are presented in Tables 3«2a and b, using this level rather 

than a tropospheric average to permit comparison (below) with other 

data-sets. 



Table 3-2a 

[ v » ] , [T**] , [ v* T*] and r •
x
(v

f
T) at 45° 

and March; from 

45 °N • 

[ v « ] [ T » ] [ v ¥ ] 

February 21 11.2 5.9 .38 

March 16 6.2 4.3 .43 

March/February .76 .55 .73 1.13 

Table 3.2b 

As Table 3. 2a, but April ; 

45 °N 

[v*
1

] 
r

2. (
 v

 >' 

April 9 2.0 2.0 .47 

November 12 10.6 2.9 .26 

April/November .75 .19 .69 1 .81 

55°N, 500mb for February 

55° N 

[v**] [ T
W

] [v*T*] r J v , T ) 

30 14.5 9.1 .43 

16 8.9 5-9 .49 

.53 .61 .65 1.14 

November. 

55° N 

[v**] [ V f * ] r
2
(v,T) 

11 4.4 3.7 .53 

12 18.3 9-6 .65 

• 92 .24 • 39 .82 
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F o r F e b r u a r y - M a r c h , t h e c h a n g e i n h e a t t r a n s p o r t i s e n t i r e l y 

d u e t o c h a n g e s i n t h e a m p l i t u d e s o f t h e t e m p e r a t u r e a n d w i n d f i e l d s a t 

b o t h l a t i t u d e s , s i n c e t h e i r c o r r e l a t i o n s a r e s l i g h t l y l a r g e r i n M a r c h . 

A t 5 5 ° N t h e c h a n g e i s a l m o s t e q u a l l y d i s t r i b u t e d b e t w e e n t h e t w o 

v a r i a n c e s ; a t 4 5 ° N t h e r e i s m o r e c h a n g e i n t h e t e m p e r a t u r e v a r i a n c e . 

F o r A p r i l - N o v e m b e r , a t 5 5 ° N s o m e o f t h e d i f f e r e n c e l i e s i n t h e 

c o r r e l a t i o n , v e r y l i t t l e i n t h e w i n d v a r i a n c e , a n d m o s t o f i t i n t h e 

t e m p e r a t u r e v a r i a n c e ; a t 4 5 ° N t h e c o r r e l a t i o n i s v e r y m u c h h i g h e r i n 

A p r i l b u t t h e h e a t t r a n s p o r t s m a l l e r t h e n , d u e m a i n l y t o a v e r y m u c h 

s m a l l e r t e m p e r a t u r e v a r i a n c e . T h e b e h a v i o u r o f t h e t r o p o s p h e r i c 

a v e r a g e s i s s i m i l a r ( s e e T a b l e 3 * 1 ) , t h o u g h t h e A p r i l - N o v e m b e r 

d i f f e r e n c e i n [ t * * ] i s n o t a s g r e a t a s a t 5 0 0 m b . 

T h u s t h e s e v a r i a t i o n s i n s t a t i o n a r y e d d y s e n s i b l e h e a t t r a n s p o r t 

a p p e a r t o b e d u e t o c h a n g e s i n t h e m a g n i t u d e o f t h e v a r i a n c e s r a t h e r 

t h a n i n t h e i r c o r r e l a t i o n ( o r p h a s e d i f f e r e n c e ) . I n M a r c h t h e 

m e r i d i o n a l w i n d a n d t e m p e r a t u r e f i e l d s a r e m o r e z o n a l l y s y m m e t r i c t h a n 

i n F e b r u a r y , s i m i l a r l y f o r A p r i l c o m p a r e d w i t h N o v e m b e r . 

5»2 Calculation of Local Values of Est* 

3 . 2 . 1 D a t a - S e t s . 

I n t h e f o l l o w i n g s t u d y , t w o o t h e r d a t a - s e t s b e s i d e s t h a t o f O o r t 

a n d R a s m u s s o n ( 1 9 7 1 - h e r e a f t e r d e s i g n a t e d O R ) w e r e u s e d : 

m o n t h l y - m e a n c h a r t s p u b l i s h e d b y t h e G e r m a n W e a t h e r S e r v i c e 

( h e r e a f t e r d e s i g n a t e d D W ) , a n d F o u r i e r c o m p o n e n t s o f t h e 5 0 0 m b 

g e o p o t e n t i a l h e i g h t a n d t e m p e r a t u r e f i e l d s c o n t a i n e d i n a r e p o r t b y 

L e j e n a s a n d M a d d e n ( 1 9 8 2 - t o b e r e f e r r e d t o a s L M ) . T h i s i s d o n e f o r 

t h e f o l l l o w i n g r e a s o n s : -
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( i ) T o t e s t t h e s t a t i s t i c a l s i g n i f i c a n c e o f t h e o b s e r v e d 

h e a t t r a n s p o r t v a r i a t i o n s . 

( i i ) T o t e s t w h e t h e r t h e o b s e r v e d b e h a v i o u r i s r e p r o d u c e d 

y e a r - b y - y e a r r a t h e r t h a n b e i n g d u e t o o n e 

h i g h l y a n o m a l o u s y e a r . 

( i i i ) T o t e s t w h e t h e r t h e b e h a v i o u r i s r e p r o d u c e d f o r a 

p e r i o d d i f f e r e n t f r o m t h a t u s e d i n O R . 

( i v ) T o i n v e s t i g a t e d i r e c t l y t h e l o n g i t u d i n a l v a r i a t i o n o f 

t h e s t a t i o n a r y e d d y s e n s i b l e h e a t t r a n s p o r t a n d 

i t s c o m p o n e n t f i e l d s . 

( v ) T o c a r r y o u t a z o n a l h a r m o n i c a n a l y s i s o f w i n d a n d 

t e m p e r a t u r e f i e l d s . 

5 . 2 . 1 a G e r m a n W e a t h e r S e r v i c e D a t a . 

M o n t h l y - m e a n c h a r t s o f t h e N o r t h e r n H e m i s p h e r e u p t o O c t o b e r 1 9 7 9 

s h o w v a l u e s a t r e g u l a r l a t i t u d e - l o n g i t u d e i n t e r v a l s a s w e l l a s 

c o n t o u r s o f m o s t f i e l d s . T h e f i e l d s u s e d a r e t h e 5 0 0 m b a n d 3 0 0 m b 

g e o p o t e n t i a l h e i g h t a n d t h e 5 0 0 / 1 O O O m b t h i c k n e s s : f r o m t h e s e , l o c a l 

v a l u e s o f t h e 5 0 0 m b t e m p e r a t u r e a n d m e r i d i o n a l w i n d a r e c a l c u l a t e d , 

t h e m e t h o d o f w h i c h i s d e s c r i b e d i n S e c t i o n 3 - 2 . 2 b e l o w , a n d f r o m 

t h e s e g r i d p o i n t v a l u e s o f e d d y s e n s i b l e h e a t t r a n s p o r t c a n b e 

d e t e r m i n e d . 

T h i s e n a b l e s a n a v e r a g e o v e r s e v e r a l y e a r s ' d a t a t o b e t a k e n , t o 
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d e t e r m i n e t h e l a t i t u d i n a l a n d l o n g i t u d i n a l v a r i a t i o n s o f t h e h e a t 

t r a n s p o r t f o r e a c h m o n t h ; t h i s c a n a l s o b e d o n e f o r a n y i n d i v i d u a l 

m o n t h , e n a b l i n g i n t e r a n n u a l v a r i a t i o n s t o b e i n v e s t i g a t e d a n d t h e 

s i g n i f i c a n c e o f m o n t h - t o - m o n t h v a r i a t i o n s t o b e d e t e r m i n e d f r o m 

t h e s p r e a d f o r e a c h m o n t h . Z o n a l - m e a n s t a t i s t i c s c a n b e e v a l u a t e d a n d 

c o m p a r e d w i t h t h o s e i n O R . 

T h e d i s a d v a n t a g e o f t h e DW d a t a i s t h a t i t i s o n l y p r e s e n t e d f o r 

f u l l l a t i t u d e c i r c l e s d o w n t o 3 5 ° N . T h i s m e a n s t h a t i t i s n o t 

p o s s i b l e t o o b t a i n a p l o t o f h e a t t r a n s p o r t a g a i n s t e n t r o p y g r a d i e n t , 

i n t h e m a n n e r o f F i g . 1 . 1 b , s i n c e s u c h a c o m p a r i s o n r e q u i r e s t h a t t h e 

e n t r o p y g r a d i e n t b e t a k e n w i t h a s o u t h e r n l i m i t o f 2 0 ° o r 2 5 ° N - s e e 

C h a p t e r 2 , S e c t i o n 2 . 4 . H o w e v e r , t h e k e y f e a t u r e s o f t h e a n n u a l 

v a r i a t i o n o f h e a t t r a n s p o r t w i l l b e c o m p a r e d . 

T h e d a t a i s t a k e n f r o m t h e y e a r s 1 9 6 7 - 7 2 a n d 1 9 7 5 - 7 , n i n e y e a r s 

i n a l l . 

3 . 2 . 1 b D a t a f r o m L e j e n a s a n d M a d d e n ( 1 9 8 2 ) . 

T h i s r e p o r t . p r e s e n t s t h e c o e f f i c i e n t s o b t a i n e d f r o m t h e d o u b l e 

F o u r i e r d e c o m p o s i t i o n o f d a i l y 5 0 0 m b g e o p o t e n t i a l h e i g h t s a n d 

t e m p e r a t u r e s , a n d s u r f a c e p r e s s u r e s , t a k e n o v e r 3 0 , 17 a n d 3 0 y e a r s 

r e s p e c t i v e l y . T h e d e c o m p o s i t i o n i s i n l o n g i t u d e a n d t i m e : f o r e a c h 5 ° 

o f l a t i t u d e f r o m 2 0 ° N t o 8 5 ° N , t h e f i r s t s i x z o n a l w a v e n u m b e r s a r e 

g i v e n , d e c o m p o s e d i n t o t h e f i r s t f o u r h a r m o n i c s o f t h e a n n u a l c y c l e . 

T h i s e n a b l e s a n y o f t h e a b o v e f i e l d s t o b e r e c r e a t e d f o r m o s t o f t h e 

N o r t h e r n H e m i s p h e r e f o r a n y d a y o f t h e y e a r , a l t h o u g h a s t h e f i e l d s 

a r e s m o o t h e d ( b y t h e c h o i c e o f o n l y f o u r h a r m o n i c s i n t i m e ) t h e v a l u e s 

f o r a n y p a r t i c u l a r d a y m a y b e t a k e n a s s i m i l a r t o a v e r a g e s f o r s o m e 
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a r b i t r a r y p e r i o d a r o u n d t h a t d a y o f a b o u t o n e m o n t h . 

I t s e e m s s u r p r i s i n g t h a t j u s t f o u r a n n u a l h a r m o n i c s s h o u l d 

r e s o l v e i n d i v i d u a l m o n t h s . L e j e n a s a n d M a d d e n s t a t e i n t h e i r r e p o r t 

t h a t t h i s i s s u f f i c i e n t t o r e p r e s e n t t h e a n n u a l c y c l e w h e r e t h a t c y c l e 

i s l a r g e , c i t i n g e a r l i e r s t u d i e s s h o w i n g t h i s t o b e v a l i d . P r o v i d e d 

t h e c h a n g e s a r e s m o o t h f r o m o n e m o n t h t o t h e n e x t , t h e h a r m o n i c s g i v e n 

w i l l s u f f i c e ( p r o v i d e d a s i g n i f i c a n t c h a n g e f r o m o n e m o n t h t o t h e n e x t 

i s l a r g e e n o u g h t o b e r e s o l v e d : w h e t h e r t h i s i s t r u e i n t h e p r e s e n t 

c o n t e x t w i l l b e d i s c u s s e d i n S e c t i o n 3 - 3 b e l o w ) . 

H a v i n g r e c o n s t r u c t e d t h e 5 0 0 m b f i e l d s , t h e s t a t i o n a r y e d d y h e a t 

t r a n s p o r t a t t h a t l e v e l c a n b e e v a l u a t e d . T h i s e n a b l e s t h e l o n g - t e r m 

a v e r a g e h e a t t r a n s p o r t d i s t r i b u t i o n a n d e n t r o p y g r a d i e n t t o b e 

c a l c u l a t e d f o r e a c h m o n t h ; t h e t e m p e r a t u r e f i e l d i s d e r i v e d f r o m t h e 

1 7 y e a r s o f d a t a c o m m e n c i n g i n J a n u a r y 1 9 6 3 , s o t h a t i t c o v e r s a 

p e r i o d a l m o s t e n t i - r e l y d i f f e r e n t f r o m t h a t o f OR ( s e e S e c t i o n 1 . 3 - 1 o f 

C h a p t e r 1 ) a s w e l l a s l o n g e r , s o c o m p a r i s o n w i t h OR c a n b e m a d e . T h i s 

a l s o h a s t h e a d v a n t a g e o v e r DW i n t h a t 5 0 0 m b t e m p e r a t u r e s a r e f o u n d 

d i r e c t l y r a t h e r t h a n f r o m t h i c k n e s s e s a n d b y i n t e r p o l a t i o n . 

F o r b o t h d a t a - s e t s , w i n d s a r e c o m p u t e d f r o m g e o p o t e n t i a l h e i g h t s , 

i e t h e y a r e a s s u m e d t o b e g e o s t r o p h i c . A t 5 0 0 m b , t h i s s h o u l d b e a 

g o o d a p p r o x i m a t i o n b o t h l o c a l l y a n d f o r t h e z o n a l - m e a n ( a s 

[ v *
1

] ^ ] ) . 

3 « 2 . 2 C a l c u l a t i o n o f S e n s i b l e H e a t T r a n s p o r t . 

T h e g e o s t r o p h i c m e r i d i o n a l w i n d i s g i v e n b y 

- - w -



- 74 -

where 

Y is streamfunction 

Z is geopotential height. 

Values of Z are given at 10° longitude intervals in DW; let this 

•fch 

be a distance A x . The meridional wind at the j point is then given 

by 

- _ g(Zj>i - Z;.,) 
r j ~ I f A X 

As [v] = 0, we can write 

vf = 3 ^ , - 2 ^ - , ) 
J 2f Ax 

For DW data, the temperature is obtained from the Hydrostatic 

Equation, using given thickness values for the 500/1OOOmb layer or 

thicknesses calculated from the 500mb and 300mb heights. The mean 

temperature for a layer of thickness A Z between pressure surfaces p, , 

P
2
 (P, > P

z
) is given by 

T • h§m ( 3 - 4 ) 

A pressure-weighted mean of the 500/1OOOmb and 300/500mb mean 

temperatures is used as the 500mb value. Taking these temperatures as 

being 750mb and 400mb values respectively, the weighting used is 

t

5oo
 =

 7
t

75"o
 +

 7
t

aoo* For the zonal-mean, values of [T*
2

] at 45° and 

55° N calculated by similar means from OR values at 700mb and 400mb are 

generally close to the 500mb values except in Summer at 45°N. There 

is no means of telling whether they are similar locally, but looking 

at contours on the charts will give an idea of the temperature and 
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w i n d f i e l d s a n d r e s u l t a n t h e a t t r a n s p o r t , w h i c h c a n b e u s e d a s a r o u g h 

c h e c k o n t h e n u m e r i c a l v a l u e s o b t a i n e d . 

T h e z o n a l - m e a n s p a t i a l v a r i a n c e o f t h e t e m p e r a t u r e f i e l d i n LM i s 

g i v e n b y 

[T*
1

] = 2 m
2

( g /
 +
 h / ) (3.5) 

ro-i 

w h e r e 

g m , h m a r e t h e c o s i n e a n d s i n e c o e f f i c i e n t s f o r 

z o n a l w a v e n u m b e r m i n t h e F o u r i e r e x p a n s i o n 

o f T . 

S i m i l a r l y , t h e z o n a l - m e a n s p a t i a l v a r i a n c e o f t h e m e r i d i o n a l w i n d 

f i e l d i s g i v e n , u s i n g E q . 5 « 2 , b y 

fkcosf 

w h e r e a m , b m a r e t h e F o u r i e r c o e f f i c i e n t s f o r Z . 

5.5 Zonal-Mean Statistics for DW and LM Data. 

A s a t e s t o f a c c u r a c y f o r t h e DW r e s u l t s , a n d t o c o m p a r e b o t h DW 

a n d LM 

with OR, the zonal-mean statistics obtained from both DW and LM 

are here presented. Since OR heat transports are calculated from 

actual 500mb temperatures and winds, OR is taken as giving definitive 

values for the heat transport. 

T h e 5 0 0 m b s p a t i a l v a r i a n c e s , c o r r e l a t i o n s a n d h e a t t r a n s p o r t s a t 

4 5 ° a n d 5 5 ° N o b t a i n e d f r o m t h e s e d a t a - s e t s a r e g i v e n i n T a b l e s 5 « 3 a n d 

5 » 4 ; t h e r a t i o s o f t h e s e v a l u e s t o t h o s e i n OR a r e g i v e n i n T a b l e 5 . 5 . 

T h e DW v a l u e s a r e a v e r a g e s o f t h e 9 s e p a r a t e y e a r s a n a l y s e d . 



Table 3.3 

As Table 3-2a, but data from DW. 

45° N i 55° N 

[v *
2

] [ T *
2

] [ v^T*] r J v , T ) ! [v-
2

] [T*
2

] [v*T*] r_,(v,T) 

February- 32.9 15.8 9.5 .42 ! 37.9 17.6 10.1 .39 

March 23.7 8.6 5.8 .41 ! 23.2 10.9 6.8 .43 

March/February .78 .57 .68 .98 ! .63 .62 .68 1 .10 

Table 3 .4 

As Table 3.2a, but data from LM. 

45° N 
1 
1 55° N 

[v*
1

]
1 

[f*
1

] [v*T*] r
2
(v,T) ! [v*

?

] [T*
Z

] [v*T*] rz.(v,T) 

February 22.2 17.2 6.2 .32 ! 18.7 15.7 7.1 .41 

March 16.9 10.7 3.9 .29 ! 13.1 11.7 5.0 .40 

March/February .76 .62 .63 .91 ! .70 .74 .70 .98 



Table 3-5a 

Ratios of DW/OR values of quantities in Eq. 3.1 at 500mb, 45° and 55°N. 

4 5 ° N 5 5 ° N 

[ v * 1 ] [ v ' T * ] r 2 ( v , T ) [ v * 1 ] [ T * 2 ] [ v * ? * ] 

F e b r u a r y - 1 . 5 7 1 . 4 1 1 . 6 1 1 . 0 8 1 . 2 6 1 . 2 1 1 . 1 1 . 9 3 

M a r c h 1 . 4 8 1 . 3 9 1 . 3 5 . 9 1 1 . 4 5 1 . 2 2 1 . 1 5 . 9 0 

M a r c h / F e b r u a r y 1 . 0 3 1 . 0 4 . 9 3 . 8 9 1 . 1 9 1 . 0 2 1 . 0 5 1 . 0 0 

T a b l e 3.5b 

A s T a b l e 3 . 5 a , b u t r a t i o s L M / O R . 

4 5 ° N 5 5 ° N 

[ v * * ] [ T * l ] [ v * T * ] r x ( v , T ) [ v * 1 ] [ T * 2 ] [ v * T * ] 

F e b r u a r y 1 . 0 6 1 . 5 4 1 . 0 6 . 8 4 . 6 2 1 . 0 8 . 7 8 . 9 5 

M a r c h 1 . 0 6 1 . 7 3 . 9 1 . 6 7 . 8 2 1 . 3 1 . 8 5 . 8 2 

M a r c h / F e b r u a r y 1 . 0 0 1 . 1 3 . 8 6 . 8 1 1 . 3 2 1 . 2 1 1 . 0 8 . 8 6 
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F r o m t h e s e t a b l e s i t c a n b e s e e n t h a t DW d a t a p r o d u c e s v a r i a n c e s 

a n d h e a t t r a n s p o r t s m o r e t h a n 1 0 $ g r e a t e r t h a n O R ' s , e s p e c i a l l y a t 

4 5 ° N ; L M v a r i a n c e s a n d h e a t t r a n s p o r t s v a r y c o n s i d e r a b l y i n r e l a t i o n 

t o O R ' s , a n d t h e M a r c h / F e b r u a r y r a t i o s f o r DW a r e c l o s e r t o O R ' s t h a n 

a r e L M ' s . B o t h s e t s d o h o w e v e r s h o w t h e s a m e f e a t u r e s a s O R , n a m e l y 

t h a t t h e f a l l i n h e a t t r a n s p o r t f r o m F e b r u a r y t o M a r c h i s d u e t o 

c h a n g e s i n t h e v a r i a n c e s r a t h e r t h a n i n t h e i r c o r r e l a t i o n , r o u g h l y 

e q u a l l y d i s t r i b u t e d b e t w e e n t h e m a t 5 5 ° N b u t l a r g e r i n [ v * * ] a t 4 5 ° N . 

I t i s n o t i c e a b l e t h a t b o t h DW a n d LM u n d e r e s t i m a t e t h e c h a n g e s i n 

t h e v a r i a n c e s c o m p a r e d w i t h O R , e s p e c i a l l y a t 4 5 ° N ; t h e y o v e r e s t i m a t e 

t h e f a l l i n h e a t t r a n s p o r t a t 4 5 ° N a n d u n d e r e s t i m a t e t h a t a t 5 5 ° N . 

T h i s s u g g e s t s t h a t c h a n g e s v i s i b l e i n m a p s o r s e c t i o n s o f t h e s e f i e l d s 

c a l c u l a t e d f r o m DW o r LM w i l l i n m o s t c a s e s b e s m a l l e r t h a n t h o s e t o 

b e f o u n d i n O R ' s o r i g i n a l d a t a - s e t . 

T h e d i f f e r e n c e b e t w e e n A p r i l a n d N o v e m b e r h e a t t r a n s p o r t s i s 

m a r k e d i n DW: 3 - 3 a n d 7 . 6 Kms""1 f o r t h e t w o m o n t h s r e s p e c t i v e l y ; i t i s 

n o t s o o b v i o u s i n LM ( s e e b e l o w ) . 

T h e r e i s o f c o u r s e n o s t r o n g r e a s o n t o s u p p o s e t h a t OR d e f i n e s 

t h e l o n g - t e r m c l i m a t i c m e a n s m o r e a c c u r a t e l y t h a n t h e o t h e r t w o 

d a t a - s e t s ( e x c e p t t h a t t h e a n a l y s i s i s m o r e r i g o r o u s a n d c o m p l e t e ) , 

s i n c e a l l a r e f o r d i f f e r e n t p e r i o d s , a n d o f t h e s e OR s p a n s t h e 

s h o r t e s t t i m e . I n f a c t , t h e f i e l d s d e s c r i b e d b y LM a r e p r o b a b l y 

c l o s e s t t o t h e l o n g - t e r m m e a n a s t h e y a r e f o r t h e l o n g e s t p e r i o d , 

d e s p i t e t h e t r u n c a t i o n s i n s p a c e a n d t i m e . 

I t s e e m s r e a s o n a b l e t o u s e r e s u l t s f r o m b o t h DW a n d LM t o o b t a i n 

a q u a l i t a t i v e d e s c r i p t i o n o f t h e c h a n g e i n t h e c i r c u l a t i o n f r o m 
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E«t (Kms-'I 

F i g . 5 0 0 m b z o n a l - m e a n s t a t i o n a r y e d d y s e n s i b l e h e a t t r a n s p o r t a t 

5 5 ° N a g a i n s t s q u a r e o f m e r i d i o n a l e n t r o p y g r a d i e n t , f r o m 

L M d a t a . 
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F e b r u a r y t o M a r c h , b u t n o t t o r e g a r d t h e m a s q u a n t i t a t i v e l y a c c u r a t e , 

s i n c e b o t h h a v e d e f i c i e n c i e s i n t h e i n f o r m a t i o n p r e s e n t e d . 

T h e a n n u a l c y c l e o f s t a t i o n a r y e d d y s e n s i b l e h e a t t r a n s p o r t a t 

5 5 ° N p l o t t e d a g a i n s t A , b o t h t a k e n f r o m L M , i s s h o w n i n F i g . 3 . 1 . 

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

b e h a v i o u r , s a v e t h a t N o v e m b e r n o l o n g e r d i s p l a y s s u c h a n a n o m a l o u s l y 

l a r g e t r a n s p o r t . A l s o , t h e s h a r p f a l l i n h e a t t r a n s p o r t f r o m F e b r u a r y 

t o M a r c h s e e n i n F i g . 1 . 1 b i s h e r e s p r e a d o v e r J a n u a r y t o M a r c h , t h e 

f a l l o v e r t h i s p e r i o d b e i n g p r o p o r t i o n a l l y t h e s a m e a s t h a t f o r 

F e b r u a r y - M a r c h i n O R . T h i s m a y b e d u e t o t h e t e m p o r a l t r u n c a t i o n a t 

f o u r a n n u a l h a r m o n i c s ( s e e S e c t i o n 3 - 2 . 1 b ) , i n d i c a t i n g t h a t t h e 

t e m p e r a t u r e a n d / o r g e o p o t e n t i a l h e i g h t f i e l d s d o n o t c h a n g e t h a t 

s m o o t h l y ; h o w e v e r , t h e r e s o l u t i o n i s a d e q u a t e f o r o u r p u r p o s e s a s i t 

s h o w s t h e d e s i r e d t w o - v a l u e d b e h a v i o u r . 

I b e l i e v e t h e r e f o r e t h a t t h e t w o - v a l u e d b e h a v i o u r o f z o n a l - m e a n 

s t a t i o n a r y e d d y h e a t t r a n s p o r t w i t h r e s p e c t t o e n t r o p y g r a d i e n t i s a 

g e n u i n e p r o p e r t y o f t h e v a r i a t i o n o f a t m o s p h e r i c e d d y h e a t t r a n s p o r t s , 

s i n c e i t i s r e p r o d u c e d i n t w o d a t a - s e t s c o v e r i n g d i f f e r e n t p e r i o d s o f 

t i m e a n d i n d e p e n d e n t l y d e r i v e d ; i t s m o s t o b v i o u s m a n i f e s t a t i o n , t h e 

s h a r p f a l l f r o m F e b r u a r y t o M a r c h , i s a l s o s e e n i n t h e t h i r d s e t ( D W ) . 

3«4 Statistical Tests. 

I n o r d e r t o b e c e r t a i n t h a t t h e o b s e r v e d b e h a v i o u r o f t h e 

s t a t i o n a r y e d d y s e n s i b l e h e a t t r a n s p o r t i s s i g n i f i c a n t , a k n o w l e d g e o f 

t h e i n t e r a n n u a l v a r i a t i o n i s r e q u i r e d . S u c h a s t u d y w a s u n d e r t a k e n b y 

H s i a o ( 1 9 7 9 ) b u t o n l y c o v e r s t h e m o n t h s o f J a n u a r y , A p r i l , J u l y a n d 

O c t o b e r ; O o r t ' s e a r l i e r ( 1 9 7 7 ) s t u d y i s e v e n m o r e p a r t i a l . We h a v e 
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t h e r e f o r e u s e d t h e r e s u l t s f r o m DW t o l o o k a t d i f f e r e n c e s i n t h e 

s t a t i o n a r y e d d y s e n s i b l e h e a t t r a n s p o r t a t 5 5 ° N . 

E r r o r - b a r s s h o w n i n F i g . 1 . 1 a r e 1 s t a n d a r d e r r o r . F o r F e b r u a r y 

- M a r c h a n d A p r i l - N o v e m b e r , t h e y s h o w t h a t i t i s i m p r o b a b l e t h a t t h e 

h e a t t r a n s p o r t s f o r e a c h p a i r o f m o n t h s a r e i n f a c t t h e s a m e . T h e 

h y p o t h e s i s t h a t t h e v a l u e s o f h e a t t r a n s p o r t f o r e a c h o f t h e n i n e 

F e b r u a r i e s a n d n i n e M a r c h e s a r e i n f a c t p a r t o f t h e s a m e p o p u l a t i o n 

( a n d h e n c e t h a t t h e h e a t t r a n s p o r t i s r e a l l y t h e s a m e f o r t h e t w o 

m o n t h s ) c a n b e t e s t e d u s i n g S t u d e n t ' s t , s i m i l a r l y f o r t h e s e v e n 

A p r i l s a n d N o v e m b e r s ( d a t a b e i n g i n c o m p l e t e f o r t h e s e m o n t h s i n t w o o f 

t h e y e a r s ) . T h e v a l u e s o f t a r e : -

F e b r u a r y - M a r c h : t = 3 « 3 0 ( 1 6 d e g r e e s o f f r e e d o m ) 

A p r i l - N o v e m b e r : t = 3 * 5 1 ( 1 2 d e g r e e s o f f r e e d o m ) 

T h e s e v a l u e s m e a n t h a t t h e t w o s e t s o f v a l u e s f o r e a c h p a i r o f 

m o n t h s b e l o n g t o d i f f e r e n t p o p u l a t i o n s t o b e t t e r t h a n 9 9 $ c o n f i d e n c e , 

i e t h a t t h e h e a t t r a n s p o r t s i n F e b r u a r y a n d M a r c h a r e n o t t h e s a m e 

( s i m i l a r l y A p r i l a n d N o v e m b e r ) . 

T h e s y s t e m a t i c n a t u r e o f t h e d e v i a t i o n f r o m t h e r e g r e s s i o n - l i n e 

o f b o t h t h e t o t a l a n d s t a t i o n a r y e d d y h e a t t r a n s p o r t a l s o s u g g e s t s 

t h a t t h e t w o - v a l u e d n a t u r e o f t h e p l o t i s a p h y s i c a l r a t h e r t h a n a 

s t a t i s t i c a l p h e n o m e n o n . 

T a b l e 3 * 6 s h o w s t h e s t a t i o n a r y e d d y h e a t t r a n s p o r t f o r t h e f o u r 

k e y m o n t h s i n t h e i n d i v i d u a l y e a r s ( a s c a l c u l a t e d f r o m DW) , a n d t h e 

r a t i o s f o r e a c h p a i r o f m o n t h s . F r o m t h i s , a n d f r o m t h e r e s u l t s o f 

S e c t i o n 3 « 3 a b o v e , i t i s c l e a r t h a t t h e t w o - v a l u e d b e h a v i o u r o f t h i s 

t r a n s p o r t i s n o t l i m i t e d t o o n e o r t w o h i g h l y a n o m a l o u s y e a r s , o r e v e n 



Table 3-6 

S t a t i o n a r y e d d y s e n s i b l e h e a t t r a n s p o r t a t 5 0 0 m b , 5 5 ° N f o r f o u r k e y m o n t h s . 

1967 1968 1969 1970 1971 1972 1975 1976 1977 MEAN 

F e b r u a r y 12.8 8.5 11.1 10.4 6.8 8.8 11.2 10.5 10.9 10.1 

M a r c h 7.9 5.0 7.5 10.2 6.8 5.5 5.4 10.2 5.1 6.8 

A p r i l 5.7 1.6 4.5 2.1 2.1 2.5 - 5.0 - 5.5 

N o v e m b e r 10.8 7.2 7.0 5.2 6.4 7.0 - 11.5 - 7.6 

M a r c h / F e b r u a r y .62 .45 .66 .98 • 1.00 .60 .48 .97 .47 .68 

A p r i l / N o v e m b e r .55 .22 .61 .66 • 55 .56 _ .45 _ .45 
CM 
CD 

i 
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to one period of a few years, but is a regular phenomenon (though it 

does not occur in every year - this will be discussed further in 

Section 3*7) characteristic of the annual variation of the atmospheric 

circulation. 

We conclude that the two-valued behaviour of stationary eddy 

sensible heat transport with respect to meridional entropy gradient is 

a statistically significant phenomenon occuring in many years. 

3«5 Spatial Variation of 500mb Stationary Eddy Heat Transport. 

Fig. 3*2 shows the stationary eddy meridional sensible heat 

transport at 500mb over most of the Northern Hemisphere for January, 

February and March, calculated from LM. The component wind and 

temperature fields are shown in Figs. 3«3 and 3»4, the geopotential 

height field in Fig. 3»5« 

Fig. 3»2 shows two main regions of strong poleward heat 

transport in January, the stronger centred over NE China, and to the 

southwest of the centre of a trough over the North Pacific; the second 

is centred at about 50°N 35°W, over the Atlantic. There is a smaller 

maximum over the eastern Pacific, and a region of southward heat 

transport NE of Japan (SE of the Pacific trough). The maximum 

associated with the Pacific trough is due to strong southward transfer 

of cold air; that over the Atlantic results from poleward transport of 

warm air. The latitude of maximum heat transport is 50°N for all 

these months. The February map is similar to that for January: the 

maxima are in the same place, but slightly reduced in amplitude. 

The March map shows clearly that while the peaks in heat 

transport remain in the same place, that to the southwest of the 
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3u w 

Fig. 3*2: 500mb stationary eddy sensible heat transport (meridional 
component) in January, February and March, from LM data. 
Units: Kms

- 1

 . 



:n jpy -a march 

Fig. 3.3: 500mb meridional wind in January, February and March, from 
LM data Units: ms"

1

 . 



500MB TEMPER°TURE F I E L D ON DRY 74 M A R C H 

3.4: 500mb temperature in January, February and March, from 
data. Units: °C. 
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Fig. 3-5: 500mb geopotential height in January, February and March, 
from LM data. Units: 10gpm. 
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Pacific trough in particular is much reduced in amplitude; that over 

the Atlantic, and the region of southward transport over the Pacific, 

are also smaller in intensity. 

Dividing the latitude circle 55° N into regions of peaks and 

troughs in the heat transport, the heat transports for each month, and 

the change to March, are given in Table 3*7 below. The boundaries 

between sectors are in general intended to be points where the flux 

changes sign; the boundary longitudes given are the outer grid-points 

used in calculating each sector contribution. 

It is clear from this that two-thirds or more of the change from 

January to March is accounted for by the fall in heat transport to the 

southwest of the Pacific trough, the Atlantic peak also contributing 

an important fraction. Thus the large change in heat transport during 

these months is concentrated in two regions of large poleward heat 

transport which together cover only one-third of the latitude circle. 

Table 3-7 

Heat Transport Contributions at 55°N by Sectors for January, February 

and March (Units: Kms"' ). 

CHANGE 

Sector January February March Mar-Jan Mar-Feb 

0° - 60° E -.9 -.6 -.2 + .7 + .4 

70° E - 140° E 6.2 5-5 3.8 -2.4 -1 .7 

150° E -180° -1 .5 -1 .5 -1.2 -.7 + .3 

170° W -130° W 1.1 .8 .4 -.7 -.4 

120° W -60° W • 3 . 1 .2 -.2 + . 1 

50° W - 10°W 3.2 2.8 1 -9 -1.3 -.9 

ZONAL MEAN 8.5 7.1 5-0 3-5 2.1 
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F r o m F i g s . 3 . 3 - 3 - 5 i t i s s e e n t h a t t h e c h a n g e i n h e a t 

t r a n s p o r t i s d u e t o b o t h t h e w i n d a n d t e m p e r a t u r e f i e l d s b e c o m i n g l e s s 

z o n a l l y a s y m m e t r i c ( t h e f l o w i s m o r e z o n a l ) . I n p a r t i c u l a r , t h e 

P a c i f i c t r o u g h i s m u c h l e s s d e e p i n M a r c h ; t h e a s s o c i a t e d t e m p e r a t u r e 

t r o u g h i s a l s o s m a l l e r i n a m p l i t u d e . T h u s t h e f a l l i n h e a t t r a n s p o r t 

i s d u e p r i n c i p a l l y t o t h e d e c a y o f t h e P a c i f i c t r o u g h a n d a l s o t h a t 

o v e r c e n t r a l N o r t h A m e r i c a , o c c u r s i n a r e l a t i v e l y n a r r o w r e g i o n , a n d 

i s a s s o c i a t e d w i t h r e d u c t i o n i n l o n g i t u d i n a l c o n t r a s t s a s w e l l a s 

m e r i d i o n a l o n e s . 

T h e m e a n v a l u e s o f v a n d T i n t h e t w o k e y s e c t o r s a r e g i v e n i n 

T a b l e 3 - 8 . 

T a b l e 3 - 8 

M e a n v * a n d T * a t 5 0 0 m b , 5 5 ° N i n k e y s e c t o r s f o r J a n u a r y - M a r c h , f r o m 

L e j e n a s a n d M a d d e n ( 1 9 8 2 ) 

v * ( m s - ' ) T * ( K ) 

7 0 ° E - 1 4 0 ° E 5 0 ° W - 1 0 ° W 7 0 ° E - 1 4 0 ° E 5 0 ° W - 1 0 ° W 

J a n u a r y - 4 . 6 5 . 5 - 5 . 0 4 . 7 

F e b r u a r y - 4 . 5 5 . 0 - 4 . 7 4 . 5 

M a r c h - 4 . 0 3 - 9 - 3 - 8 4 . 1 

T h i s s h o w s t h a t i n t h e P a c i f i c s e c t o r i t i s t h e t e m p e r a t u r e f i e l d 

w h i c h c h a n g e s m o s t , w h e r e a s o v e r t h e A t l a n t i c m u c h o f t h e c h a n g e i s i n 

t h e w i n d f i e l d . F i g . 3 * 4 s h o w s t h i s c l e a r l y : o v e r t h e N o r t h P a c i f i c 

r e g i o n , v e r y c o l d a i r ( a r o u n d - 4 0 ° C ) i s n o l o n g e r b e i n g b r o u g h t 

s o u t h w a r d s i n M a r c h ( d u e t o t h e c h a n g e i n i n t e n s i t y o f t h e t r o u g h 

t h e r e ) , w h e r e a s t h e d e c r e a s e i n a m p l i t u d e o f t h e t r o u g h o v e r C a n a d a 

h a s l i t t l e e f f e c t o n t h e t e m p e r a t u r e f i e l d a r o u n d t h a t r e g i o n , b u t 
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r e s u l t s i n i n c r e a s e d z o n a l i t y o f t h e f l o w a n d h e n c e s m a l l e r m e r i d i o n a l 

w i n d s . 

I t w a s s u g g e s t e d e a r l i e r t h a t [ v * 1 ] a n d c h a n g e b y a b o u t t h e 

s a m e a m o u n t f r o m F e b r u a r y t o M a r c h : i f t h e p r i n c i p a l f e a t u r e s o f t h e 

s t a t i o n a r y w a v e p a t t e r n a r e t h e r m a l l y - f o r c e d , t h e n w e s h o u l d e x p e c t 

t h i s t o b e t r u e l o c a l l y a l s o . T h e P a c i f i c t r o u g h i s p r o b a b l y d u e t o 

t h e r m a l f o r c i n g ( s t r o n g h e a t i n g i n t h e r e g i o n o f t h e K u r o s h i o c u r r e n t : 

s e e n e x t c h a p t e r , S e c t i o n s 4 - 1 - 6 a n d 4 - 3 * 3 ) : t h e r e s u l t s a b o v e a p p e a r 

a t f i r s t s i g h t i n c o n s i s t e n t w i t h t h i s , b u t i t m u s t b e b o r n e i n m i n d 

t h a t t h e t e m p e r a t u r e a n d m e r i d i o n a l w i n d f i e l d s a r e n o t i n p h a s e , a n d 

s o t h e s e c t o r s c h o s e n a b o v e d o n o t c o v e r e q u i v a l e n t p a r t s o f t h e s e t w o 

f i e l d s ( e g 4 0 ° e i t h e r s i d e o f t h e m a x i m a i n e a c h ) . 

T h e f a l l i n h e a t t r a n s p o r t f r o m J a n u a r y t o M a r c h i s t h e r e f o r e d u e 

t o t h e r e d u c e d i n t e n s i t y o f t h e t w o t r o u g h s w h c i c h d o m i n a t e t h e m i d -

a n d h i g h - l a t i t u d e c i r c u l a t i o n i n w i n t e r , i n p a r t i c u l a r t h a t o v e r 

e a s t e r n S i b e r i a ; t h e c h a n g e i n t h i s h a s a p a r t i c u l a r l y m a r k e d e f f e c t 

o n t h e a s s o c i a t e d t e m p e r a t u r e f i e l d . T h e d i f f e r e n c e s b e t w e e n t h e 

A p r i l a n d N o v e m b e r f i e l d s a r e s i m i l a r t o t h o s e f o r J a n u a r y - M a r c h , 

t h o u g h t h e d i f f e r e n c e s b e t w e e n t h e t e m p e r a t u r e f i e l d s i n t h e A t l a n t i c 

s e c t o r m a k e a s i g n i f i c a n t c o n t r i b u t i o n t o t h e d i f f e r e n c e i n h e a t 

t r a n s p o r t i n t h a t r e g i o n b e t w e e n t h e t w o m o n t h s . T h e p r o b l e m o f w h y 

t h e s t a t i o n a r y e d d y h e a t f l u x v a r i e s a s i t d o e s t h r o u g h t h e y e a r i s 

t h u s r e d u c e d t o e x p l a i n i n g w h y t h e s e t w o t r o u g h s c h a n g e a s t h e y d o : 

t h i s i s d i s c u s s e d i n C h a p t e r s 4 a n d 5 . 
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3.6 Fourier Analysis. 

I n t r o d u c t i o n . 

A n a l t e r n a t i v e a p p r o a c h t o t h e s t u d y o f t h e a n n u a l v a r i a t i o n o f 

e d d y h e a t t r a n s p o r t s i s t o c a r r y o u t a F o u r i e r a n a l y s i s o f t h e 

c o m p o n e n t f i e l d s ( w h e n c e t h e F o u r i e r a n a l y s i s o f t h e i r p r o d u c t , i e t h e 

h e a t t r a n s p o r t , c a n b e d e r i v e d ) . T h i s i s o f p a r t i c u l a r v a l u e f o r 

s p e c t r a l c l i m a t e m o d e l s , e n a b l i n g c o m p a r i s o n f o r i n d i v i d u a l m o d e s 

b e t w e e n r e a l a n d m o d e l a t m o s p h e r e s , a n d a l s o y i e l d s i n f o r m a t i o n o n 

b o t h t h e z o n a l - m e a n a n d z o n a l l y - a s y m m e t r i c c o m p o n e n t s o f t h e h e a t 

t r a n s p o r t f i e l d , a s w e l l a s o n t h e s p a c e - s c a l e o f t h e v a r i a t i o n s . L M 

a l r e a d y h a s t h e F o u r i e r a n a l y s i s o f t h e c o m p o n e n t f i e l d s ; t h o s e i n DW 

r e q u i r e F o u r i e r a n a l y s i s ; t h e b r e a k d o w n o f t h e h e a t t r a n s p o r t i n t o 

i n t e r a c t i o n s b e t w e e n p a i r s o f w a v e n u m b e r s ( o n e i n w i n d , t h e o t h e r i n 

t e m p e r a t u r e ) n e e d s t o b e c a r r i e d o u t f o r b o t h s e t s . 

11 . 

S e v e r a l o t h e r s t u d i e s b e s i d e s t h a t o f L e j e n a s a n d M a d d e n ( o p . 

c i t . ) h a v e d e s c r i b e d 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 i n t e r m s o f z o n a l o r 

s p h e r i c a l h a r m o n i c s . E l i a s e n ( 1 9 5 8 ) l o o k e d a t t h e 5 0 0 m b a n d 1 0 0 0 m b 

g e o p o t e n t i a l h e i g h t , k i n e t i c e n e r g y a n d m o m e n t u m t r a n s p o r t f o r 

O c t o b e r - N o v e m b e r 1 9 5 0 , f i n d i n g t h a t a t 5 0 ° N a n d 6 0 ° N z o n a l w a v e n u m b e r s 

1 , 2 a n d 3 d o m i n a t e d . V a n L o o n , J e n n e a n d L a b i t z k e ( 1 9 7 3 ) s t u d i e d t h e 

a m p l i t u d e a n d p h a s e o f t h o s e t h r e e w a v e n u m b e r s i n J a n u a r y a n d J u l y 

( w h i c h a t 5 0 ° N a c c o u n t i n J a n u a r y f o r 9 6 $ o f t h e t o t a l v a r i a n c e o f 

g e o p o t e n t i a l h e i g h t ) , f o r g e o p o t e n t i a l h e i g h t f r o m t h e s u r f a c e u p t o 

10mb i n t h e N o r t h e r n H e m i s p h e r e , a n d a l s o t h e t r o p o s p h e r i c t e m p e r a t u r e 

w a v e s a t s e l e c t e d l a t i t u d e s . T h e i r d a t a - s e t c o m e s f r o m t h e y e a r s 

1 9 6 4 - 1 9 7 0 . F o r t h e g e o p o t e n t i a l h e i g h t a t 5 0 ° N a n d 5 0 0 m b , t h e i r 

r e s u l t s a r e v e r y s i m i l a r t o t h o s e o f L M , b o t h i n l o n g i t u d i n a l 

c r o s s - s e c t i o n a n d i n t h e F o u r i e r a m p l i t u d e s . W a v e n u m b e r 1 i s 
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s t r o n g e s t , w i t h w a v e n u m b e r s 2 a n d 3 e q u a l i n a m p l i t u d e ( w a v e n u m b e r 3 

i s s m a l l e r i n L M ) . 

T h e s e a n d o t h e r s t u d i e s h a v e g e n e r a l l y c o n c e n t r a t e d o n t h e 

g e o p o t e n t i a l h e i g h t f i e l d , e i t h e r f o r s e a s o n s o r f o r s i n g l e 

n o n - c o n s e c u t i v e m o n t h s . I n t h i s s e c t i o n , F o u r i e r a n a l y s i s o f 

t e m p e r a t u r e a n d w i n d f i e l d s a t 5 0 0 m b , p r i n c i p a l l y f o r t h e m o n t h s 

J a n u a r y , F e b r u a r y a n d M a r c h , w i l l b e p r e s e n t e d , t o g e t h e r w i t h t h e 

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

3 - 6 . 1 M e t h o d s o f F o u r i e r A n a l y s i s o f F i e l d s . 

T h e F o u r i e r r e p r e s e n t a t i o n o f s o m e q u a n t i t y A * a t l o n g i t u d e o n 

•if 

a l a t i t u d e c i r c l e , w i t h A d e f i n e d a t 2M p o i n t s o n t h e c i r c l e , i s 

g i v e n b y 

* na ^ 
A O ) = n A + 2 » b m s i n m/} ( 3 * 7 ) 

i i 

A z o n a l h a r m o n i c a n a l y s i s w a s a p p l i e d t o t h e v * a n d T f i e l d s 

c a l c u l a t e d f r o m DW d a t a f o r e a c h m o n t h u s e d , c o v e r i n g j u s t z o n a l 

w a v e n u m b e r s 1 - 6 . T h i s i s s u f f i c i e n t t o r e p r e s e n t n e a r l y a l l ( > 9 9 $ ) 

o f t h e m o n t h l y - m e a n f i e l d s , a n d i s a l s o a p r a c t i c a l l i m i t s i n c e h i g h e r 

w a v e n u m b e r s a r e n o t w e l l r e p r e s e n t e d b y 3 6 p o i n t s . E q . ( 3 * 3 ) m a y 

t h e r e f o r e b e w r i t t e n , i n a m p l i t u d e a n d p h a s e f o r m , a s 

< 4-
A * 0 ) * Z c ^ o s t n a - X J (3.8 

w h e r e 

= a j + b ^
1 

9 0 = t a n " 1 ( b ^ / a j 
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The contribution L b y wavenumber m to the variance ! is given 

by 

This is the form used in the presentation of the analysis of DW. 

Given the cosine and sine coefficients of meridional wind (a
m
, 

b
m
^ and temperature (g

A
, h

n
) for the wavenumbers m and n respectively 

in these fields, the contribution of that particular combination of 

wavenumbers to the heat transport can be calculated. There is a 

contribution to two wavenumbers: Cm + n) and |m - n| . Let the cosine 

and sine coefficients for one wavenumber of the heat transport be d 

and e respectively; then 

d

l«»-n|
 =

 t 

= 1 Ca^g
0
 - b

( A
h

n
) 

= { ( a j ^ g j (3.10) 

^he cosine and sine coefficients for each wavenumber 1 in the 

heat transport can be obtained by summing all the coefficients d and e 

for which |m - n| = 1 and (m + n) = 1. The total heat transport at 

longitude is then given by 

= 2 Z U u - |
c

°s(|m-n l A )
 +

 e sin(U-n|)) 
m : | A s l ' '** 

+

 d ^ c o s C C m + n ^ ) + e ^ s i n f (m+nVA) J (3.11) 
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W h e n m = n , t h e w i n d a n d t e m p e r a t u r e f i e l d s i n t e r a c t t o p r o d u c e 

w a v e n u m b e r s 1 = 0 a n d 1 = 2m i n t h e h e a t t r a n s p o r t : t h e f o r m e r i s t h e 

z o n a l - m e a n , w h i c h i s t h u s g i v e n b y 

(3.12) 
m: | 

T h u s t h e z o n a l - m e a n s t a t i o n a r y e d d y s e n s i b l e h e a t t r a n s p o r t c a n 

b e b r o k e n d o w n b y w a v e n u m b e r s i n t h e c o n s t i t u e n t f i e l d s ; i t i s d u e 

o n l y t o i n t e r a c t i o n s b e t w e e n t h e s a m e w a v e n u m b e r s i n b o t h f i e l d s . 

T h i s c o m p o n e n t c a n b e d e c o u p l e d f r o m t h e z o n a l l y - a s y m m e t r i c p a r t o f 

t h e h e a t t r a n s p o r t , w h i c h i s c o m p o s e d o f i n t e r a c t i o n s b e t w e e n b o t h 

i d e n t i c a l a n d d i f f e r e n t w a v e n u m b e r s i n t h e c o n s t i t u e n t f i e l d s . 

3 . 6 . 2 F o u r i e r A n a l y s i s o f W i n d a n d T e m p e r a t u r e F i e l d s . 

T h e a m p l i t u d e s , p h a s e s a n d c o n t r i b u t i o n s t o t h e v a r i a n c e o f t h e 

5 0 0 m b , 5 5 ° N m e r i d i o n a l w i n d a n d t e m p e r a t u r e f i e l d s f o r F e b r u a r y a n d 

M a r c h f r o m DW a n d f o r J a n u a r y a n d M a r c h f r o m LM a r e g i v e n i n F i g s . 

3 . 6 a a n d 3 . 6 b r e s p e c t i v e l y . I n g e n e r a l b o t h s e t s s h o w t h e s a m e 

f e a t u r e s i n b o t h f i e l d s , e s p e c i a l l y f o r w a v e n u m b e r s 1 - 3 ; t h e 

c o n t r i b u t i o n s t o t h e v a r i a n c e s a r e p a r t i c u l a r l y c l o s e . T h e p h a s e s 

f r o m LM g e n e r a l l y s e e m t o l i e 1 0 ° - 2 0 ° e a s t o f t h o s e f r o m DW, a n d 

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

s o m e 1 0 ° l a r g e r ; i t i s d i f f i c u l t t o s a y w h y t h i s s h o u l d b e s o . 

I n J a n u a r y ( L M ) a n d F e b r u a r y ( D W ) , t h e s t r o n g e s t w a v e n u m b e r i n 

t h e t e m p e r a t u r e f i e l d i s w a v e n u m b e r 2 , w i t h w a v e n u m b e r 1 t h e n e x t 

s t r o n g e s t ; b e s i d e s t h e s e o n l y w a v e n u m b e r s 3 a n d 4 c o n t r i b u t e 

s i g n i f i c a n t l y . T h e m o s t s i g n i f i c a n t f a l l t o M a r c h i s i n w a v e n u m b e r 2 ; 

w a v e n u m b e r 1 i s h a r d l y c h a n g e d , w a v e n u m b e r 3 c h a n g e s b y m o r e b u t 



Fig. 3.6a: Amplitudes (c
n
) , phases ( % 0 and variance contributions 

(<c
n
) of February (• •) and March (* $ temperature 

and meridional wind at 500mb, 55° N against wavenumber 
(n), from DW data. 
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Fig. 3.6b: As Fig. 3*6a, but for January (• •) and March (*- •*) , 
from LM data. 
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c o n t r i b u t e s l e s s t o t h e v a r i a n c e i n t h e f i r s t p l a c e . W a v e n u m b e r s 1 - 4 

c o n t r i b u t e o v e r 9 9 . 5 $ o f t h e v a r i a n c e i n t h e t e m p e r a t u r e f i e l d i n a l l 

t h r e e m o n t h s . 

W a v e n u m b e r 3 i n t h e w i n d f i e l d d i f f e r s a l i t t l e b e t w e e n DW a n d 

L M . I n LM i t i s j u s t s t r o n g e r t h a n w a v e n u m b e r 2 i n J a n u a r y , a n d d r o p s 

c o n s i d e r a b l y t o M a r c h ; i n DW w a v e n u m b e r 2 i s s t r o n g e s t i n F e b r u a r y , 

a n d h a s t h e l a r g e s t d r o p t o M a r c h , w h i l e w a v e n u m b e r 3 b e c o m e s t h e m o s t 

i m p o r t a n t t h e n . W a v e n u m b e r 3 b e i n g s m a l l e r t h a n w a v e n u m b e r 2 i n DW 

( F e b r u a r y ) b u t l a r g e r i n LM ( J a n u a r y ) s e e m s t o b e b e c a u s e t h e r e i s 

a l m o s t n o c o n t r i b u t i o n f r o m w a v e n u m b e r 3 i n 1 9 7 2 ; t h e d i s c r e p a n c y f o r 

M a r c h h a s n o o b v i o u s c a u s e . 

T h e c u t - o f f i n s i g n i f i c a n c e f o r t h e w i n d f i e l d i s a t a h i g h e r 

w a v e n u m b e r t h a n f o r t h e t e m p e r a t u r e f i e l d : t h i s i s e a s i l y e x p l a i n e d b y 

t h e f a c t t h a t v * x , w h i c h i n t h e F o u r i e r e x p a n s i o n o f v * m e a n s 

t h a t c ^ o c m ( w h e r e , a s b e f o r e , c ^ = + b ^ ) . ' 

T h u s b o t h t e m p e r a t u r e a n d w i n d f i e l d s a r e s i g n i f i c a n t l y m o d i f i e d 

i n M a r c h b y t h e l a r g e f a l l i n t h e a m p l i t u d e o f w a v e n u m b e r 2 f r o m 

J a n u a r y ' a n d F e b r u a r y ; t h e w i n d f i e l d i s a l s o a f f e c t e d b y t h e c h a n g e i n 

w a v e n u m b e r 3 . A t 5 5 ° N , t h e s e w a v e n u m b e r s a r e e q u i v a l e n t t o 

w a v e l e n g t h s o f a r o u n d 11 0 0 0 k m a n d 7 5 0 0 k m r e s p e c t i v e l y . T h i s m e a n s 

t h a t t h e - m o n t h l y - m e a n h e i g h t a n d t e m p e r a t u r e w a v e s a r e g e n e r a t e d b y 

l o n g i t u d i n a l v a r i a t i o n s o n t h e s c a l e o f c o n t i n e n t - o c e a n c o n t r a s t s ; 

h e n c e t h e c a u s e o f t h e c h a n g e i n e d d y h e a t t r a n s p o r t f r o m F e b r u a r y t o 

M a r c h ' i s l i k e l y t o b e o n t h i s s c a l e a l s o . We s h a l l r e t u r n t o t h i s 

i d e a i n C h a p t e r s 4 a n d 5 -



Table 3-9- 'ESHF' is Stationary Eddy Sensible Heat Transport. 

FOURIER ANALYSIS OF FEB (DV) ESHF FIELD 

N C PHASE N C PHASE 

0 6.62 0 3 9.82 -70 
1 7.66 64 4 7.87 17 
2 2.82 64 

SPATIAL VARIANCE OF ESIIF FIELD - 112.48 

FOURIER ANALYSIS OF FEB (DV) ESHF FIELD 

N C PHASE N C PHASE 

0 0.76 0 4 2. ,00 95 
1 2.13 135 5 10. .65 -86 
2 7.00 -73 6 3- 13 164 

3 9.62 -73 

SPATIAL VARIANGE OF ESHF FIELD - 138.66 

FOURIER AHALYSIS OF FEB (DW) ESHF FIELD 

N C PHASE N C PHASE 

0 8.96 0 5 6.80 -107 
1 • 59 -179 6 9.05 -157 
2 5.38 -106 7 3.76 115 
3 13-05 -83 8 1.23 70 
4 2.00 -03 

SPATIAL .VARIANCE OF ESHF FIELD - 173-62 

FOURIER AHALYSIS OF FEB (DV) ESHF FIELD 

N C PHASE II C PHASE 

0 9-07 0 6 6. .74 -143 
1 1.07 179 7 7. .34 99 
2 5.13 -119 8 2. .25 9 
3 12.78 -70 9 1. .20 -64 
4 4.74 103 10 .27 156 
5 6.60 103 

SPATIAL VARIANCE OF ESHF FIELD - 182.72 

FOURIER ANALYSIS OF FEB (DW) ESHF FIELD 

N C PHASE N C PHASE 

0 9-07 0 7 7.69 104 
1 1.14 169 8 2.06 -6 
2 5.14 -115 9 • 93 -61 
3 13.41 -70 10 .27 146 

4 5.04 117 11 .07 -145 
. 5 7.54 -103 12 .04 14 
6 6.74 -103 

FOURIER ANALYSIS OF MAR (DW) ESHF FIELD 

1 C PHASE N c PHASE 

0 4.15 0 3 6. .44 -51 
1 4.69 61 4 3. .62 31 
2 2.54 61 

. SPATIAL VARIANCE OF ESHF FiELD - 41.49 

FOURIER ANALYSIS OF HAR (DW) ESHF FIELD 

N C PHASE N C PHASE 

0 5-71 0 4 4.11 135 
1 2.89 122 5 6.29 -105 
2 6.93 -102 6 2.52 117 
3 6.44 -102 

SPATIAL VARIANCE OF ESHF FIELD - 80.32 

FOURIER ANALYSIS OF HAR (DW) ESHF FIELD 

N C PHASE N C PHASE 

0 5-88 0 5 6.07 -133 
1 1.85 !09 6 2.95 -178 
2 7.16 -117 7 2.22 97 
3 7.65 -68 8 .48 80 
4 4.11 -68 

SPATIAL VARIANCE Or ESHF FIELD • 90.42 

FOURIER ANALYSIS OF HAR (DW) ESHF FIELD 

H C PHASE N C PHASE 

0 5.88 0 6 3.03 152 
1 1.74 116 7 2-95 121 
2 7.82 -118 B 1.21 48 
3 6.64 -63 9 .32 20 

4 5.37 143 10 .03 -28 
5 6.07 143 

SPATIAL VARIANCE OF ESHF FIELD • 96.72 

FOURIER ANALYSIS OF HAR (DW) ESHF FIELD 

N C PHASE N C PHASE 

0 5 .91 0 7 3-64 118 
1 1.75 113 8 .85 81 
2 7.91 -117 9 .85 33 
3 7.17 -64 10 .24 10 
4 6.06 143 11 • 09 -69 
5 6.76 -135 12 .04 -36 
6 3.03 -135 

SPATIAL VARIANCE OF ESHF FIELD - 199-75 SPATIAL VARIANCE OF ESHF FIELD - 111.68 



Table 3-10 

FOURIER ANALYSIS OF FEB (LM) ESIIF 

N C PHASE N c PHASE 

0 9.42 0 3 10. .80 -47 
1 6.44 47 4 6. .93 27 
2 3.80 47 

SPATIAL VARIANCE OF ESHF FIELD - 110.69 

FOURIER ANALYSIS OF FEB (LN) ESHF 

H C PHASE N C PHASE 

0 6.68 0 4 4.80 113 
1 4.09 99 5 9.99 -111 
2 9-53 -111 6 3-03 110 

3 10.00 -111 

SPATIAL VARIANCE OF ESHF FIELD - 174.16 

FOURIER ANALYSIS OF FEB (LM) ESHF 

N C PHASE H C PHASE 

0 7 .04 0 9 11.29 -128 
CTi 1 4. • 33 76 6 2.61 -130 
CT» 2 11. .28 -120 7 2.73 112 

3 12. • 70 -36 8 .63 116 
• 4 4. .80 -96 

SPATIAL VARIANCE OF ESHF FIELD - 236.28 

FOURIER ANALYSIS OF FEB (LM) ESHF 

N C PHASE " C PHA3E 

0 7.09 0 6 .06 116 
1 4.31 83 7 3.30 111 
2 11.64 -124 8 1.05 -8 
3 13.22 -47 9 .70 -28 
4 7.11 109 10 .13 -165 
3 11.29 109 

SPATIAL VARIANCE OF ESHF FIELD - 269.34 

FOURIER ANALYSIS OF FEB (LH) ESHF 

N C PHASE N C PHASE 

0 7.03 0 7 5-39 123 
1 4.46 82 8 1.87 -32 
2 11.72 -123 9 • 38 -56 
3 14.00 -47 10 • 30 177' 
4 7.65 119 11 .08 132 
5 12.37 -124 12 .07 -17 
6 .06 -124 

SPATIAL VARIANCE OF ESHF FIELD - 290.83 

Table 3-9,but for LM data. 

FOURIER ANALYSIS OF MAR (LM) ESHF 

N C PHASE n C PHASE 

0 3.00 0 3 7.78 -37 
1 4.48 46 4 4.39 37 
2 3-16 46 

SPATIAL VARIANCE OF ESHF FIELD - 34.99 

FOURIER ANALYSIS OF MAR (LM) ESHF 

N C PHASE N C PHASE 

0 4.82 0 4 41 .00 121 
1 2.94 92 5 5. .90 -112 
2 7-09 -112 6 1. .87 95 
3 7.7U -112 

SPATIAL VARIANCE OF ESHF FIELD - 86 .89 

FOURIER ANALYSIS OF HAR (LM) ESHF 

N C PHASE N C PHASE 

0 5.13 0 5 7 .41 -140 
1 3.03 70 6 2 .33 -141 
2 7-93 -124 7 2 .33 92 
3 8.35 -53 8 .73 90 

4 4.00 -53 

SPATIAL VARIANCE OF ESHF FIELD 112 .15 

FOURIER ANALYSIS OF MAR (LM) ESHF 

N C PHASE N C PHASE 

0 5.06 0 6 1. .34 129 
1 2.79 78 7 4. .25 121 
2 8.61 -127 8 1. .51 27 
3 8.33 -41 9 85 -1 
4 6.30 121 10 19 -67 
5 7.41 121 

SPATIAL VARIANCE OF ESHF FIELD - 134. .44 

FOURIER ANALYSIS OF MAR (LM) ESHF 

N C PHASE N C PHASE 

0 4.99 0 7 4. It 133 
1 2.90 73 8 1. 85 7 
2 0.68 -125 9 59 -3 
3 8.87 -41 10 23 • •119 
4 6.90 127 II 21 158 
5 8.26 -135 12 08 -23 
6 1.34 -135 

ESHF FIELD - 150. 92 
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5.6.5 Spectral Composition of Eddy Heat Transport. 

In this section, the zonal-mean and zonally-asymmetric components 

of the 55°N, 500mb stationary eddy sensible heat transport are 

analysed in terms of contributions from different wavenumbers in the 

meridional wind and temperature fields. As before, let the 

wavenumbers in these fields be m , n respectively; the component due to 

>p if 

a single pair of wavenumbers will be written v^T,,, and referred to as 

(m,n). 

Tables 3*9 and 3.10 present the build-up of wavenumbers in the 

heat transport by addition of successive wavenumbers in the wind and 

temperature fields, starting with m = n = 1 and 2, for DW and LM data 

respectively. The same cut-off has been used in both constituent 

fields despite the fact that (as shown above) the higher wavenumbers 

(4, 5, 6) are more important to v* than to T*. The cut-off in each 

case is half the maximum wavenumber given for the heat transport. 

From this, the relative importance of particular wavenumbers in the 

wind and temperature fields can be assessed, although further analysis 

is required to show precisely which combinations of (m,n) dominate the 

heat transport. Most of the following discussion is based on these 

tables. 

5.6.5.1 Zonal-Mean Heat Transport. 

The contribution of each component (m,n) to the zonal-mean heat 

transport is shown in Table 3-11- In February, wavenumber 2 dominates 

the zonal-mean, accounting for nearly half the heat transport, with 

wavenumbers 1-3 together producing 96$ of the zonal-mean. In March, 

the ..(2,2) contribution is still largest, but is considerably smaller 
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than in February, dropping by almost half. This fall accounts for 60$ 

of the total fall in zonal-mean heat transport; (1,1) and (3,3) share 

the remainder equally. Results for LM are very similar. 

Table 3-11 

Contribution of wavenumber components to zonal-mean heat transports 

at 55 N, 500mb in February and March, from DW. Last column is 

to-tal for all wavenumbers; figures in parentheses refer to 

percentages of this total. 

(1,1) (2,2) (3,3) (4,4) TOTAL 

February 2.44 (27) 4.19 (46) 2.16 (24) •18 (2) 9.07 

March 1.85 (31) 2.30 (39) 1.56 (26) .17 (3) 5-91 

March/February .76 .55 .72 • 94 .65 

Change in E .59 (19) 1.89 (60) .60 (19) .01 (0) 3.16 

Wavenumbers 1-3 together account for nearly 70$ of the zonal-mean 

spatial variance in the eddy heat transport in both February and March 

at 55°N, 500mb (Table 3*9 DW.): thus these three wavenumbers 

represent the zonal-mean heat transport almost completely and the 

zonally-asymmetric component reasonably well. From graphs of heat 

transport against longitude it can. be seen that the main effect of 

adding in higher wavenumbers is to .concentrate the heat transport into 

narrower and higher peaks, but the general shape is similar. 

3»6.3»2 Zonally-Asymmetric Heat Transport. 

On account of the strength in the zonal-mean heat transport of 

the (1,1), (2,2) and (.3,3) components, one might expect the even 

wavenumbers in the heat transport field to be strongest, especially 
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1 = 4 ( f r o m ( 2 , 2 ) ) , i n F e b r u a r y a t l e a s t . T a b l e s 3 - 9 a n d 3 - 1 0 s h o w 

t h a t t h i s i s n o t t h e c a s e : f o r DW, w a v e n u m b e r 3 i s s t r o n g e s t , w i t h 7 

a n d 5 n e x t s t r o n g e s t ; 4 i s s m a l l e r t h a n 6 . I n M a r c h , t h e s t r o n g e s t 

a r e 2 , 3 a n d 5 . LM g i v e s s l i g h t l y d i f f e r e n t r e s u l t s : f o r J a n u a r y t h e 

s t r o n g e s t i s 5 , t h e n 3 , 2 a n d 4 ; h o w e v e r i t i s s t i l l t h e o d d 

w a v e n u m b e r s t h a t d o m i n a t e , a n d 1 = 4 a c c o u n t s f o r l e s s t h a n 1 0 $ o f t h e 

z o n a l - m e a n v a r i a n c e . 

T h i s c a n b e e x p l a i n e d f r o m a c l o s e r s t u d y o f t h e c o n t r i b u t i o n b y 

i n d i v i d u a l c o m b i n a t i o n s o f w a v e n u m b e r s ( m , n ) . I n g e n e r a l , o n e 

w a v e n u m b e r 1 i n h e a t t r a n s p o r t i s c o m p o s e d o f c o n t r i b u t i o n s f r o m 

s e v e r a l ( m , n ) : f o r e x a m p l e , 1 = 4 i s c o m p o s e d o f c o n t r i b u t i o n s f r o m 

( 2 , 2 ) , ( 1 , 3 ) , ( 3 , 1 ) , ( 1 , 5 ) , ( 5 , 1 ) , ( 2 , 6 ) a n d ( 6 , 2 ) . T a b l e 3 - 1 2 s h o w s 

t h e s e i n d i v i d u a l c o n t r i b u t i o n s f o r F e b r u a r y a n d M a r c h . B y l o o k i n g a t 

t h e c o s i n e a n d s i n e c o e f f i c i e n t s s e p a r a t e l y , p r o b l e m s o f p h a s e a r e 

e l i m i n a t e d , a n d w e c a n s e e w h i c h ( m , n ) c o n t r i b u t i o n s i n c r e a s e o r 

d e c r e a s e t h e c o e f f i c i e n t s a a n d b f o r a p a r t i c u l a r 1 . 

T h e s t r o n g 1 = 4 c o n t r i b u t i o n f r o m ( 2 , 2 ) i s r e d u c e d c o n s i d e r a b l y 

b y t h e ( 3 , 1 ) c o n t r i b u t i o n , w h i c h a f f e c t s m a i n l y t h e c o s i n e 

c o e f f i c i e n t . T h e ( 3 , 0 c o n t r i b u t i o n a l s o r e d u c e s ( 2 , 2 ) . T h e s t r o n g 

1 = 3 c o m p o n e n t o f t h e h e a t t r a n s p o r t s e e n i n T a b l e 3 * 9 i s d u e m a i n l y 

t o ( 2 , 1 ) , w i t h s o m e c o n t r i b u t i o n f r o m ( 1 , 2 ) , t h e s e t w o a c c o u n t i n g f o r 

s o m e 7 3 $ o f t h e a m p l i t u d e o f 1 = 3 ; t h e r e a r e a l s o c o n t r i b u t i o n s f r o m 

( 4 , 0 a n d ( 5 , 2 ) . T h e r e l a t i v e w e a k n e s s o f t h e 1 = 2 c o m p o n e n t r e s u l t s 

f r o m ( 3 , 1 ) a n d ( 4 , 2 ) w o r k i n g i n o p p o s i t i o n . 

T h e d i f f e r e n c e b e t w e e n T a b l e s 3 « 9 a n d 3 . 1 0 ( i e b e t w e e n DW a n d L M ) 

c a n m o s t l y b e a c c o u n t e d f o r b y t h e f a c t t h a t w a v e n u m b e r 3 i n t h e 

m e r i d i o n a l w i n d i s m u c h s t r o n g e r i n L M : t h e s t r o n g e r 1 = 5 c o m p o n e n t 



- 103 -

Table 3-12 

'ESHF' is Stationary Eddy Sensible Heat Transport. 

CONTEIBOTION OF EACH VAVENUMBEH-PAIE TO FEB (DW) ESHF FIELD 

X N /X-B/ A B M+N A B 

1 1 0 2.44 0 2 -2.40 -1.47 
1 2 1 -1.96 2.59 3 2.02 -2.54 
1 3 2 1-34 • 36 4 -1.33 - 3 9 
1 4 3 .76 -.20 5 -.77 .18 
1 5 4 -.25 -.10 6 .25 .10 
1 6 5 -.08 -.10 7 .08 .10 

X X /X-B/ A B M+N A B 

2 1 1 5.31 4.30 3 1.27 -6.71 
2 2 0 4.19 0 4 7.50 2.38 
2 3 1 1.96 -2.73 5 -.26 -3-35 
2 4 2 .20 -1.91 6 -1.08 -1.58 
2 5 3 -.44 .49 7 -.02 .66 
2 6 4 -.30 .09 8 -.17 .27 

X N /X-B/ A B M+N A B 

3 1 2 3-02 -5.-61 4 -6.37 -.00 
3 2 1 -6.83 -2.68 5 .88 -7.28 
3 3 0 2.16 ' 0 6 -3.02 .82 
3 4 1 1.71 .51 7 -1.26 1.26 
3 5 2 - 3 7 -.49 8 .61 -.10 
3 6 3 -.03 - 2 9 9 .27 .11 

M H /X-B/ A . B M+N A B 

4 1 3 -2.61 -3-51 5 -1.86 3-96 
4 2 2 -3.66 3.47 6 -4.27 -2.67 
4 3 1 -.78 -2.00 7 - 3 7 2.12 
4 4 0 .18 0 8 .42 1.15 
4 5 1 .19 -.37 9 .12 -.41 
4 6 2 - .17 -.11 10 .15 -.14 

M N /X-B/ A B M+N A B 

5 1 4 -.68 2.71 6 2.71 -.68 
5 2 3 3.19 .40 7 .41 3-19 
5 3 2 -.67 1.20 - 8 1.20 -.68 
5 4 1 -.67 .40 9 .40 -.67 
5 5 0 .11 0 10 -.25 .11 
5 6 1 -.02 • 13 11 - 1 3 -.02 

X N /X-B/ A B M+N A B 

6 1 5 .27 -.72 7 -.77 .10 
6 2 4 -.86 -.21 8 -.01 -.89 
6 3 3 .22 -.31 9 -.35 .15 
6 4 2 .20 -.09 10 -.13 .17 
6 5 1 -.04 .06 11 .07 -.02 
6 6 0 .00 0 12 .03 .01 
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Table 3.12 - Continued. 

CONTRIBUTION OF EACH WAVENUMBEE-PAIR TO MAR (DV) ESHF FIELD 

M N /M-N/ A B M+N A B 

1 1 0 1.85 0 2 -1.67 -1.91 
1 2 1 -1.31 1.68 3 1.47 -1.54 
1 3 2 1.32 - 1 9 4 -1.33 .06 
1 4 3 .46 - 1 5 5 - 4 7 .10 
1 5 4 .02 -.04 6 -.03 .04 
1 6 5 -.06 -.14 7 .04 .15 

M N /M-N/ A B M+N A B 

2 1 1 3-57 2.43 3 2.56 -3-48 
2 2 0 2.30 0 4 3.10 1.88 
2 3 1 .16 -2.26 5 -.60 -2.18 
2 4 2 -.07 -.82 6 -.34 -.75 
2 5 3 -.06 -.05 7 -.08 -.03 
2 6 4 -.26 .04 8 -.23 .13 

M N /H-N/ A B M+N A B 

3 1 2 -1.11 -4.67 4 -4.71 .94 
3 2 1 -3.99 .57 5 -1.14 -3.87 
3 3 0 1.56 0 6 -1.15 2.24 
3 4 1 .68 .62 7 -.28 .87 
3 5 2 • 09 -.01 8 .04 .08 
3 6 3 .18 - 2 3 9 .28 .07 

M N /M-N/ A B M+N A B 

4 1 3 -1.64 -1.93 5 -1.99 1.57 
4 2 2 -1.74 1.23 6 -1.46 -1.55 
4 3 1 .26 -1.30 7 -.00 1.33 
4 4 0 .17 0 8 .08 .48 
4 5 1 .04 .02 9 .04 .03 
4 6 2 .14 -.06 10 .15 -.04 

M N /M-N/ A B M+N A B 

5 1 4 -1.41 • 34 6 .29 1.42 
5 2 3 . 18 1.21 7 -1.17 .35 
5 3 2 -.60 -.47 8 .68 • 34 
5 4 1 -.19 -.20 9 .26 .08 
5 5 0 .00 0 10 .02 -.01 
5 6 1 .07 .05 11 .02 -.09 

M N /M-N/ A B M+N A B 

6 1 5 - 5 2 -.26 7 -.28 • 51 
6 2 4 -.25 .42 8 -.45 -.19 
6 3 3 -.07 -.30 9 .12 .28 
6 4 2 -.01 -.11 10 .06 .09 
6 5 1 .01 -.01 11 .01 .00 
6 6 0 .04 0 12 .03 -.02 
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o f t h e h e a t t r a n s p o r t c o m e s f r o m t h e ( 3 , 2 ) c o n t r i b u t i o n , w h i l e 

w a v e n u m b e r 2 c o m e s m a i n l y f r o m ( 3 , 1 ) -

T a b l e 3 . 9 s h o w s t h a t t h e m a i n c h a n g e f r o m F e b r u a r y t o M a r c h i s a 

m u c h - r e d u c e d 1 = 3 c o m p o n e n t : t h i s i s a c o n s e q u e n c e o f t h e d e c r e a s e i n 

t h e w a v e n u m b e r 2 c o m p o n e n t o f t h e w i n d a n d t e m p e r a t u r e f i e l d s , l e a d i n g 

i n p a r t i c u l a r t o a f a l l i n t h e ( 2 , 1 ) c o n t r i b u t i o n . 

T h u s t h e d o m i n a n c e o r w e a k n e s s o f a n y z o n a l w a v e n u m b e r 1 i n t h e 

e d d y h e a t t r a n s p o r t f i e l d c a n b e a c c o u n t e d f o r b y t h e i n t e r a c t i o n o f 

a l l p a i r s o f w a v e n u m b e r s ( m , n ) i n t h e w i n d a n d t e m p e r a t u r e f i e l d s 

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

F o u r i e r a n a l y s i s o f w i n d a n d t e m p e r a t u r e a l o n e w h y t h e e d d y h e a t 

t r a n s p o r t v a r i e s w i t h l o n g i t u d e a s i t d o e s , o r e v e n t h e c o n t r i b u t i o n 

o f e a c h w a v e n u m b e r t o t h e z o n a l m e a n ; h o w e v e r t h e k i n d o f a n a l y s i s 

p r e s e n t e d a b o v e m a k e s i t p l a i n . 

5 . 6 . 4 S u m m a r y a n d I m p l i c a t i o n s o f F o u r i e r A n a l y s i s . 

I t h a s b e e n s h o w n a b o v e t h a t t h e c h i e f c a u s e o f t h e c h a n g e i n t h e 

s t a t i o n a r y e d d y s e n s i b l e h e a t t r a n s p o r t f r o m F e b r u a r y t o M a r c h i s t h e 

l a r g e f a l l i n t h e a m p l i t u d e o f w a v e n u m b e r 2 i n t h e t e m p e r a t u r e a n d 

m e r i d i o n a l w i n d f i e l d s : t h i s i s t h e c a s e f o r b o t h t h e z o n a l - m e a n h e a t 

t r a n s p o r t a n d i t s l o n g i t u d i n a l v a r i a t i o n . 

T h e l o n g i t u d i n a l v a r i a t i o n o f e d d y h e a t t r a n s p o r t c a n b e 

d e s c r i b e d b y F o u r i e r c o e f f i c i e n t s w h i c h c a n i n t u r n b e d e r i v e d f r o m 

t h e F o u r i e r c o e f f i c i e n t s o f t h e c o n s t i t u e n t f i e l d s : t h i s i s n o t a 

s i m p l e p r o c e s s , b u t s h o w s c l e a r l y t h e r e l a t i v e i m p o r t a n c e o f t h e 

i n t e r a c t i o n s b e t w e e n d i f f e r e n t w a v e n u m b e r s i n t h e t e m p e r a t u r e a n d w i n d 

f i e l d s , a n d h o w t h e s e d i f f e r e n t c o m b i n a t i o n s r e i n f o r c e o r o p p o s e o n e 
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a n o t h e r . I n g e n e r a l , t h e s t r o n g e s t c o n t r i b u t i o n s t o t h e 

z o n a l l y - a s y m m e t r i c p a r t o f t h e h e a t t r a n s p o r t o c c u r f o r m n , a s w e 

s h o u l d e x p e c t f r o m t h e F o u r i e r a n a l y s e s o f v a n d T ( s e e S e c t i o n 

3.6.2). 

T h e r e s u l t s a b o v e h a v e s e v e r a l i m p l i c a t i o n s f o r s p e c t r a l c l i m a t e 

m o d e l s , a n d i n g e n e r a l f o r t h e d e s c r i p t i o n o f e d d y h e a t t r a n s p o r t i n 

t e r m s o f F o u r i e r c o e f f i c i e n t s . 

F i r s t l y , z o n a l w a v e n u m b e r s 1 - 3 i n t h e c o n s t i t u e n t f i e l d s d e s c r i b e 

t h e z o n a l - m e a n h e a t t r a n s p o r t v e r y w e l l a n d i t s s p a t i a l v a r i a n c e 

r e a s o n a b l y w e l l f o r m o n t h l y m e a n s ; t h e r e f o r e a s p e c t r a l c l i m a t e m o d e l 

n e e d s t o c a r r y t h e s e t h r e e w a v e n u m b e r s . 

S e c o n d l y , t h e s t a t i o n a r y e d d y h e a t t r a n s p o r t f i e l d i s c o m p l e t e l y 

d e f i n e d b y t h e s p e c t r a l c o m p o n e n t s o f t h e m e r i d i o n a l w i n d ( o r e v e n 

g e o p o t e n t i a l h e i g h t ) a n d t e m p e r a t u r e f i e l d s . 

T h i r d l y , z o n a l - m e a n e d d y h e a t t r a n s p o r t s t a t i s t i c s d e p e n d o n l y o n 

t h e i n t e r a c t i o n o f t h e s a m e w a v e n u m b e r i n t e m p e r a t u r e a n d w i n d f i e l d s , 

o f w h i c h w a v e n u m b e r 2 i s d o m i n a n t . 

F i n a l l y , c a l c u l a t i o n o f t h e h e a t t r a n s p o r t a s a f u n c t i o n o f 

. l o n g i t u d e n e e d s t o t a k e i n t o a c c o u n t a l l p o s s i b l e c o m b i n a t i o n s o f 

w a v e n u m b e r s i n t h e c o n s t i t u e n t f i e l d s . 

S p e c t r a l a n d g r i d p o i n t a n a l y s e s o f h e a t t r a n s p o r t a r e 

c o m p l e m e n t a r y : e a c h t e l l s u s s o m e t h i n g a b o u t t h e p h y s i c a l p r o c e s s e s 

i n v o l v e d , b u t n e i t h e r p r e s e n t s a c o m p l e t e p i c t u r e . G r i d p o i n t a n a l y s i s 

e n a b l e s u s t o r e l a t e s p a t i a l l y o b s e r v e d ( o r p h y s i c a l ) q u a n t i t i e s t o 

o n e a n o t h e r a n d t o t h e u n d e r l y i n g t o p o g r a p h y . F o u r i e r a n a l y s i s i s ( i n 

g e n e r a l ) a w a y o f d e s c r i b i n g a n d m o d e l l i n g a p h y s i c a l s i t u a t i o n , b u t 
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d o e s n o t s h o w h o w , p h y s i c a l l y , t h e s i t u a t i o n o c c u r s ( i t i s a 

d e s c r i p t i v e a p p r o a c h n o t a m e c h a n i s t i c o n e ) . T h e a t m o s p h e r e o p e r a t e s 

b y r e s p o n s e t o f o r c i n g w h i c h c a n b e d e s c r i b e d n u m e r i c a l l y b y F o u r i e r 

s e r i e s b u t n o t e x p l a i n e d b y t h e m : a p o l e w a r d - m o v i n g p a r c e l o f a i r o n l y 

' k n o w s a b o u t ' t h e a m b i e n t t e m p e r a t u r e a n d w i n d f i e l d s , n o t t h e i r 

F o u r i e r c o m p o n e n t s . F o u r i e r a n a l y s i s i s b e s t u s e d a s a t o o l f o r 

c o m p a r i n g n u m e r i c a l f i e l d s d e r i v e d f r o m m o d e l s e m b o d y i n g a h y p o t h e s i s 

c o n c e r n i n g s o m e m e c h a n i s m w i t h r e a l a t m o s p h e r i c d a t a ; i t c a n a l s o 

f u r n i s h i n f o r m a t i o n o n s p a c e - a n d / o r t i m e - s c a l e s . 

5.7 Interannual Variations. 

T h e i n t e r a n n u a l v a r i a t i o n o f e d d y h e a t t r a n s p o r t s a n d t h e i r 

c o n s t i t u e n t f i e l d s h a s b e e n t h e s u b j e c t o f a n u m b e r o f s t u d i e s , 

i n c l u d i n g v a n L o o n , J e n n e a n d L a b i t z k e ( 1 9 7 3 ) , H s i a o ( 1 9 7 9 ) a n d H s i a o 

a n d R e i t e r ( 1 9 8 1 ) . I t i s h e r e b r i e f l y d i s c u s s e d p r i n c i p a l l y i n t h e 

l i g h t o f d a t a a n a l y s e d i n t h e p r e s e n t s t u d y , a n d i n s o f a r a s i t a f f e c t s 

t h e s h a r p f a l l i n s t a t i o n a r y e d d y s e n s i b l e h e a t t r a n s p o r t f r o m 

F e b r u a r y t o M a r c h ( t h e A p r i l - N o v e m b e r d i f f e r e n c e i s l e s s o b v i o u s l y 

i m p o r t a n t i n a p a r t i c u l a r y e a r , i n t h a t t h e p h y s i c a l r e l a t i o n s h i p 

b e t w e e n h e a t t r a n s p o r t s i n t h e t w o m o n t h s i s n o t c l e a r a n d m a y i n d e e d 

b e i n s i g n i f i c a n t ) . 

5 . 7 . 1 V a r i a t i o n o f H e a t T r a n s p o r t a n d C o n s t i t u e n t F i e l d s . 

T h e s t a t i o n a r y e d d y s e n s i b l e h e a t t r a n s p o r t s i n k e y m o n t h s a r e 

g i v e n i n T a b l e 3 * 6 . I t c a n b e s e e n f r o m t h i s t h a t a s h a r p f a l l ( b y a t 

l e a s t o n e - t h i r d ) i n h e a t t r a n s p o r t f r o m F e b r u a r y t o M a r c h o c c u r s i n 

s i x o f t h e n i n e y e a r s s t u d i e d ; i n t h e r e m a i n i n g t h r e e y e a r s ( 1 9 7 0 , 

1 9 7 1 a n d 1 9 7 6 ) t h e h e a t t r a n s p o r t i s a l m o s t t h e s a m e f o r t h e t w o 
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months. In 1968 the heat transport fell by two-thirds; in the 

remaining five years with a marked fall it decreased by between a 

third and a half. Of the three years when the heat transport didn't 

change, in 1970 and 1976 it was close to the 9-year February mean for 

both months (it did not decrease to March); in 1971 the February heat 

transport was abnormally low (2 standard deviations). 

This raises two questions: what in general causes the interannual 

variation of the heat transport, and why in some years are the heat 

transports in February and March the same? Both questions are 

difficult to answer in terms of physical mechanism without a deeper 

understanding of the stationary wave forcing and a knowledge of both 

the magnitude and the cause of variation of that forcing for each 

year; however they can perhaps be answered at a simple level by 

looking at the wind and temperature fields and their correlation. 

There is also a problem in that the sample is small (9 years). Table 

3.13 shows the spatial variances and correlations of the constituent 

fields for February, March and March/February. 

Taking the months separately, this shows that there is rather 

more variability in [v*
1

] and T2_(v,T) than in [ T *
2

] for both months. 

There is also very little relation between any of these three 

quantities; there is apparently no relation between the heat transport 

and the spatial variances, though in February the correlation between 

r
A
(v,T) and the heat transport is statistically significant at the 95$ 

level. This means that interannual variability in the heat transport 

is not associated particularly with any of the spatial variances or 

correlation (except for the February r
z
(v,T) - E

5 T
 correlation), 

neither is it necessarily the result of all of these varying in the 

same sense. 



Table 3-13 

Values of [v*
1

], [T*
L

] and r
2
(v,T) for February, March and March/February in individual years, from OR. 

FEBRUARY MARCH MARCH/FEBRUARY 

[v*
1

] [T*
1

] r 
t
(v,T) | [v*

2

] [F*
1

] r
z
(v,T) | [T**] r ^ v , T) 

1967 34.5 16.7 •53 ! 37.9 11.5 .38 | 1 .10 .69 .72 

1968 30.8 11.7 .44 ! 19.0 5.3 .30 | .62 .45 .68 

1969 26.9 23.3 .44 ! 24.1 12.3 .42 | • 90 • 53 • 95 

1970 63.1 17.1 .32 | 40.3 15.2 .41 ! .64 .89 1 .28 

1971 27.1 19.5 .30 ! 16.5 9.8 .54 ! .61 • 50 1 .80 

1972 36.5 19-7 .33 ! 15-5 10.9 .41 ! .42 .55 1 .24 

1975 47.7 16.5 .40 | 12.8 7.6 .55 '! .27 .46 • 1 .38 

1976 39-9 17.3 .40 | 31.0 14.6 • .48 | .78 .84 1 .20 

1977 34.2 16.3 .46 | 11.3 10.8 .46 | .33 .66 1 .00 

MEAN 37.9 17.6 .40 | 23.2 10.9 .44 ! .63 .62 1.14 
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Looking at the changes in heat transport and associated 

quantities from February to March, there is again no discernible or 

statistically significant relation between any of [v*
2

], [T*
z

], [v*T*] 

or r (v,T). This means that the magnitude of the fall in heat 

transport (where the fall occurs) is unrelated to any particular 

variation or combination of variations in the constituent quantities. 

However, for the three 'odd' years, when no fall occurs, certain 

common features are noticeable. In all these years, the spatial 

correlation increases (although this is not unique to those years). 

In 1970 and 1976 the temperature variance (which is close to the 

9-year mean in February) does not fall much, these being the years in 

which the heat transport in March is close to the February 9-year 

mean. In 1971 the temperature variance is halved in March, the wind 

variance falls by 40$, but the correlation nearly doubles, hence the 

heat transport does not change. Hence when [T*
2

] hardly falls, the 

heat transport remains similar in March, though the converse is 

evidently not true. 

Reasons for the heat transport not falling to March in those 

three years can also be seen in the appropriate monthly-mean (DW) 

charts, by comparison with a year in which it does fall (eg 1969). In 

1970, the Pacific trough remains quite strong in March, so the large 

heat transport to the west of this does not fall much, and a ridge to 

the south of Greenland intensifies, leading to increased heat 

transport off the East coast of North America. In 1971 and 1976 the 

Pacific trough again remains strong in March, keeping the heat 

transport to its west high. Thus the years when the heat transport is 

similar in February and March are those in which the 500mb trough over 

the North Pacific and eastern Asia does not weaken in March. The heat 
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t r a n s p o r t i n February 1 9 7 1 i s r e l a t i v e l y l o w b e c a u s e t h a t t r o u g h i s 

w e a k t h e n c o m p a r e d w i t h o t h e r F e b r u a r i e s . 

I t w a s s e e n i n S e c t i o n 3 - 5 t h a t t h e i n t e n s i t y o f t h i s P a c i f i c 

t r o u g h d o m i n a t e s t h e v a r i a t i o n o f t h e z o n a l - m e a n m i d l a t i t u d e 

s t a t i o n a r y e d d y s e n s i b l e h e a t t r a n s p o r t f r o m F e b r u a r y t o M a r c h i n a 

c l i m a t i c a v e r a g e t a k e n o v e r s e v e r a l y e a r s ; t h e v a r y i n g i n t e n s i t y f r o m 

y e a r t o y e a r o f t h i s s a m e t r o u g h g o v e r n s t o a l a r g e e x t e n t t h e 

i n t e r a n n u a l v a r i a t i o n o f t h e h e a t t r a n s p o r t a n d i t s c h a n g e ( o r l a c k o f 

c h a n g e ) f r o m F e b r u a r y t o M a r c h . 

3 . 7 . 2 V a r i a t i o n o f F o u r i e r C o e f f i c i e n t s . 

A s i n S e c t i o n 3 « 6 , a n a l t e r n a t i v e a p p r o a c h t o t h e p r o b l e m o f e d d y 

h e a t t r a n s p o r t v a r i a t i o n i s t o l o o k a t t h e F o u r i e r c o m p o n e n t s o f t h e 

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

a b o v e b e t w e e n t h e p r i m a r y c a u s e s o f i n t r a - a n n u a l a n d i n t e r - a n n u a l 

v a r i a t i o n s , o n e m i g h t w e l l e x p e c t s i m i l a r c o r r e s p o n d e n c e f o r t h e 

F o u r i e r a n a l y s e s , i e a s t r o n g d e p e n d e n c e o n t h e a m p l i t u d e a n d p h a s e o f 

z o n a l w a v e n u m b e r 2 i n t h e w i n d a n d t e m p e r a t u r e f i e l d s . 

No s t r o n g t i e i s s e e n ( i n t h e F o u r i e r a n a l y s i s o f DW d a t a ) 

b e t w e e n t h e b e h a v i o u r o f w a v e n u m b e r 2 a n d t h e v a r i a n c e s f o r t h e 

i n d i v i d u a l m o n t h s , h o w e v e r t h e r e a r e s t r o n g e r l i n k s f o r t h e c h a n g e 

f r o m F e b r u a r y t o M a r c h . T h i s i s e s p e c i a l l y n o t i c e a b l e f o r 1 9 7 1 w h e n 

t h e a m p l i t u d e o f w a v e n u m b e r 2 ( a n d o f m o s t o t h e r w a v e n u m b e r s ) i n b o t h 

t e m p e r a t u r e a n d w i n d f e l l b y a b o u t 4 0 $ b u t t h e p h a s e d i f f e r e n c e 

b e t w e e n t h e t w o d e c r e a s e s f r o m 7 5 ° t o 3 2 ° , t h u s i n c r e a s i n g b y 2 0 $ t h e 

c o n t r i b u t i o n f r o m w a v e n u m b e r 2 ( t h o u g h t h e m a i n c o n t r i b u t i o n t o t h e 

h e a t t r a n s p o r t i s f r o m w a v e n u m b e r 1 ) . T h i s i s c o n s i s t e n t w i t h t h e 



Table 3-14 

C o n t r i b u t i o n s b y f i r s t f o u r w a v e n u m b e r s i n t e m p e r a t u r e a n d w i n d t o z o n a l - m e a n h e a t t r a n s p o r t i n F e b r u a r y 

a n d M a r c h , f o r 9 y e a r s ; f r o m DW. 

1 9 6 7 1 9 6 8 1 9 6 9 1 9 7 0 1 9 7 1 1 9 7 2 1 9 7 5 1 9 7 6 1 9 7 7 MEAN 

Feb M a r Feb M a r Feb M a r Feb M a r Feb M a r Feb M a r Feb M a r Feb M a r Feb M a r Feb M a r 

( 1 , 1 ) 2 . 0 . 5 1 . 5 . 5 6 . 4 2 . 1 2 . 0 3 . 1 2 . 7 2 . 9 1 . 4 1 . 3 2 . 5 2 . 0 2 . 5 3 . 0 2 . 7 2 . 4 2 . 4 1 . 9 

( 2 , 2 ) 7 . 2 4 . 9 2 . 8 1 . 0 3 . 6 2 . 0 4 . 5 3 . 0 1 . 5 1 . 8 5 . 7 1 . 5 7 . 0 2 . 6 3 - 9 5 - 3 7 . 2 1 . 7 4 . 2 2 . 3 

( 3 , 3 ) 3 . 0 2 . 5 2 . 7 . 9 . 2 3 . 1 3 - 9 2 . 5 1 . 9 1 . 4 . 2 1 . 8 4 . 6 1 . 6 3 . 1 1 . 5 1 . 8 . 8 3 . 2 2 . 6 

( 4 , 4 ) . 3 . 1 1 . 9 . 4 0 - . 2 - . 2 1 . 6 . 6 . 8 . 2 • 3 . 6 . 5 . 7 . 4 - . 3 - . 1 . 2 . 2 
CM 

i 
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d a t a f o r t h a t y e a r i n T a b l e 3 * 1 3 , w h i c h s h o w s m a r k e d f a l l s i n [ v r l ] 

a n d [ T * 1 ] b u t a l a r g e i n c r e a s e i n t h e i r c o r r e l a t i o n r ^ ( v , T ) . 

A s u m m a r y o f t h e c o n t r i b u t i o n a n a l y s i s , s i m i l a r t o T a b l e 3 * 1 2 , 

f o r t h e z o n a l - m e a n h e a t t r a n s p o r t f o r e a c h F e b r u a r y a n d M a r c h i s g i v e n 

i n T a b l e 3 . 1 4 . 

T h e F o u r i e r a n a l y s i s , s p a t i a l v a r i a n c e s , c o r r e l a t i o n a n d 

z o n a l - m e a n h e a t t r a n s p o r t f o r F e b r u a r y 1 9 7 6 a r e a c l o s e a n a l o g u e t o 

t h e 9 - y e a r m e a n ; s i m i l a r l y f o r M a r c h 1 9 6 9 . C o m p a r i n g M a r c h 1 9 7 6 w i t h 

M a r c h 1 9 6 9 ( i e a n ' o d d ' a n d ' n o r m a l ' M a r c h r e s p e c t i v e l y ) , t h e e f f e c t 

o f w a v e n u m b e r 2 i s v e r y p r o n o u n c e d : w h e r e a s t h e ( 2 , 2 ) c o n t r i b u t i o n t o 

t h e z o n a l - m e a n h e a t t r a n s p o r t d r o p s b y a b o u t 5 0 $ i n M a r c h 1 9 6 9 , i t 

i n c r e a s e s b y a b o u t 3 5 $ i n M a r c h 1 9 7 6 , a s c a n b e s e e n i n T a b l e 3 * 1 4 , 

e v e n t h o u g h t h e a m p l i t u d e s o f w a v e n u m b e r 2 i n t e m p e r a t u r e a n d w i n d 

f i e l d s e a c h f a l l b y a b o u t 1 5 $ : t h e i n c r e a s e i n t h e ( 2 , 2 ) c o n t r i b u t i o n 

i s d u e t o t h e d e c r e a s e i n p h a s e d i f f e r e n c e b e t w e e n t h e t w o f r o m 7 0 ° t o 

5 4 ° . 

I n 1 9 7 0 h o w e v e r t h e s i t u a t i o n i s a l i t t l e d i f f e r e n t . I t i s n o t 

c l e a r f r o m t h e F o u r i e r a n a l y s i s o f t h e w i n d a n d t e m p e r a t u r e f i e l d s w h y 

t h e h e a t t r a n s p o r t s h o u l d b e m a i n t a i n e d i n M a r c h , b u t t h e c o n t r i b u t i o n 

a n a l y s i s s h o w s t h a t w h i l e t h e ( 2 , 2 ) a n d ( 3 , 3 ) c o n t r i b u t i o n s b o t h f a l l , 

t h e ( 1 , 1 ) a n d ( 4 , 4 ) c o n t r i b u t i o n s r i s e b y a s i m i l a r a m o u n t t o m a i n t a i n 

t h e h e a t t r a n s p o r t . T h e ( 2 , 2 ) a n d ( 3 , 3 ) c o n t r i b u t i o n s f a l l b e c a u s e 

t h e a m p l i t u d e s o f t h o s e w a v e s i n t h e c o n n s t i t u e n t f i e l d s f a l l ( t h e 

p h a s e d i f f e r e n c e c h a n g i n g l i t t l e ) ; ( 1 , 1 ) i n c r e a s e s b e c a u s e t h e 

a m p l i t u d e s r i s e t o M a r c h , a n d ( 4 , 4 ) i n c r e a s e s b e c a u s e o f t h e c h a n g e i n 

p h a s e d i f f e r e n c e b e t w e e n t h e t w o c o m p o n e n t s . I t a p p e a r s f r o m T a b l e 

3 . 1 3 t h a t o n a y e a r - t o - y e a r b a s i s t h e b e h a v i o u r o f t h e ( 2 , 2 ) 
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c o n t r i b u t i o n t o t h e z o n a l - m e a n s t a t i o n a r y e d d y s e n s i b l e h e a t t r a n s p o r t 

i n F e b r u a r y a n d M a r c h g e n e r a l l y ( t h o u g h n o t i n f a l l i b l y ) g i v e s a n 

i n d i c a t i o n a t l e a s t o f w h e t h e r t h e h e a t t r a n s p o r t w i l l f a l l 

s i g n i f i c a n t l y t o M a r c h , t h o u g h t h e r e i s n o r e l a t i o n b e t w e e n t h e s i z e 

o f t h e f a l l i n t h e ( 2 , 2 ) c o n t r i b u t i o n a n d t h e f a l l i n h e a t t r a n s p o r t . 

H o w e v e r , t h e s m a l l s a m p l e s i z e p r o h i b i t s o n e f r o m d r a w i n g f i r m 

c o n c l u s i o n s . 

3.8 Summary of Conclusions. 

I t h a s b e e n s h o w n t h a t t h e m a r k e d f a l l i n s t a t i o n a r y e d d y 

s e n s i b l e h e a t t r a n s p o r t f r o m F e b r u a r y t o M a r c h i s s t a t i s t i c a l y 

s i g n i f i c a n t . I t r e s u l t s m a i n l y f r o m d e c r e a s e s i n t h e t e m p e r a t u r e a n d 

m e r i d i o n a l w i n d s p a t i a l v a r i a n c e s r a t h e r t h a n i n t h e i r c o r r e l a t i o n . 

A t 5 0 0 m b t h i s i n t u r n i s d u e p r i n c i p a l l y t o t h e w e a k e n i n g i n M a r c h o f 

a t r o u g h w h i c h i n J a n u a r y a n d F e b r u a r y l i e s o v e r t h e N o r t h P a c i f i c a n d 

E a s t e r n A s i a . I n F o u r i e r s p a c e , t h e v a r i a t i o n o f h e a t t r a n s p o r t i s 

l a r g e l y c o n t r o l l e d b y t h e a m p l i t u d e o f w a v e n u m b e r 2 i n t h e t e m p e r a t u r e 

a n d m e r i d i o n a l w i n d f i e l d s . T h e f a l l o c c u r s i n a v e r a g e s t a k e n o v e r 

s e v e r a l y e a r s a n d i n d i f f e r e n t g r o u p s o f y e a r s ; i t o c c u r s i n a 

m a j o r i t y o f y e a r s b u t n o t i n e v e r y y e a r . 
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CHAPTER 4 

POSSIBLE CAUSES OF VARIATIONS IN 

EDDY HEAT TRANSPORT 

AND 

MERIDIONAL TEMPERATURE GRADIENT 
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Introduction. 

Several hypotheses to account for the observed variation of eddy 

heat transport with respect to meridional entropy gradient are 

presented and discussed. This leads to consideration of the nature of 

the stationary wave forcing and its implications for describing the 

variation of the heat transport and the entropy gradient, and their 

relation. The aim is to understand the physical mechanism or 

mechanisms underlying the variation of these two quantities, in order 

to relate them, if possible, in a physically meaningful and 

numerically correct way. 

4»1 Some Hypotheses. 

4.1.1 Time-lag in Response to Variations in Forcing. 

Perhaps the most obvious hypothesis to account for the observed 

two-valued behaviour of eddy heat transport with respect to meridional 

entropy gradient is that, if variations in one force changes in the 

other, there is a time-lag in the response of the forced quantity to 

those variations in the forcing quantity. Lorenz (1979) suggests 

that, on the time- and space-scales under consideration here, 

variations in the entropy gradient force variations in the heat 

transport (see Chapter 1, Section 1.2); this also implies a causal (or 

physical) relationship between the two. Note that Green (1970) says 

nothing about the possibility of a time-lag. 

It is clear from Fig. 1.1 that variations in eddy heat transport 

lead rather than lag variations in entropy gradient, contrary to our 

expectations. Fig. 4.1 shows that the lead is about 3-4 weeks in 

winter and about 1 week in summer. This does not automatically imply 
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E(Kms-j 

Fig'. 4*1: Total eddy sensible heat transport against entropy gradient 
advanced by 7*. month (*- ^ and 1 month (' •), defined 
as in Fig. 1.1. Months refer to eddy transport; both 
quantities are tropospheric averages. 
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that variations in eddy heat transport directly cause changes in the 

entropy gradient, merely that the forcing cannot "be the other way 

round (there is no known way in which variations in the heat transport 

could anticipate changes in the entropy gradient by such a long time 

as in winter). It is also curious that the lead is much longer in 

winter than in summer, since changes in the circulation (on the 

synoptic scale at least) in general take place much faster in winter 

(the circulation being stronger then), so that a change in forcing 

would be propagated more rapidly then and the time-lag in the response 

would be shorter. This tends to suggest that although some kind of 

time-lag exists, it is not a lag in the response of the entropy 

gradient to direct forcing by variations in the eddy heat transport. 

Given that a time-lag describes the observed variations but does 

not tell us anything about the physical mechanism or mechanisms 

underlying them, is the physical link between eddy heat transport and 

meridional entropy gradient direct or indirect? A direct link means 

that changes in one force changes in the other; an indirect link would 

result from changes in each being individual responses to variations 

in the external forcing. 

Note that a relation such as Eq. (1.2) does not necessarily 

imply a direct physical link, or postulate a mechanism for such; it 

may only provide a way of defining numerically one quantity in terms 

of the other. 

If there is a direct physical link between eddy heat transport 

and meridional entropy gradient, then one might hypothesize that the 

variations in heat transport depend on whether the entropy gradient is 

increasing or decreasing with time, via the constant <Z in Eq. (1.2). 
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This seems implausible, as the transit time of an air-mass moving from 

tropical to polar regions is around one week, during which time the 

change in entropy gradient is negligible. 

The apparent time-lag is reduced to two possible causes: either 

some other predictor besides meridional entropy gradient is required 

to define uniquely the eddy heat transport (that predictor ought to 

have some physical link with eddy heat transports) — in which case 

the time-lag need not bother us — or else the two quantities both 

change in response to variations in their external forcing, in which 

case we need to derive separate predictors for them from their forcing 

mechanism(s) and then to relate the two via these predictors. The 

former possibility is discussed in the next two subsections; both are 

discussed further in Section 4.2. 

The latter case still admits of the possibility of a kind of 

time-lag, in one of two ways: either the meridional entropy gradient 

responds more slowly to changes in external forcing than does the eddy 

heat transport, or the forcing itself is different for the two 

quantities (in a time-dependent way); such a time-lag is different 

from that postulated at the start of this section, which implied a 

direct physical link. 

4*1»2 Changes in the Zonal-Mean Temperature Structure. 

It is clear from the meridional cross-section shown in Fig. 4.2 

that this is very similar in February and March throughout most of the 

troposphere; it therefore seems unlikely that such could account for 

the observed variations in. eddy heat transport at that time. 

The only seasonally-varying quantity involved in (X, the constant 
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Fig. 4*2: Meridional cross-section of zonal-mean atmospheric 
temperature in February and March. Units: °C. 
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in Eq. (1.2), is the static stability; this is also invoved in 

Stone's (1972) and Held's (1978) theories, as discussed- in Chapter 1, 

Section 1.1. Green pointed out that the annual variation of 

midlatitude tropospheric static stability is only 4$, compared with a 

factor of 4 in the entropy gradient, so it seems unlikely that this 

could be the cause of the eddy heat transport being two-valued with 

respect to entropy gradient. Table 4«1 gives the relevant values of 

static stability at different levels in the troposphere. 

Table 4.1 

Values of Static Stability, at 55° N in the troposphere, for 

four key months, 

300 

400 
500 

700 

850 

900 

950 

For the tropospheric averages above 700mb, differences over these 

months are negligible. Below this, the changes look possibly 

significant, but they are in opposite directions above and below 

900mb; the dependence in both Green (1970) and Stone (1972) is in any 

case on the square root of B, so the effect will be small compared 

with the variations in heat transport whether the dependence is on 

B
+ / 2

 (as in Stone (1972)) or on B~
V z

 (as in Green (1970)). Thus while 

calculated from OR data. Units: 10
-5

"m~' 

Feb. Mar. Apr. Nov. 

- 400mb 1.9 1-9 1.7 1.8 

- 500mb 1.2 1.2 1.2 1.2 

- 700mb 1.5 1.5 1.5 1.5 

- 850mb 2.1 2.0 1.7 2.0 

- 900mb 2.6 2.2 1.7 2.0 

- 950mb 2.3 2.0 1.8 1.7 

- 1000mb 1.6 2.0 2.1 1.5 

MEAN 1.79 1.74 1.75 1.68 
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changes in static stability may have some influence on the eddy heat 

transport, this is insignificant in the current problem. 

4.1.3 Changes in the Stratospheric Circulation. 

The effect of the stratospheric zonal wind in controlling upward 

and hence poleward energy propagation was referred to in Chapter 2, 

Section 2.3-2 in connexion with the vertical extent of two-valued 

behaviour in the eddy heat transport. Here, we consider the 

hypothesis that the variations in sign and magnitude of the zonal wind 

cause the observed two-valued behaviour. 

This could occur in two possible ways: either by reversal of this 

wind leading to complete trapping of the waves in the troposphere, or 

by increasing its speed which progressively traps the waves. 

Examination of 30mb zonal wind data (Labitzke (1972)) shows that 

neither alternative is valid. The change from westerly to easterly 

flow occurs between April and May, far too late to account for the 

sharp February - March fall (the zonal windspeed decreasing throughout 

this period). The transition back to westerlies occurs simultaneously 

with the stationary eddy heat transport becoming positive (around the 

end of August). In autumn the speed is faster than in spring, so it 

cannot account for the heat transport being larger then also. In 

general it appears that while the zonal wind has some effect on the 

poleward eddy heat transport, as we expect, it cannot account for the 

two-valued behaviour of its variation with respect to meridional 

entropy gradient. 
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4.1*4 Changes in Correlation and Phase. 

Another possible cause of change in the eddy heat transport is 

variations in either the relative phase of the temperature and 

meridional wind fields or else in their absolute phase (ie with 

respect to topography or heat sources and sinks). It was shown in 

Chapter 3> sections 3*1 and 3*6.2 that the correlation or phase 

difference between these fields changes little from February to March, 

and that changes in the heat transport were due to changes in their 

amplitudes. However these changes might in turn force shifts in their 

absolute phases, so that the forcing effect of orography or heat 

sources/sinks would be different. While Fig. 3*6 shows phase changes 

from February to March in the various Fourier modes, the direction and 

size of these varies between the modes such that there is no net shift 

of the stationary wave pattern, as shown by Figs. 3*3 - 3*5 (as we 

might well expect, since the sources/sinks do not move). We may 

therefore conclude that the change in stationary eddy heat transport 

from February to March cannot be explained by any changes of phase in 

the constituent fields. 

4.1.5 The Effects of Latent Heat. 

It was noted in Chapter 2, Section 2.1 that midlatitude eddy 

latent heat transports were also higher in autumn than in spring; we 

discuss here other possible effects of the oceans on eddy heat 

transport. 

Near the tropics, energy is transferred from the oceans to the 

atmosphere in the form of latent and sensible heat (besides long-wave 

radiation). The latent heat may then either be transported to 



- 124 -

midlatitudes (ie as [v*q*] and [v'q']), or may be released through 

condensation and precipitation. It is quite possible that this 

process will enhance the eddy sensible heat transport, since it will 

modify the temperature field (and hence, presumably, the wind field 

also). The hypothesis is that for the same reason as the eddy latent 

heat transport is higher in autumn (see Chapter 2, Section 2.1), the 

eddy sensible heat transport is also enhanced at this time compared 

with spring, by this process of evaporation and latent heat release; 

hence for the same meridional entropy gradient the heat transport will 

be larger; alternatively, as for March and October, the same heat 

transport is achieved with a smaller entropy gradient. 

From the data available on ocean temperatures — Monthly 

Meteorological Charts of the Oceans (Meteorological Office: 1947, 

1949, 1950) — it is difficult to tell whether this is possible, since 

although temperatures are higher in autumn than in spring the 

temperature difference between ocean and atmosphere generally appears 

smaller; however with the non-linearity of vapour pressure as a 

function of temperature and the possible error in the temperature 

difference being large, it is impossible to draw firm conclusions. In 

Section 4-3 below this is further discussed, and in Chapter 5 shown 

(by implication) to be possibly important. 

This could explain the spring/autumn difference in eddy heat 

transport, but as at first glance the ocean temperature doesn't change 

much from February to March it doesn't look as though it could explain 

the sharp fall in stationary eddy sensible heat transport at this 

time. However, the principal regions of heating are over the Gulf 

Stream and the Kuroshio current (see Fig. 5.1 and Lau (1979)): if the 

air passing over them is warmer in March (but still colder than those 
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Fig. 4*3: Temperature difference between ocean and atmosphere, AT
0 

in region of Kuroshio current, during February and March. 
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currents), then the energy transfer will be smaller and hence the 

stationary wave thermal forcing also less (see below, section 4«3-3)« 

Fig. 4 o shows the temperature difference between the Pacific Ocean 

and the atmosphere above it in the vicinity of the Kuroshio current: 

there is a small but definite decrease in the temperature difference 

in March, which may well contribute at least to the fall in heat 

transport. 

4»2 The Stationary/Transient Eddy Problem. 

One aspect of the problem of the annual variation of eddy heat 

transports which has so far only been partially treated is the 

partitioning of the eddies into stationary and transient components. 

We now examine further this distinction to see if it is valid. 

In Chapter 1, Section 1.4 the question was raised of whether the 

observed stationary eddy heat transport could really be due to 

essentially transient baroclinic eddies developing in preferred 

locations on a stationary wave pattern which itself produces 'little 

heat transport. 

The question to be answered here is: are the regions of large 

heat transport due apparently to stationary eddies also regions where 

we might expect large transports due to baroclinic eddies maintained 

in stationary positions? In this case, the heat transport defined 

numerically as being due to stationary eddies should really be 

included with the transient component; it might well then be that the 

transient eddy heat transport would be proportional to throughout 

the year, and parameterizations of the form of Eq. *(1.2) vindicated. 
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Frederiksen (1979) suggests from model experiments that the 

maximun transient eddy heat transport should be downstream and 

poleward of the jet maxima. An observational study of the Northern 

Hemisphere wintertime circulation by Blackmon et. al. (1977) 

confirms that this is where transient eddy heat transport is largest. 

They applied temporal filters to the data: a band-pass filter picked 

out variations on the 2.5 - 6-day time-scale, variations on longer 

time-scales were identified with a low-pass filter. The latter might 

be expected to identify regions where eddy heat transport could appear 

in unfiltered data to be due to stationary eddies but would in fact be 

'transient' in that it is due to baroclinic eddies: such regions, for 

both the band-pass and low-pass filtered data, are indeed where 

Frederiksen's model would predict them to be. This is also shown in a 

volume of Northern Hemisphere circulation statistics compiled by Lau, 

White and Jenne (1981). 

Looking at Figs. 3»2 and 3*5 together, it can be seen that 

whereas the heat transport maximum over the Western Atlantic is in 

such a region, that over eastern Asia is upstream of the jet maximum, 

completely the wrong place for it to be explained as being due to 

transient baroclinic eddies. It is this latter maximum which 

dominates the wintertime heat transport and which is primarily 

responsible for the large fall in eddy heat transport from February to 

March (see Chapter 3, Section 3«5)« It therefore seems unlikely that 

the large wintertime heat transport apparently due to stationary 

eddies should really be ascribed to transient eddies, although perhaps 

that over the Western Atlantic can be; even if this is done, it would 

still leave a substantial wintertime stationary eddy heat transport 

which falls sharply to March. 
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4.3 The Type of Solution Required. 

A reasonable explanation to account for the form of the observed 

variations of stationary eddy sensible heat transport and of entropy 

gradient can now be formulated. After discussion of the possible 

forcing mechanisms operating to produce both the zonal-mean meridional 

entropy gradient and the stationary eddy heat transport, the 

requirements for such an explanation are established; this is then 

stated, and observational evidence presented in support of it. 

4»3«1 Forcing Mechanisms. 

In Section 4.1 it became apparent that it is most realistic to 

regard the meridional entropy gradient and eddy sensible heat 

transport as, in the first instance, individual responses to separate 

(though possibly linked) forcing mechanisms. 

temperature forcing (by definition: it is a measure of this). 

E
s t
 must result from longitudinally-varying forcing: it was shown 

in Chapter 3, Section 3«1 that variations in the stationary eddy 

sensible heat transport are due to varying degrees of zonal asymmetry 

in the constituent fields, which must in turn result from 

zonally-asymmetric forcing. 

The prima facie cause of latitudinal variation in forcing is the 

latitudinal variation in insolation. Longitudinal variations on the 

other hand are the result of zonal asymmetry at the bottom of the 

atmosphere: the existence of continents and oceans. This produces two 

kinds of forcing: orographic and thermal. Various studies have 

must result • from latitudinally-varying zonal-mean 
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suggested that one or other of these is dominant; at the present time 

there seems to be no concensus of opinion on the matter, but it seems 

that both could be important. 

Of course, the processes at the bottom of the atmosphere affect 

the zonal-mean entropy gradient also; but whereas this involves 

averaging out the effects of land and oceans, the zonally-asymmetric 

forcing precisely requires a knowledge of the consequent longitudinal 

contrasts in topography and/or heating. 

Cloudiness is one factor not so far considered: this varies 

longitudinally and temporally. It affects the radiation balance in 

the atmosphere, and hence forcing of both meridonal entropy gradient 

and • stationary eddies. However, this is not an external forcing 

agent, whereas the processes mentioned above may be considered to be 

so (though thermal forcing would be internal to a combined 

ocean-atmosphere model). 

Note that Green (1970) is treating a zonal-mean case entirely 

defined by processes internal to the atmosphere; it .appears that 

consideration of external forcing is crucial to the problem. 

Thus I contend that variations in entropy gradient and in heat 

transport result from variations in their separate' forcing mechanisms, 

which are fundamentally different in operation_ though having their 

origins in the same physical processes (insolation, surface 

heating/orography, long-wave radiation to space). 
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4 . 5 . 2 R e q u i r e m e n t s f o r a R e a s o n a b l e E x p l a n a t i o n . 

( i ) I t m u s t a c c o u n t f o r t h e s h a r p f a l l i n s t a t i o n a r y e d d y 

s e n s i b l e h e a t t r a n s p o r t f r o m F e b r u a r y t o M a r c h a n d 

f o r t h e m e r i d i o n a l e n t r o p y g r a d i e n t r e m a i n i n g t h e 

s a m e d u r i n g t h i s t i m e . 

( i i ) I t m u s t a c c o u n t f o r t h e t i m e - l a g p o s t u l a t e d i n S e c t i o n 

4 . 1 . 1 . - • 

( i i i ) I t m u s t d e m o n s t r a t e t h e f o r c i n g m e c h a n i s m s o p e r a t i n g 

a c c o r d i n g t o S e c t i o n 4 • 3 - 1 a b o v e . 

( i v ) I t m u s t t a k e a c c o u n t o f l o n g i t u d i n a l a s w e l l a s l a t i t u d i n a l 

v a r i a t i o n s . 

( v ) I t m u s t s h o w t h a t c h a n g e s i n f o r c i n g a r e o f t h e r i g h t 

m a g n i t u d e s t o a c c o u n t f o r t h e o b s e r v e d c h a n g e s i n 

e n t r o p y g r a d i e n t a n d e d d y h e a t t r a n s p o r t . 

4 . 5 . 5 T h e H y p o t h e s i s - t o a c c o u n t f o r t h e o b s e r v e d v a r i a t i o n s o f 

m e r i d i o n a l e n t r o p y g r a d i e n t . a n d s t a t i o n a r y e d d y m e r i d i o n a l 

h e a t t r a n s p o r t . 

T h e o r i g i n a l q u e s t i o n w h i c h p r o m p t e d t h e p r e s e n t s t u d y w a s : w h y 

i s e d d y m e r i d i o n a l h e a t t r a n s p o r t t w o - v a l u e d ' w i t h r e s p e c t t o g l o b a l 

m e r i d i o n a l e n t r o p y g r a d i e n t ? G r e e n ( 1 9 7 0 ) s u g g e s t s t h a t t h e t o t a l 

e d d y s e n s i b l e h e a t t r a n s p o r t s h o u l d b e s i n g l e - v a l u e d : s i n c e t h e 
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t r a n s i e n t c o m p o n e n t i s s o , t h e p r o b l e m w a s r e d u c e d t o e x p l a i n i n g w h y 

t h e s t a t i o n a r y e d d y t r a n s p o r t i s n o t . S i n c e t h i s i s a p p r o x i m a t e l y 

p r o p o r t i o n a l t o t h e s p a t i a l v a r i a n c e o f t h e t e m p e r a t u r e f i e l d , t h e 

q u e s t i o n b e c o m e s o n e o f t h e r e l a t i o n s h i p b e t w e e n t h e z o n a l - m e a n a n d 

z o n a l l y - a s y m m e t r i c c o m p o n e n t s o f t h a t f i e l d . 

D e f i n i t i o n o f a z o n a l - m e a n q u a n t i t y ( e g [ T ] ) d o e s n o t u n i q u e l y 

d e f i n e t h e z o n a l a s y m m e t r y ( o r s p a t i a l v a r i a n c e ) o f t h a t q u a n t i t y . 

T a k e f o r e x a m p l e a s i m p l e s i n e - w a v e : -

T h e r e i s n o a p r i o r i r e a s o n t o e x p e c t a u n i q u e s p a t i a l v a r i a n c e 

f o r a g i v e n z o n a l m e a n , h e n c e t h e r e i s n o r e a s o n w h y a g i v e n 

z o n a l - m e a n t e m p e r a t u r e g r a d i e n t s h o u l d l e a d t o a u n i q u e v a l u e o f [ t * 1 " ] 

a n d h e n c e o f a s s o c i a t e d w i t h i t . I t i s t h e r e f o r e p o s s i b l e f o r t h e 

s p a t i a l v a r i a n c e i n t h e t e m p e r a t u r e f i e l d t o c h a n g e w h i l e t h e 

z o n a l - m e a n t e m p e r a t u r e r e m a i n s c o n s t a n t , s o t h e s t a t i o n a r y e d d y h e a t 

t r a n s p o r t c o u l d v a r y c o n s i d e r a b l y b e t w e e n t w o m o n t h s w h i l e t h e 

z o n a l - m e a n t e m p e r a t u r e g r a d i e n t i s t h e s a m e . 

T h e s t a t i o n a r y e d d i e s a r e a c o n s e q u e n c e o f z o n a l a s y m m e t r y a n d o f 

a t m o s p h e r e - E a r t h i n t e r a c t i o n — t h e l a t t e r b y w a y o f l a n d - o c e a n 
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t h e r m a l c o n t r a s t s w h i c h l e a d t o t h e r m a l f o r c i n g o f s t a t i o n a r y w a v e s . 

T h e d e g r e e o f c o n t r a s t i s a l l - i m p o r t a n t t o t h i s ; i t i s h o w e v e r 

i r r e l e v a n t t o t h e z o n a l - m e a n t e m p e r a t u r e f o r c i n g . 

T h e f a c t t h a t t h e s t a t i o n a r y e d d y s e n s i b l e h e a t t r a n s p o r t a p p e a r s 

r e l a t e d t o t h e t e m p e r a t u r e g r a d i e n t i s a c o n s e q u e n c e o f t h e i r b o t h 

f o l l o w i n g s i m i l a r a n n u a l c y c l e s o f v a r i a t i o n ' . T h e s e c y c l e s a r e n o t i n 

p h a s e b e c a u s e t h e f o r c i n g o r r e s p o n s e t o f o r c i n g o f t h e m e r i d i o n a l 

e n t r o p y g r a d i e n t l a g s t h e f o r c i n g o r r e s p o n s e t o f o r c i n g o f t h e 

s t a t i o n a r y e d d i e s . 

T h e h e a t t r a n s p o r t s a r e l a r g e r i n a u t u m n t h a n i n s p r i n g f o r t h e 

s a m e e n t r o p y g r a d i e n t b e c a u s e t h e t h e r m a l f o r c i n g i s s t r o n g e r t h e n — 

t h e c o n t r a s t b e t w e e n c o o l i n g o v e r t h e l a n d a n d w a r m i n g o v e r t h e o c e a n s 

i s g r e a t e r ; t h e m e r i d i o n a l c o n t r a s t i n h e a t i n g i s s i m i l a r f o r m o n t h s 

w h e n t h e e n t r o p y g r a d i e n t i s s i m i l a r . T h i s a l s o a p p l i e s t o t h e s h a r p 

d e c r e a s e i n e d d y h e a t t r a n s p o r t f r o m F e b r u a r y t o M a r c h . 

N o t e t h a t t h e ' l a t e n t h e a t e f f e c t ' s u g g e s t e d i n S e c t i o n 4 . 1 . 5 

c o u l d p l a y a m a j o r r o l e i n t h i s : w i n t e r t i m e t h e r m a l f o r c i n g o f 

s t a t i o n a r y w a v e s i s d u e t o t h e d i f f e r e n c e b e t w e e n h e a t i n g o v e r t h e 

o c e a n s a n d c o o l i n g o v e r l a n d , h e a t i n g o v e r t h e o c e a n s b e i n g b y m e a n s 

o f u p w a r d t r a n s f e r o f e n e r g y f r o m o c e a n t o a t m o s p h e r e p r e d o m i n a n t l y i n 

t h e f o r m o f s e n s i b l e a n d l a t e n t h e a t ; t h u s a l a r g e r l a t e n t h e a t f l u x 

( v e r t i c a l l y ) c o u l d w e l l m o d i f y t h e t h e r m a l f o r c i n g s u c h a s t o i n c r e a s e 

t h e e d d y h e a t t r a n s p o r t . 

4 . 3 « 4 E v i d e n c e i n S u p p o r t o f t h e H y p o t h e s i s . 

I f t h e a b o v e h y p o t h e s i s i s c o r r e c t , t h e n i t s h o u l d b e p o s s i b l e t o 

d e m o n s t r a t e t h a t t h e s t a t i o n a r y e d d y s e n s i b l e h e a t t r a n s p o r t i s a 
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f u n c t i o n o f s o m e s u i t a b l e m e a s u r e o f l o n g i t u d i n a l t e m p e r a t u r e 

c o n t r a s t , s u c h a s e i t h e r a t e m p e r a t u r e d i f f e r e n c e b e t w e e n a i r o v e r 

l a n d a n d o c e a n , o r t h e t e m p e r a t u r e s p a t i a l v a r i a n c e ( a s a m e a s u r e o f 

a v e r a g e t h e r m a l c o n t r a s t a r o u n d a c o m p l e t e l a t i t u d e c i r c l e ) . 

A m e a s u r e o f t h e r m a l c o n t r a s t s h o u l d b e t y p i c a l o f t h e 

t r o p o s p h e r e a s a w h o l e . O n e s u c h m e a s u r e i s t h e t e m p e r a t u r e 

d i f f e r e n c e b e t w e e n t h e c o l d e s t p o i n t o v e r A s i a a n d t h e w a r m e s t o v e r 

t h e P a c i f i c ( i n w i n t e r ) ; a n o t h e r i s t h e z o n a l - m e a n s p a t i a l v a r i a n c e ; 

b o t h b e i n g t a k e n o n o n e l a t i t u d e c i r c l e . F i g s . 4 . 4 a a n d b i l l u s t r a t e 

b o t h p o s s i b i l i t i e s f o r 5 5 ° N . T h e y s h o w t h a t , o m i t t i n g t h e m o n t h s w h e n 

t h e s t a t i o n a r y e d d y s e n s i b l e h e a t t r a n s p o r t i s n e g a t i v e ( J u n e , J u l y 

a n d A u g u s t ) a n d t h e c i r c u l a t i o n i s r a t h e r d i f f e r e n t , t h e s t a t i o n a r y 

e d d y h e a t t r a n s p o r t i s v e r y w e l l c o r r e l a t e d w i t h b o t h t e m p e r a t u r e 

d i f f e r e n c e a n d v a r i a n c e . T h e b e s t - f i t s t r a i g h t l i n e d o e s n o t g i v e a 

z e r o i n t e r c e p t i n e i t h e r c a s e : f o r t h e t e m p e r a t u r e d i f f e r e n c e t h e 

i n t e r c e p t i s n e g a t i v e ( o n e c a n i m a g i n e t h a t a c e r t a i n m i n i m u m 

t e m p e r a t u r e c o n t r a s t i s r e q u i r e d t o p r o d u c e a n y e d d y h e a t t r a n s p o r t a t 

a l l ) ; f o r t h e v a r i a n c e i t i s p o s i t i v e , b u t a z e r o i n t e r c e p t f i t s 

a l m o s t a s w e l l . M o r e r e v e a l i n g i s T a b l e 4 . 2 ( o v e r ) , w h i c h s h o w s a 

c o r r e l a t i o n b e t w e e n e d d y h e a t t r a n s p o r t a n d t e m p e r a t u r e v a r i a n c e o f 

h i g h e r t h a n 9 9 $ s i g n i f i c a n c e f o r a l l l a t i t u d e s f r o m 3 5 ° t o 6 5 ° N , a n d 

a n a l m o s t c o n s t a n t s l o p e o f a r o u n d . 4 4 b e t w e e n 4 0 ° a n d 6 0 ° N . 

A l t e r n a t i v e l y , s i n c e h e a t i n g i s m o s t l y a t t h e s u r f a c e , i t i s 

r e a s o n a b l e t o l o o k a t s u r f a c e a i r t e m p e r a t u r e c o n t r a s t s b e t w e e n 

C e n t r a l A s i a ( n e a r t h e c e n t r e o f t h e S i b e r i a n A n t i c y c l o n e i n w i n t e r ) 

a n d t h e G u l f o f A l a s k a . S p e c i f i c a l l y , we l o o k a t t h e t e m p e r a t u r e 

d i f f e r e n c e b e t w e e n I r k u t s k ( 5 2 ° N 1 0 4 ° E ) , a v e r a g e d o v e r 1 9 2 1 - 5 0 

( C l a y t o n ( 1 9 3 4 , 1 9 4 7 ) ; U S ' W e a t h e r B u r e a u ( 1 9 5 9 ) ) , a n d 5 0 ° N 1 5 6 ° W 
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Table 4.2 

s , I n t e r c e p t s a n d C o r r e l a t i o n s f o r S t a t i o n a r y E d d y S e n s i b l e H e a t 

T r a n s p o r t a g a i n s t T e m p e r a t u r e V a r i a n c e a t 5 0 0 m b , f r o m m o n t h s 

S e p t e m b e r - M a y . D a t a f r o m L M . 

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

7 0 ° N . 0 7 5 . 3 0 . 4 7 9 

6 5 ° N . 2 7 7 . 1 6 • 9 0 9 

6 0 ° N . 4 2 6 - . 1 5 . 9 8 8 

5 5 ° N . 4 6 8 - . 1 1 . 9 9 7 

5 0 ° N . 4 4 4 . 1 8 . 9 9 5 

4 5 ° N . 4 0 1 . 0 6 . 9 8 9 

4 0 ° N . 4 3 7 - . 4 4 . 9 9 2 

3 5 ° N . 4 7 4 - . 8 0 . 7 5 2 
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E(Kms-1) 

F i g . 4 . 4 a : S t a t i o n a r y e d d y s e n s i b l e h e a t t r a n s p o r t a t 5 5 N a g a i n s t 

G u l f o f A l a s k a - C e n t r a l A s i a t e m p e r a t u r e d i f f e r e n c e : a t 

5 0 0 m b ( * ) a n d f o r t r o p o s p h e r i c a v e r a g e t r a n s p o r t a g a i n s t 

s u r f a c e t e m p e r a t u r e d i f f e r e n c e (• • ) . 
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F i g . 4 . 4 b : S t a t i o n a r y e d d y s e n s i b l e h e a t t r a n s p o r t a g a i n s t [ T * 2 ] a t 

5 5 ° N , 5 0 0 m b . D a t a f r o m O R . 
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( a c o n v e n i e n t p o i n t t o r e a d d a t a o f f t h e M o n t h l y M e t e o r o l o g i c a l C h a r t s 

o f t h e O c e a n s ) : t h i s i s s h o w n i n F i g . 4 . 4 a . A g a i n , t h e r e i s v e r y 

s t r o n g c o r r e l a t i o n ( . 9 9 3 ) b e t w e e n t h e h e a t t r a n s p o r t a n d t h i s 

t e m p e r a t u r e d i f f e r e n c e , i n d i c a t i n g t h a t t h e t w o a r e s t r o n g l y l i n k e d , 

t h o u g h t h e r e i s a p o s i t i v e n o n - z e r o i n t e r c e p t ( b u t a s t h i s p a r t i c u l a r 

t e m p e r a t u r e d i f f e r e n c e i s c h o s e n f o r c o n v e n i e n c e o f o b t a i n i n g 

n u m e r i c a l d a t a , t h i s i s n o t n e c e s s a r i l y i m p o r t a n t ) . I t i s c l e a r , f o r 

e x a m p l e , t h a t t h e m a r k e d d e c r e a s e i n e d d y h e a t t r a n s p o r t f r o m F e b r u a r y 

t o M a r c h c o i n c i d e s w i t h a m a r k e d d e c r e a s e i n t e m p e r a t u r e c o n t r a s t . 

I t t h e r e f o r e s e e m s t h a t t h e s t a t i o n a r y e d d y s e n s i b l e h e a t 

t r a n s p o r t i n m i d l a t i t u d e s i s c l o s e l y r e l a t e d t o l o n g i t u d i n a l t h e r m a l 

c o n t r a s t s , m u c h m o r e s o t h a n t o m e r i d i o n a l c o n t r a s t ( e n t r o p y 

g r a d i e n t ) ; t h i s i n t u r n s u g g e s t s t h a t v a r i a t i o n s i n t h e r m a l f o r c i n g o f 

s t a t i o n a r y w a v e s a r e r e s p o n s i b l e f o r t h e o b s e r v e d v a r i a t i o n s i n e d d y 

h e a t t r a n s p o r t . T h i s w i l l b e s h o w n m o r e c o n c l u s i v e l y i n C h a p t e r 5 « 

N o t e t h a t t h i s d o e s n o t i n i t s e l f g i v e a u s e f u l m e a n s o f 

p a r a m e t e r i z i n g e d d y h e a t f l u x e s , s i n c e i t i s t h e t r a n s i e n t e d d y f l u x , 

i f a n y , t h a t r e q u i r e s p a r a m e t e r i z a t i o n . I n c l i m a t e m o d e l s , t h e 

s t a t i o n a r y w a v e s ( p l a n e t a r y w a v e s , u l t r a - l o n g w a v e s ) a r e c a r r i e d 

e x p l i c i t l y , s o t h e h e a t f l u x d u e t o . t h e m c a n b e c a l c u l a t e d e x a c t l y . 

H o w e v e r , i t w a s s t a t e d i n C h a p t e r 1 t h a t s t a t i o n a r y a n d t r a n s i e n t 

e d d i e s a r e n o t i n d e p e n d e n t o f o n e a n o t h e r : t h e r e f o r e t h e t r a n s i e n t 

e d d y h e a t f l u x i s p r o b a b l y c o n t r o l l e d b y t h e s t a t i o n a r y w a v e p a t t e r n , 

i n t u r n m o d i f y i n g t h e s t a t i o n a r y e d d y h e a t t r a n s p o r t b y s o m e k i n d o f 

f e e d b a c k o r d i f f u s i o n p r o c e s s . T h i s p o s s i b i l i t y i s e x a m i n e d i n 

C h a p t e r 6 . 
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C H A P T E R 5 

AN E N E R G Y B U D G E T F O R T H E A T M O S P H E R E 
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Introduction. 

One forcing mechanism for stationary (planetary) waves is the 

longitudinal asymmetry in diabatic heating of the atmosphere caused by 

the presence of land and oceans. It was suggested in the previous 

chapter (Section 4 . 3 - 3 ) that a large change in this thermal forcing 

would cause the sharp fall in stationary eddy heat transport observed 

to occur from February to March, and the difference between spring and 

autumn transports. There are two ways of calculating diabatic heating 

in the atmosphere. In a column the depth of the atmosphere it is 

defined by:-

( i ) D i a b a t i c H e a t i n g = ( N e t r a d i a t i o n a t t o p o f a t m o s p h e r e ) -

( N e t e n e r g y f l u x a t b o t t o m o f a t m o s p h e r e ) 

o r ( i l ) D i a b a t i c h e a t i n g = ( R a t e o f h e a t s t o r a g e i n a t m o s p h e r e ) -

( V e r t i c a l l y - i n t e g r a t e d h o r i z o n t a l h e a t f l u x d i v e r g e n c e ) 

The first may be described as the 'Heat Balance' or 'Energy 

Budget' Method, which forms the basis of this chapter. II is the 

'Thermodynamic Equation Method'. The 'Net energy flux at the bottom 

of the atmosphere' in I consists of all forms of energy transfer: net 

radiation, sensible heat transfer and the balance between 

precipitation and evaporation. The heat flux divergence is that due 

to all forms of energy transport by both mean meridional circulation 

and eddies: sensible and latent heat, potential and kinetic energy. 

B o t h m e t h o d s h a v e b e e n u s e d b y v a r i o u s a u t h o r s t o c a l c u l a t e 

d i a b a t i c h e a t i n g o f t h e a t m o s p h e r e , m a i n l y f o r t h e w i n t e r s e a s o n . T h e 

f i r s t a p p r o a c h h a s b e e n t r i e d b y S m a g o r i n s k y ( 1 9 5 3 ) a n d s u b s e q u e n t l y 

C l a p p ( 1 9 6 1 ) , w h o c o m p a r e s r e s u l t s f o r t h e t w o m e t h o d s . I I h a s a l s o 



Fig. 5.1: Distribution of diabatic heating rate Q at 700 and 1000mb. 

Contour interval 1° and 2°C day respectively. From Lau 

(1979). 
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been used by Brown (1964), Geller and Avery (1978) and Lau (1979): 

this method has yielded more reliable results as the availability and 

quality of data have increased, becoming the standard method. Fig. 

5.1 presents Lau's results for 1000mb and 700mb in winter: it shows 

that the maxima of heating are over the Kuroshio current and Gulf 

Stream, with minima over North America and Eastern Asia, as we should 

expect. 

However, none of these studies shows the month-to-month variation 

in diabatic heating: it is this we require in order to see if the 

ideas of Chapter 4, Section 4.3*3 are valid. Since we are concerned 

with the degree of zonal asymmetry, it will be sufficient to calculate 

diabatic heating over land and oceans, averaged across each, which can 

be calculated from net flux data by Method I, as will be described 

below. 

5*1 Data-Set Used. 

5.1.1 Data Presented. 

The data used have been taken entirely from Oort and Vonder Haar 

(1976 - hereafter designated OVH), who calculated from a number of 

sources all the zonal-mean energy budget terms for both the atmosphere 

and land/ocean underlying it. The energy budget equations for a 

column in the atmosphere and ocean, neglecting some very small terms, 

are 

ATMOSPHERE: F
T a
 - F

0 q
 - S

fi
 - div(H

ft
 ) = 0 (5.1) 

OCEAN: F, TO s 0 - d i v C H o ) = 0 (5.2) 
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where 

F refers to net vertical flux 

S refers to heat storage: S = (c
p
Ap/g)9T/3t 

H refers to horizontal heat transport "by eddies 

and mean circulation. 

Subscripts T, B refer to Top, Bottom; A, 0 to 

Atmosphere, Ocean 

All terms are given in Wm"
1

 . 

Diabatic Heating, Q, of the atmosphere can be written 

Q = F
r
„ - F

m
 = S, + div(H

f t
) (5.3) 

Storage of heat by land is negligible compared with that by the 

oceans, so we can write F
T O
 « F

a f t
. How numerical values of these 

quantities are found is described in Section 5.1.2 below. 

The numerical values presented are means for each of the twelve 

months of the year; they are for zonal belts throughout the Northern 

Hemisphere. The storage and flux divergence terms are vertical 

integrals. 

Note that the vertically-integrated meridional heat transport at 

a latitude can be obtained by areal integration of the flux 

divergences for all the zonal belts from that latitude northwards (as 

the meridional flux at the Pole is zero by definition). 

5.1.2 Origin and Sources of Data. 

The net radiation flux at the top of the atmosphere is calculated 

from measurements taken over a period of eight years by a total of six 
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different satellites: most months of the year are represented by 2 or 

3 different years' data. The satellites measured reflected solar and 

emitted infra-red radiation, the incoming solar radiation being known 

independently. Further information on these data are presented in 

Ellis and Vonder Haar (1976). 

The storage and divergence terms are in principle derived from 

OR, although there are certain inconsistencies between the two 

data-sets which will be discussed in the next section. They are based 

on the analysis of daily aerological records for five years from May 

1958, as described in Chapter 1, Section 1.3*1• 

The net energy flux at the bottom of the atmosphere is due to 

four separate components: long-wave radiation, sensible heat transfer, 

evaporation and precipitation. In principle, it can be derived from 

separate estimates of each of these components, as was done by Clapp 

(1961), Budyko (1963) and more recently by Esbensen and Kushnir 

(1981). Alternatively, it may be calculated from Eq. (5.1) as a 

residual term, assuming an accurate knowledge of the other three 

quantities: it is this indirect method which OVH use, which they 

consider more reliable than measurements of the components for 

calculation of the zonal-mean. 

For the oceans, the only quantity for which data both reliable 

and extensive enough are available is the temperature, whence the heat 

storage can be calculated. F
B f l
 has already been calculated 

indirectly, so making use of these two quantities and Eq. (5.2) the 

horizontal flux divergence can be calculated. 

Thus for the atmosphere all quantities but one are known from 

direct measurements; for the ocean, only one is known directly. 
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5.1.3 Errors in the Data. 

These fall into four categories, viz:-

(i) Errors in original measurements. 

(ii) Cumulative errors from (i) in calculation of 'indirect' 

quantities such as F
f l f l

. 

(iii) Errors in data presentation. 

(iv) Errors found through comparison with equivalent 

data-sets, or by inspection. 

The first two of these are assessed in Appendix B of OVH and, for 

the satellite data, in Ellis and Vonder Haar (1976). They state that 

the largest source of uncertainty in the data is year-to-year 

variability: it is this which is assessed explicitly in that appendix. 

From October to March the standard error in F
Tfl
 is less than 10$; that 

in F
afl
 (calculated from the law of propagation of independent errors) 

is generally no more than 20$ in the same period. As the quantities 

we are interested in (see below, Section 5.2) are generally at least 

as large as either F
Tft
 or , these errors are acceptable, as the 

points to be made in Section 5.3 will not be critically dependent on 

such errors. 

There are also at least two internal inconsistencies in OVH's 

tabulated data (found by application of Eqs. (5-1) and (5.2)). The 

atmospheric flux divergence for December in the 70°-80° N belt should 

read -159 not 159 (as is obvious from their Fig. 4.4); the oceanic 

flux divergence in February should probably be -7 not TWm"
1

 for Eq. 

(5.2) to balance, though it is not absolutely clear from OVH's figures 

that it is this component which is wrong. All other quantities appear 

to balance. 
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The remaining errors are more difficult to correct: these became 

apparent whenn the energy budget was calculated (see below, Section 

5.3), and appear suspect in OVH, but their origin cannot be 

ascertained. One of these is in March, 60°-70°N, which looks 

suspect and gives odd budget results. Inspection of tables and 

figures suggests that F
T f l
 may he wrong: a figure of -90 to -95Wm"

1 

would appear from their Fig. 2 to be more reasonable, which would 

reduce F
6 f l
 to around 20Wm~*

1

. Inspection of Ellis and Vonder Haar 

(1976) suggests that the calculation of solar radiation absorbed in an 

Earth-atmosphere column may be a little high at 83.1Wm~
2

", which 

derives from a low satellite measurement of the reflected solar 

radiation. The correct values cannot be further ascertained without 

recourse to the original satellite data. 

The other errors of this nature appearing in OVH concern the 

total meridional heat transport at 50°N. There are three published 

versions of this from the same original data source: OR, OVH and Oort 

(1971). There is good agreement between all three sets for all months 

except February and November. Of these, OR and OVH agree for 

February, but Oort (1971) is at least consistent with LM in showing a 

more gradual fall in the stationary eddy heat transport from January 

to March rather than a sudden fall from February; hence OR and OVH may 

both be wrong. Even so, the required correction is probably to the 

flux divergences for February and March in the 60°-70°N belt, which 

will not greatly alter our results. 

A more irreconcilable discrepancy appears in November, for which 

all three data-sets are mutually inconsistent. Of these, OR gives the 

highest total flux and a larger stationary eddy component than Oort 

(1971): we recall from Chapter 2 that November transports seemed 
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unusually large in places. The November divergence in the 50°-60°N 

belt is given as 31Wm"*
i

' which is rather higher than the values around, 

consistent with too large a flux at 60° N in OR: if this were changed 

to around -20Wm~
2

 , say, F
M
 would then also he more reasonable (say 

-lOOWm
-2

- instead of -154Wm"
i

), and the whole budget would look more 

plausible — this should be borne in mind when considering the results 

presented in Section 5«3« It would also be more consistent with the 

behaviour observed in LM, where November showed no abnormally large 

heat transport. 

Apart from these discrepancies, all three of OR, OVH and Oort 

(1971) appear to be mutually consistent in their heat transports, so 

atmospheric flux divergences and hence are more likely to be 

right. Having found these problems, it should now be possible to 

calculate acceptable energy budgets to test the ideas of Chapter 4, 

Section 4.3*3. 

5.2 The Energy Budget. 

The fundamental equations are Eqs. (5«1) - (5-3)• The simplest 

form of the budget is to determine the heating or cooling over the 

land and the ocean, the zonal-mean part of this and the zonal 

asymmetry. This will suffice to show the degree of zonal asymmetry in 

the diabatic heating, but will give no idea of the variation in that 

heating across the oceans or land: essentially we are using a 

step-function which might look like this:-
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H E A T I N G 

Zondly-
heatii fig 

Zonally-asymmetric 
cooling 

COOLING 

asymmetric 
over oceans 

Zonal-mean 
Heating 

over (and 

Note that the zonally-asymmetric components of heating over land 

and ocean are not necessarily identical: the reason for this will 

"become apparent. 

In order to determine the various components of the heating, we 

require to know the fraction £ of each zonal belt covered by ocean. 

We assume Fg^ = 0 over land (this is a good approximation outside 

ice-capped regions at least). Hence, since F
B f l
 as given is a 

zonal-mean (ie it is assumed to be the same all the way round the 

zonal belt), the real value of Fg
A
 over the oceans is Fg

fl 

We can therefore write down 

= F

T„ (5.4a) 

QootiMl ~ F r f t ~ (5.4b) 
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T h e z o n a l - m e a n c o m p o n e n t o f t h i s i s g i v e n b y 

= F _ F 

as before (Eq. (5.3)). 

H e n c e t h e a s y m m e t r i c p a r t s o f t h e h e a t i n g , w h i c h w i l l b e w r i t t e n 

a s Q * , a r e g i v e n b y 

" F 8 A ( 5 . 5 a ) 

T h i s f o r m u l a t i o n i s c a p a b l e o f r e f i n e m e n t i n s e v e r a l w a y s . O n e 

o f t h e s e i s t o c a l c u l a t e e x p l i c i t l y t h e v a r i o u s s u r f a c e f l u x e s , t o 

a s s e s s t h e e f f e c t o f e a c h ( i n p a r t i c u l a r , o f t h e l a t e n t h e a t 

t r a n s f e r ) . G i v e n g r i d p o i n t s u r f a c e f l u x d a t a a n d s a t e l l i t e r a d i a t i o n 

d a t a i t w o u l d o f c o u r s e b e p o s s i b l e t o c a l c u l a t e t h e d i a b a t i c h e a t i n g 

i n a n a t m o s p h e r i c c o l u m n d i r e c t l y a s a f u n c t i o n o f l o n g i t u d e . 

H o w e v e r , t h e f o r m u l a t i o n a b o v e w i l l s u f f i c e t o s h o w t h e v a r i a t i o n s i n 

t h e r m a l f o r c i n g t h r o u g h t h e y e a r . 

5»3 Results. 

Table 5«1 shows the various terms in Eqs. (5»3) - (5»5) for 10° 

zonal belts from 20° to 70° N. The last three columns are the most 

T * - . * . * 

important: they show Q, and Qoceftfj • Bearing in mind the 

possible errors and corrections suggested in Section 5.1.3, we can see 

from this how both zonal-mean forcing (of meridional entropy gradient) 

and zonally-asymmetric forcing (of stationary waves) vary through the 

year. 



Table 5-1 

Energy budget terms for each month 

ENERGY BUDGET TERMS FOR MONTH OF JAN UNITS OF V / M " 2 ENERGY BUDGET TERMS FOR MONTH OF MAY UNITS OF W / M " 2 ENERCY BUDGET TERNS FOR MONTH OF SEP UNITS OF W / M " 2 

LAND OCEAN HEATING ASYM. LAND OCEAN HEATING ASYM. LAND OCEAN HEATING ASYH. 
LAT. FTA FBA HEATING HEATING MEAN LAND OCEAN LAT. FTA FBA HEATING HEATING MEAN LAND OCEAN LAT. FTA FBA HEATING HEATING MEAN LAND OCEAN 

60-70 -156 -32 -156 -34 -124 -32 90 60-70 -12 4 -12 -27 -16 4 -11 60-70 -50 28 -50 -156 -78 28 -78 
50-60 -144 -138 -144 185 -6 -138 191 50-60 30 32 30 -46 -2 32 -44 50-60 -18 14 -18 -51 -32 14 -19 
40-50 -114 -130 -114 149 16 -130 133 40-50 57 29 57 -2 28 29 -30 40-50 -5 18 -5 -41 -23 18 -18 
30-40 -82 -64 -82 28 -18 -64 46 30-40 68 34 $8 10 34 34 -24 30-40 11 4 II 4 7 4 -3 
20-30 -50 -109 -50 123 59 -109 64 20-30 66 24 66 28 42 24 -14 20-30 37 5 37 29 32 5 -3 

ENERGY BUDGET TERMS FOR MONTH OF FEB UNITS OF H/M*»2 ENERCY BUDGET TERMS FOR MONTH OF JUN UNITS OF V/M**2 ENERGY BUDGET TERMS FOR MONTH OF OCT UNITS OF V / H " 2 

LAND OCEAN HEATING ASYM. LAND OCEAN HEATING ASYM. LAND OCEAN HEATING ASYM. 
LAT. FTA FBA HEATING HEATING MEAN LAND OCEAN LAT. FTA FBA HEATING HEATING MEAN LAND OCEAN LAT. FTA FBA HEATING HEATING MEAN LAND OCEAN 

60-70 -130 2 -130 -138 -132 2 -6 60-70 42 43 42 -121 -1 43 -120 60-70 -135 -26 -135 -36 -109 -26 73 
50-60 -102 -123 -102 192 21 -123 171 50-60 52 33 52 -27 19 33 -46 50-60 -104 -80 -104 87 -24 -80 111 
40-50 -76 -110 -76 146 34 -110 112 40-50 68 53 68 -39 15 53 -54 40-50 -65 -46 -65 28 -19 -46 47 
30-40 -46 -21 -46 -10 -25 -21 15 30-40 78 37 78 14 41 37 -27 30-40 -37 -21 -37 -1 -16 -21 15 
20-30 -13 -61 -13 84 48 -61 36 20-30 68 32 68 17 36 32 -19 20-30 -6 -52 -6 77 46 -52 31 

ENERGY BUDGET TERMS FOR MONTH OF MAR UNITS OF W / M " 2 ENERGY BUDGET TERMS FOR MONTH OF JLY UNITS OF V / M " 2 ENERGY BUDGET TERMS FOR MONTH OF NOV UNITS OF W/M
# ,

2 

LAND OCEAN HEATING ASYM. LAND OCEAN HEATING ASYM. LAND OCEAN HEATINC ASYM. 
LAT. FTA FBA HEATING HEATING MEAN LAND OCEAN LAT. FTA FBA HEATING HEATING MEAN LAND OCEAN LAT. FTA FBA HEATING HEATING MEAN LAND OCEAN 

60-70 -78 36 -78 -215 -114 36 -101 60-70 48 72 48 -226 -24 72 -202 60-70 -158 -56 -158 55 -102 -56 157 
50-60 -56 -67 -56 104 11 -67 93 50-60 55 46 55 -55 9 46 -64 50-60 -138 -154 -138 230 16 -154 214 
40-50 -23 -40 -23 58 17 -40 41 40-50 65 66 65 -68 -1 66 -67 40-50 -106 -87 -106 70 -19 -87 89 
30-40 7 16 7 -20 -9 16 -11 30-40 79 43 79 5 36 43 -31 30-40 -76 -46 -76 3 -30 -46 33 
20-30 35 -35 35 91 70 -35 21 20-30 76 62 76 -22 14 62 -36 20-30 -42 -81 -42 87 39 -81 48 

ENERGY BUDGET TERMS FOR MONTH OF APR UNITS OF W/M»»2 ENERCY BUDGET TERMS FOR MONTH OF AUG UNITS OF tf/M*»2 ENERGY BUDGET TERMS FOR MONTH OF DEC UNITS OF V / M " 2 

LAND OCEAN HEATING ASYM. LAND OCEAN HEATING ASYM. LAND OCEAN HEATING ASYM. 
LAT. FTA FBA HEATING HEATING MEAN LAND OCEAN LAT. FTA FBA HEATING HEATING MEAN LAND OCEAN LAT. FTA FBA HEATING HEATING MEAN LAND OCEAN 

60-70 -72 0 -72 -72 -72 0 0 60-70 -11 28 -11 -117 -39 28 -78 60-70 -160 -48 -160 23 -112 -48 135 
50-60 -12 -14 -12 21 2 -14 19 50-60 15 21 15 -35 -6 21 -29 50-60 -150 -112 -150 117 -38 -112 155 
40-50 20 8 20 4 12 8 -8 40-50 37 56 37 -76 -19 56 -57 40-50 -122 -140 -122 161 18 -140 143 
30-40 34 -3 34 39 37 -3 2 30-40 57 28 57 9 29 28 -20 30-40 -91 -63 -91 17 -26 -63 45 
20-30 42 -12 42 61 54 -12 7 20-30 61 48 61 -15 13 48 -28 20-30 -60 -106 -60 108 46 -106 62 
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5.5*1 Zonally-Asymmetric Heating. 

While not all the features of the annual variation in this 

differential heating can be closely related to variations in 

stationary eddy sensible heat transport, the main features of the 

latter can. The justification for doing this is that [t*
2

"] should be 

closely related to differential heating, and the stationary eddy 

sensible heat transport was shown (Chapter 4, Section 4.3-4) to be 

strongly correlated with [T*
2

]. In particular, the variation in heat 

transport during the first four months of the year is closely linked 

to the variation in heating — if anything, the heat transport is 'too 

high' in March and April (indicating a lag in response to changes in 

forcing, which it is reasonable to expect: this is about 10 days). 

Similarly, using modified November values it is clear that the heat 

transport then should be much larger than in April, as it is. Using a 

modified December F
Qfl
 (Fig. 5 of OVH suggests that -120WE1-

2

- is closer 

than — 112Wm~
a

), the October - January variations can be closely 

correlated also. Thus we can relate very well the variations in 

forcing and response for October-April, with possibly a lag of ten 

days or so when the forcing changes sharply, as in October and March. 

Note that the February-March fall in heating contrast is a result 

of both F
r f t
 and F

ftft
 being halved. The former is due principally to 

the change in the Earth's inclination towards the Sun (from orbital 

geometry); the latter must be due mainly to changes in the surface 

latent and sensible heat fluxes. 

The stationary eddy heat transport at 30°N falls steeply from 

January to February (Fig. 2.2), as does the heating contrast in the 

20°-40°N zonal belt: so the stationary eddy heat transports at these 
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latitudes are also closely linked to the heating contrast "between land 

and oceans. 

For the remaining months of the year, it is rather more difficult 

to relate differential heating and eddy heat transport: the contrast 

between land and sea is reversed in May but the zonal-mean stationary 

eddy heat transport does not become equatorward until June, similarly 

in September there is still more heating over land but the heat 

transport reverts to being poleward then. However, meridional heat 

transport also depends on the sign of the stratospheric zonal wind: 

this is easterly in May, so the poleward heat transport then still 

seems mysterious, but it is so small it can probably be ignored. In 

general, the summer circulation is rather different from that in 

winter, and reversal of heat sources and sinks need not reverse the 

eddy heat transport. 

Considering now the effect of clouds on F
r A
 in the 50°-60°N belt, 

the likelihood is that in winter there will be high cloud over the 

oceans, low cloud over land, which will in turn accentuate heating 

over the ocean/cooling over land by reducing/increasing the infra-red 

radiation to space over ocean/land below/above the zonal mean, so that 

- * - X 

F
T R
 > F

Tft
 over land, F

Tfl
 < F

rfl
 over the ocean. With the surface flux 

F
B r
 producing heating over the ocean/cooling over land, the heating 

asymmetry in winter will tend to be increased. Thus even if errors in 

Fg
ft
 arising from its calculation as a residual term might tend to 

reduce the asymmetry, the longitudinal variation of F
T R
 will maintain 

it. The mean cloud field changes little from February to March. 

It seems reasonable to relate the stationary eddy sensible heat 

transport directly to the degree of longitudinal asymmetry in the 
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diabatic heating field rather than to the meridional entropy gradient, 

at least for October through to April. 

5.5*2 Zonal-Mean Heating. 

From Table 5*1 it is immediately apparent that the difference 

between zonal-mean heating in the 20°-30° N and 60°-70°N zonal belts, 

which maintains the meridional entropy gradient between about 25° and 

65° N, is roughly constant from January to March, as is A; it then 

drops steeply to April, as does A . Thus it seems that the variations 

in both the stationary eddy sensible heat transport and the meridional 

entropy gradient are consistent with the thermal forcing mechanisms 

acting to produce them. 

Fig. 5.2 shows the annual variation of A with respect to 

meridional difference in diabatic heating. Except for November and 

December, it shows good correspondence between them, but a distinct 

lag in the response of A, of about 1 month. This can be explained by 

the annual cycle of div(H^), in particular the eddy sensible heat 

component which dominates in midlatitudes, in the zonal belt 60°-70°N 

(treating 20° -30° N as roughly isothermal: Fig. 2.7 shows that the 

annual variation here is small compared with that at 60°-70°N). The 

reduction in -div(H
f l
) from March to June will tend to hold the 

zonal-mean temperature at around 65°N lower than if that temperature 

depended only on F
t a
 and ie with the divergence remaining 

constant. The entropy gradient depends on this temperature, so it 

does not rise as fast as changes in F
T f t
 and F

8 a
 would suggest. 

Similarly, A is held low in September and October by -div(H
fl
) 

— X 

increasing, maintaining T
6S
- higher than it would otherwise be, and 

hence A lower. 
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Fig. 5.2: Zonal-mean entropy gradient at 500mb against meridional 
difference in zonal-mean diabatic heating (Units: W m

- i

) . 
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5.4 Discussion. 

The annual variation of the stationary eddy sensible heat 

transport can be explained successfully in terms of variations in the 

land-ocean heating contrast. That of the entropy gradient can 

similarly be explained by variations in the latitudinal heating 

contrast, modified by eddy heat transports producing a lag in response 

to changes in that contrast. Thus, the response-time to variations in 

forcing seems to be about 10 days for the eddy heat transport 

(strictly, in [ t * ]), 30 days for the entropy gradient, consistent 

with the lag between these two quantities being around 3 weeks in 

winter, 1 week in summer (Chapter 4, Section 4 -1 -1) -

In winter, the large deficit in radiation heating at middle and 

high latitudes is compensated principally by the horizontal heat flux 

divergence. The change in during spring is less than would be 

expected from changes in the vertical flux difference ( F ^ - F
a f l

), 

since the horizontal flux divergence is smaller. This in turn results 

from the reductions in meridional heat flux — in particular, that in 

the stationary eddy contribution to the flux, which arises from a 

reduction in the heating contrast between land and oceans. It is 

therefore possible to produce a scheme for variations in stationary 

eddy heat flux and meridional entropy gradient:-

Change in longitudinal Change in latitudinal 

heating asymmetry heating asymmetry 

N/ 

Change in stationary eddy Change in T
65
-o 

sensible heat transport 

X 
Change in A 
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O f c o u r s e , t h e r e w i l l b e o t h e r f e e d b a c k l o o p s b e s i d e s t h a t 

d e n o t e d X , b u t t h i s s c h e m e p l u s t h e d a t a p r e s e n t e d a b o v e n o w e x p l a i n 

m u c h o f t h e a n n u a l c y c l e s o f v a r i a t i o n i n b o t h t h e s t a t i o n a r y e d d y 

s e n s i b l e h e a t t r a n s p o r t a n d m e r i d i o n a l e n t r o p y g r a d i e n t , a n d t h e l a g 

o f e n t r o p y g r a d i e n t b e h i n d h e a t t r a n s p o r t . T h u s s e v e r a l o f t h e 

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

c a u s e o f t h e ' l o o p ' i n t h o s e f i g u r e s i s n o w u n d e r s t o o d , e m p i r i c a l l y a t 

l e a s t . 
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CHAPTER 6 

AN ANALYTIC MODEL FOR 

HEAT TRANSPORT BY 

STATIONARY WAVES 
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Introduction. 

One aspect of the problem of the annual variation of eddy heat 

fluxes which has so far not been investigated in this study is the 

problem of why the transient eddy flux is for most of the year 

apparently independent of meridional temperature gradient, and how the 

transient and stationary eddies interact. It was suggested in Chapter 

1, Section 1.4 that the transient eddies acted upon the stationary 

eddies in winter to modify their meridional heat transport: in this 

chapter we examine how they might do this. In winter, the stationary 

waves give rise to temperature gradients with a large zonal component 

in places: transient eddies will transport heat down local gradients, 

so in such places they will produce a strong transport of heat in the 

zonal direction as well as a meridional flux. This could modify 

significantly the amplitudes and relative phase of the temperature and 

geopotential height waves, and hence the stationary eddy heat 

transport. Furthermore, as the stationary waves increase in 

intensity, the longitudinal component of the temperature gradient will 

also become greater, and the transient eddy flux vector will point 

increasingly in the zonal direction. 

We investigate in this chapter whether the (longitudinal) 

diffusion of heat (or rather, potential vorticity) caused by the 

process described above will enhance or damp the stationary eddy heat 

transport. If it enhances this transport, it will show that this kind 

of interaction between stationary and transient eddies can account for 

the stationary eddy heat transport increasing in autumn and winter 

while the transient eddy heat transport hardly varies, as seen in Fig. 

1 . 1 . 
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I t i s i m m e d i a t e l y a p p a r e n t t h a t t h e s t a t i o n a r y w a v e p a t t e r n , 

w h i c h i s ' e x t e r n a l l y ' f o r c e d ( a s d e s c r i b e d i n C h a p t e r s 4 a n d 5 ) , w i l l 

i n t h i s p r o c e s s c o n t r o l t h e t r a n s i e n t e d d y h e a t t r a n s p o r t a n d t h u s i n 

s o m e w a y t h e e f f e c t o f t r a n s i e n t e d d i e s o n i t s e l f . H e r e w e l o o k o n l y 

a t h o w t h e s t a t i o n a r y w a v e s a r e m o d i f i e d b y t h e d i f f u s i v e a c t i o n o f 

t r a n s i e n t e d d i e s ; a f u l l t r e a t m e n t o f t h e i n t e r a c t i o n b e t w e e n 

s t a t i o n a r y a n d t r a n s i e n t e d d i e s i s b e y o n d t h e s c o p e o f t h i s s t u d y . 

W h i t e a n d G r e e n ( 1 9 8 2 ) i n v e s t i g a t e d t h e s t e a d y - s t a t e r e s p o n s e t o 

s t e a d y t h e r m a l f o r c i n g i n a m o d e l i n c o r p o r a t i n g p a r a m e t e r i z e d 

t r a n s i e n t e d d i e s , a n d h i n t e d a t t h e n e e d t o f o r m u l a t e a t i m e - d e p e n d e n t 

n u m e r i c a l m o d e l t o s t u d y t h e g r o w t h o f t r a n s i e n t e d d i e s o n a l o n g - w a v e 

f i e l d a n d t h e d y n a m i c a l s e l f - i n t e r a c t i o n i n s u c h a s y s t e m . 

H e r e , a s i m p l e a n a l y t i c m o d e l i s u s e d t o i n v e s t i g a t e t h e e f f e c t 

o f t r a n s i e n t e d d i e s , r e p r e s e n t e d b y a d i f f u s i o n t e r m , o n t h e 

m e r i d i o n a l s e n s i b l e h e a t t r a n s p o r t d u e t o p l a n e t a r y w a v e s o f z o n a l 

w a v e n u m b e r m = 2 . 

6.1 The Model. 

T h e l i n e a r i s e d q u a s i - g e o s t r o p h i c p o t e n t i a l v o r t i c i t y e q u a t i o n m a y 

b e w r i t t e n 

(6.1) 
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where 

U is zonal wind - taken to be constant with 

height and latitude 

K
rt
 is a diffusion coefficient 

Other symbols have their usual meanings 

The first term on the right hand side of Eq. (6.1) is the 

diffusion of potential vorticity by the transient eddies, the effect 

of which we wish to investigate; the second is the entropy source term 

(so that the waves are thermally forced). 

The linearised thermodynamic equation is 

u l i + w B = K H V n 2 $ ' + S ( 6 . 2 ) 

x W 
We can write <p = — — 

3 a 

Note that primes now refer to departures from zonal mean. 

Given an entropy source function 

_ _ ikx -bz , 
S = S

0
e e cos ly 

We seek solutions to Eq. (6.1) of the form 

. ikx i^ z T , . , ikx -ix z , 

= Ae e cos ly + A e e cos ly 

+ Ce
i k x

e
_ 1 : ) 2 ;

cos ly (6.3) 

We choose the upward-propagating mode (trough-lines tilting 

westward with height), with no lid, by taking A' = 0. 

We write A, C and y in the following forms:-



- 160 -

- | A | e i ( i r + X - - # 2 > 

- | C | 
. a 

- - • i * 

U t i l i s i n g t h e l o w e r b o u n d a r y c o n d i t i o n w = 0 a t z = 0 ( i e n o 

o r o g r a p h i c f o r c i n g ) y i e l d s t h e s o l u t i o n s ( s e e A p p e n d i x f o r m e t h o d ) 

Q a i sk 
| A | = - = . { 1 + D [ F I T X + 2 ( 1 + E W ) ] ) 

l ^ l j F 
( 6 . 4 a ) 

5X = t a n 1 < 

i f 
+ b' 

(6.4b) 

I 01 = 
_ C D X B 

k 
( 6 . 5 a ) 

^ = t a n 
- 1 / - c 

(3 \ f F + T 2 F - " 2 F ] + 
IVI -

( 6 . 5 b ) 

( 6 . 6 a ) 

( 6 . 6 b ) 

w h e r e 

2 , 2 

t* - y - Q b 

E -
\< u 

o V 

X P 

F = 1 + E" 

(.Ok 
P = - (3/u 
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3 B = u V / f 

w X = 1 + W 

For algebraic purposes, J = (k + 1 ), however numerically we 

substitute its value from spherical geometry, given by 

r v l ( n - 1 ) ( n + 2 ) 

A = Re 
where 

R
e
 is the radius of the Earth 

n is as in the associated Legendre polynomial P ^ 

K
h
, the diffusion coefficient, can be defined such that 

( K H f ) " 1 = T b ( 6 . 7 ) 

where is the time in which planetary waves would be completely 

damped by the action of transient eddies in the absence of forcing. 

Lau (1979) calculates from mean temperatures and transient eddy heat 

flux divergences that is about 7 days for m = 2 at 50 N, though 

earlier estimates were about 4 days. 

By setting K^ = 0 we can calculate the heat transport due to 

waves forced solely by diabatic heating, unmodified by transient 

eddies. 

The surface pressure and temperature waves may be expressed as 

P s ' " J ' . N ' s - J I M p I ' 1 0 ' 



- 1 6 2 -

3 5 

where the subscript "s" indicates the value at the surface, 

Writing 

TT + 'X -f/2 = F, 

tr/2 + (fj2 + F, = 0 C
2 

F
v
 - | = F

a 

yields 

0, = tan' 

1 - | c f + 2|A||C|cos h ) h (6.8a) 

| c |
; L

- 2 b | y | | A | | c | c o s ( % - £ ) }
V i 

(6.9a) 

-1 ' I A U U F . I C l s u l ' 
(6.8b) 

J R I C O S F , +• |C| cot>\ 
(6.8b) 

0 t a n - i 

2 t l A l l v (cos - t l c U s 1 1 

(6.9b) 

The entropy transport may be written as 

!>•#•] - i f R e - (6.10) 

Substitution of ^ from Eq. (6.3) yields 

[ V } ' ] = T j { V R k | A |
2

e -
2 2

 +
[K|A||G|e-

( b 

[(b - >»
r
) sin(F2_ + V^z) + y

R
cos(F

2
_ + y^z)])cos

2

 ly (6.11) 
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6.2 Results. 

Although we are working in Cartesian geometry, we shall define 

the meridional modes according to the equivalent spherical harmonics: 

thus, for example, n = 3 represents a mode with one peak between 

equator and pole (since the number of peaks for a given associated 

Legendre polynomial is (n - m)). We shall use odd harmonics only, and 

look at zonal wavenumber m = 2. We shall also set cos ly = 1 , to 

maximise the flux in midlatitudes. 

There are thus five parameters we can vary in the expressions for 

A, C and V, namely U, the zonal windspeed; S
0
, the heating amplitude; 

Ka, the diffusion coefficient; B, the static stability; and n. In 

general, .we take = 6.7k 10 s" , corresponding to heating of 

1.5 K day"
1

, and B = 1 .5 * 1CT^m
- 1

 ; the effect of varying these is 

investigated in Section 6.2.1 below. We take b to be (4km) ' . U must 

be chosen so that it is large enough to simulate the effect of the 

stronger zonal wind from the tropopause upwards, yet not so large that 

it damps out all eddy motion near the surface. The stratospheric 

zonal wind is important in this case as its strength controls the 

upward propagation of planetary waves, and hence their poleward heat 

transport. Locally, fluxes near the surface (in this type of model it 

is the surface fluxes which are generally largest) are controlled by 

the zonal wind near the surface (as for example in the Siberian 

Anticyclone), but we are here interested in global-scale waves 

extending at least throughout the troposphere. A value of 5 ms"
1

 or 

7-5 ms~' is realistic. 

The value of K
H
 to be used depends on 'A (see Eq. (6.7)), and 

also on the estimated damping time. The values to be used for 
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different n are given in Table 6.1. 

There exists for K
H
 = 0 a critical zonal windspeed U

c
 for which 

the waves become evanescent (with no diffusion) and hence trapped at 

the tropopause - V is pure imaginary in this case. This is given by 

uc = 4 (6.12) 

as can be seen from Eq. (A7): E = 0 and hence F = 1. Values of 

U
c
 for different n are given in Table 6.1. 

Table 6.1 

' n U
t
 (ms~

l

) K
h
 (m

z

s~
l

) Damping Time (Days) 

3 58.94 10* 4 

5 21.01 3-35 * 10* 5 

7 10.90 1.74 *10
6 

5 

9 6.69 1.07 *10
6 

5 

11 4.53 7.23 •lO* 5 

In the ensuing sections, heat transport profiles are given up to 

15 km: we do not expect this model to simulate well the stratospheric 

profile, as the zonal wind and static stability are much stronger 

there. 

6.2.1 n = 5 Mode. 

A number of experiments were run with this mode, to test the 

effects of varying K
H
, S

0
, U and B. In all cases, U < U

c
 , so the 

waves are not trapped. 
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6.1: Vertical profile of heat transport for n = 3 mode, with 
(a) S

0
 = 6.7xKT*s-' ; (b) S = 3• 3 5 x 1 0 " V
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 . 
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; III: K
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 = l o V s
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U = 5ms"
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 ; B = 1 .5*10"* m " . 
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6.2.1a Varying K^. 

The vertical profiles of heat transport for two different heating 

rates are shown in Fig. 6.1; the surface pressure and temperature 

perturbation amplitudes and phases in Fig. 6.2. 

When K
h
 = 0, the transport decreases with height to a minimum 

value at about 8 km, then rises again to a roughly constant value 

which is less than the surface value. Except in the bottom 2 km or 

so, the profile is similar to that in the real troposphere (Oort and 

Rasmusson (1971)). Near the surface, model transports are much larger 

than observed transports due to the absence of friction in the model -

this could be rectified by putting in an Ekman boundary layer. When 

> 0, the flux continues to decay exponentially with height in the 

stratosphere. 

The presence of diffusion by transient eddies exerts a strong 

dissipative effect on the stationary waves. Even with K^ only a 

quarter of its value in Table 6.1 (corresponding to a damping time of 

nearly 20 days), the mid-tropospheric heat transport is not much more 

than half its value for K
H
 = 0; with K^ = l O V s "

1

 (as in Table 6.1), 

the stationary'waves are strongly damped so that their heat transport 

is negligible except near the surface. This is due to the change in 

relative phase between temperature and wind fields as well as the 

reduction in their amplitudes, as can be seen in Fig. 6.2. Hence for 

this mode the transient eddies act to reduce greatly the stationary 

wave heat transport rather than to enhance it. 



- 168 -

HEIGHT (km) 

HEIGHT (km) 

Fig. 6.3: Vertical profile of heat transport for n = 3 mode, with 
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Fig. 6.4: Vertical profile of heat transport for n = 3 mode, with 
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6.2.1b Varying S
0 >
 U, B. 

Since Eq. (6.1) is linear, the heat transport should vary as the 

square of heating rate (as both temperature and wind fields will vary 

linearly); Fig. 6.3 shows that this is indeed the case. It was 

suggested in Chapter 5 that the large change from February to March in 

stationary eddy sensible heat transport could be caused by the 

observed change in diabatic heating: qualitatively, these results show 

that this is easily possible (as we should expect from a linear 

model). Changing S„ only changes the amplitudes of the surface 

pressure and temperature fields, not their phases; this is consistent 

with the change in heat transport from February to March being the 

result of changes in the amplitudes of the temperature and meridional 

wind variances rather than in their correlation, as noted in Chapter 

3, Section 3*1. 

Increasing U has the effect of progressively trapping upward 

energy propagation and hence poleward heat transport. This is seen in 

Fig. 6.4: when K
M
 = 0, increasing U substantially reduces the heat 

transport throughout the troposphere. With K
M
 = lO^m^s"

1

, increasing U 

to 7.5ms~' and 10ms"
1

 actually increases the transport above 2km, and 

reduces it only slightly below this, although as the transports are so 

small this is hardly significant; with U = 12.5ms~
l

 the transport at 

all levels is smaller, but the reduction is less than with K
H
 = 0. 

With K
h
 = 0, it can be seen from Fig. 6.5a that doubling B to 

3v10~
s

'm"
1

 has the effect of increasing the heat transport at all 

levels, but especially so above 6km; the level of minimum transport is 

brought down from 8km to 6km. Increasing B further to 5 x'lO'^m"*
1 

brings the level of minimum transport down to 4km, increases the 
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minimum transport by 40$, reduces the transport below 3km, and further 

increases the transport above 4km. There is a slight maximum in 

transport at around 13.5km, and a profile up to 32km (not presented) 

shows a slight minimum at 22km. Increasing B has the effect of 

decreasing the vertical wavelength (it can be seen from Eq. (6.6a) 

that | goes as hence the lowering of the level of minimum 

transport in the troposphere and the exponentially decaying 

oscillation in the vertical. With B = lO'^m""
1

 , some six times larger 

than the typical tropospheric static stability, the tropospheric 

minimum in heat transport is at 3km, there is a maximum at 9km, with 

transports between these levels being further increased. Below 3km, 

the transports are smaller than for B half as large; above 15km the 

transport reaches a roughly constant value which is also slightly 

smaller. Thus the overall effect of increasing B while keeping K
H
 = 0 

is to reduce the vertical wavelength, resulting in the tropospheric 

minimum in transport being at a lower level, transports above this 

being generally increased, and transports near the surface being 

decreased. 

With -K
h
 = 0.5 *10 m

?

s"' , Fig 6.5b shows that increasing B to 

5 ^ 10 V increases transports in the upper half of the troposphere, 

decreases them slightly above this, and has little- effect on those in 

the lower troposphere. With B = lO
-

"^"
1

 , transports are decreased 

above about 8km and in the lowest 2km, but are roughly the same as for 

7- y _ 1 

= 0 in between. A similar effect can be seen for K
H
 = 10 m s 

(not shown). As for Ky\ = 0, increaing B decreases the vertical scale 

of the motion. 
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Fig. 6.6: Vertical profile of heat transport for n = 5 mode, with 
(a) U = 5ms"' ; (b) U = 7.5ms"

1

 . I: Km = 0; 
II: K

h
 = 0.17x1 O^m

2

 s"' ; III: K
w
 = 0.335*1 0*m

z

 s"
1

 . 
B = 1.5k10'

s

m-' ; S
c
 = 6.7x10~

s

 s " '. 
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6.2.2 n = 5 mode. 

Since the zonal wind required to produce evanescent waves in the 

case K
H
 = 0 is still much larger than a reasonable tropospheric value, 

results for this mode should be qualitatively similar to those for the 

n = 3 mode. Fig. 6.6a shows the vertical profile of heat transport 

for three different vlues of K^, with U = 5ms"
1

. With no diffusion, 

transports are 90$ or more of the n = 3 values; increasing has a 

progressively more marked effect compared with n = 3* particularly on 

the transports above the lowest few km. Increasing the zonal wind to 

7.5ms~' has a similar effect to the n = 3 case (cp. Figs. 6.6b and 

6.4). 

6.2.3 n = 7 mode. 

With n = 7 it is possible to run the model with a zonal windspeed 

greater than U
c
 but not unrealistic for the troposphere. We therefore 

compare results for U = 7.5ms""
1

 (ie less than U
0
) and U = 11ms""' (just 

larger than U
c
); we investigate in more detail the variation of heat 

transport with K^ for the case of U = 11ms"
1

. 

For U = 7.5ms
_ l

 the heat transport is smaller than for n = 3 and 

n = 5 but similar in vertical profile to these cases for K^ both zero 

and non-zero (see Fig. 6.7a). With U = 11ms"
1

 and K
H
 = 0 there is no 

heat transport whatsoever since the relative phase of the temperature 

and meridional wind field is exactly 90° (see Fig. 6.8). With 

Kn = 1.74 x10
C

m
a

s~' , equivalent to a damping time of 5 days (see Table 

6.1), the heat transport is roughly half that for U = 7.5ms"
1

. 

However, the largest heat transport occurs for K^ = 0.7 x'10
6

m
2

s~
1

 , ie 

a damping time of around 12.4 days. 
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Fig. 6.7: Vertical profile of heat transport for n = 7 mode, with 
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AMPLITUDE (rrb) 

Fig. 6.8: Surface amplitudes and phases of (a) pressure and 
(b) temperature for n = 7 mode. K^ in units of lO^m^s

- 1
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Fig. 6.9 shows the variation with K
H
 of heat transport at the 

surface for U = 11ms"
1

. From Fig. 6.8 it can he seen that the effect 

of increasing K^ is to decrease the amplitudes of both surface 

pressure and temperature fields, particularly that of the pressure 

field, and also to shift their phases westwards. For K
H
 increasing up 

6 2-1 

to 0.7 x10 m s , the change in their relative phase is rapid, leading 

to the rapid rise in heat transport seen in Fig. 6.9* As K
H 

increases further, the phase change is much slower, so that the heat 

transport falls even though the relative phase decreases (ie the phase 

difference between maximum temperature and meridional wind drops 
0 2. — i 

further below 90 ) until K
H
 = 1.05 * 10 m s (damping time of 8.3 

days). 

Both waves retrogress faster than their relative phase changes, 

except for K^ near zero. The phase difference between wind and 

temperature fields at maximum heat transport is only 5° less than for 

K
h
 = 0, yet this apparently small difference produces a significant 

change in heat transport. Fig. 6 . 9 also shows that the choice of K
H 

is not critical to the heat transport due to this mode provided it 

takes a reasonable value. 

6.2.4 n = 9 mode. 

For this mode, a value of U = 7.5ms~
l

 was used, which is greater 

than U
c
, so that for K

H
 = 0 the waves are evanescent and hence 

trapped. With this value of U, typical of the troposphere, heat 

transports are nearly twice as large as for n = 7 and U = 1 1 m s
- 1

 (due 

to the smaller zonal windspeed) for the equivalent K
H
, reaching a 

maximum of 0.56 Kms
- 1

 : thus the heat transport due to this mode is 
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about 20$ of that by the n = 3 mode with equivalent diffusion 

coefficient and the same zonal windspeed, which is not negligible. As 

for n = 7, the heat transport is a maximum for K
H
 given by a damping 

time somewhat longer than 5 days, in this case around 15 days. In 

general, the behaviour of this mode is similar to that of the n = 7 

mode. 

6.2.5 n = 11 mode. 

With U = 5 m s , again larger than U
c
, the variation with K

H
 of 

the heat transport at the surface, shown in Fig. 6.10, produces 

interesting results. The maximum heat transport of 1.3Kms~' is for 

s t -1 

Kyj = 0.15 x 10 m s , which represents a 25-day damping time. When K
w 

r i -s 
reaches 0.3 * 10 m s the transport in the middle troposphere starts 

to turn negative, this region extending up and down until 

5" i -1 

K
h
 = 0.55 k10 m s , by which time the heat transport at all heights 

is negative. The heat transport at the surface reaches its largest 

negative value for K
H
 = 1.1 x 1 0 m s~* ; thereafter the (negative) 

transport decreases at all heights. This means that with K
H
 equal to 

its 5-day (or even 7-day) damping time value, the heat transport is 

negative (equatorwards); however it is not clear whether the same 

damping time applies to these higher modes as to the untrapped modes. 

Typical vertical profiles for different K
H
's are shown in Fig. 6.11. 

Fig. 6.12 shows how this variation with K
H
 comes about. As with 

the n = 7 and n = 9 modes, increasing decreases . the amplitudes of 

the surface pressure and temperature fields, and causes both to 

retrogress (twice as fast as in the case of n = 7 for equivalent 

damping times). They retrogress in such a way that for 

-1 
K^ > 0.53x 10 m s the phase difference between temperature and 
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meridional wind fields becomes larger than 9CP , their correlation 

negative, and hence warmer air is transported equatorwards, colder air 

polewards. Thus, whereas for n = 7 there is significant poleward heat 

transport for a wide range of K
H
' s , for n = 11 this exists only for 

small Kh» 

6.3 Conclusions. 

For all modes, the effect of introducing diffusion of potential 

vorticity into the model is to decrease the amplitude of the surface 

temperature and meridional wind fields, to shift their phases 

westwards, and to modify their relative phase; significant heat 

transport becomes limited to the troposphere. With subcritical zonal 

windspeeds the heat transport is invariably reduced considerably by 

diffusion of potential vorticity; only with supercritical zonal 

windspeeds is the heat transport enhanced by this diffusion. This 

enhancement is maximised when the diffusion coefficient represents a 

damping time considerably in excess of that believed to apply in the 

atmosphere; with a damping time of 5 days only two modes yield 

positive (poleward) heat transports at supercritical zonal windspeeds, 

namely n = 7 and n = 9« However, this result must be treated with 

caution, as the damping time appropriate to the higher modes is not 

necessarily the same as for lower modes. 

The number of untrapped modes is small compared to the number of 

trapped modes, and the thermal forcing contains significant components 

due to these higher modes, so that it is reasonable to suggest that 

the higher modes, when summed together, produce a major part of the 

poleward heat transport. However, from this simple model it seems 
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that the region of parameter-space in which transient eddies enhance 

the stationary wave heat transport is relatively limited, so that the 

effect is likely to be swamped by other variations. 

There is a more fundamental objection to the hypothesis 

formulated at the beginning of this chapter. The modes whose heat 

transport is enhanced by transient eddies, and which could therefore 

produce large wintertime stationary wave heat transports in the 

troposphere due to this, are invariably trapped below the stratosphere 

by the zonal wind: hence the transient eddies will have no effect on 

the stratospheric stationary wave heat transport, and we should not 

therefore expect this to rise as it does in the troposphere. However, 

it was shown in Chapter 2, Section 2.3»2, that in winter the 

stratospheric stationary eddy heat transport is large, indeed the 

increase from summer to winter is much more marked than in the 

troposphere. It was stated that this is due to upward propagation of 

tropospheric stationary waves, which seems likely; therefore the large 

stationary eddy heat transports observed in the troposphere in winter 

cannot be produced by the effect of transient eddies acting on the 

stationary wave field, since it is only the non-vertically propagating 

waves whose heat transport is thus enhanced. Alternatively, the 

wintertime stationary wave heat transports are not the result of 

upward propagation from the troposphere, but this seems unlikely. 

We cannot firmly conclude from this that the rise in stationary 

eddy heat transport in winter while the transient eddy heat transport 

remains roughly constant is not due to the stationary eddy transport 

being enhanced by the transient eddies, however from this simple model 

it seems unlikely. A deeper investigation might look at the effects 

of taking a heating function more realistic than one Fourier mode, as 
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well as including orography and surface friction, and also of allowing 

vertical shear in the zonal wind so that the zonal windspeed is 

realistic at all heights. 
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CHAPTER 7 . CONCLUSIONS AND SUGGESTIONS FOR FURTHER WORK. 

It has been found that a knowledge of the zonal-mean temperature 

field is not sufficient to define uniquely the eddy meridional heat 

flux at any time of year. Conventional partitioning of this into 

stationary and transient components reveals that the transient eddy 

sensible heat flux is almost independent of meridional entropy 

gradient (except in summer), which is often used to parameterize that 

flux in climate models. The total eddy sensible heat flux is mare 

closely related to meridional entropy gradient, but nevertheless 

displays two-valued behaviour with respect to this, which is accounted 

for by the annual variation of the stationary eddy component of the 

flux. 

It is inappropriate to use meridional entropy gradient to 

determine the stationary eddy flux,- as this is a result of 

longitudinal rather than latitudinal variations in temperature 

structure. For October to April, this flux is closely related to the 

contrast in diabatic heating between land and oceans. Similarly, the 

annual variation of meridional entropy gradient is closely related to 

the difference in zonal-mean diabatic heating between tropical and 

high latitudes. The annually-varying forcing mechanisms for each are 

different in nature, though" linked; the annual variations in 

stationary eddy heat transport and in entropy gradient can be regarded 

as separate responses to these different forcing mechanisms, rather 

than stationary eddy heat transport being a function of meridional 

entropy gradient. Both exhibit time-lags with respect to changes in 

forcing: that in entropy gradient is longer, probably because this is 

modified by the eddy heht transport. 
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Use of a time-dependent model would be useful to investigate 

whether the observed cycles of variation can be reproduced in such a 

model, and in particular to study the interaction between meridional 

eddy heat transport and entropy gradient, as well as their response 

times to changes in forcing. 

This still leaves the problem of transient eddy heat fluxes: how 

can these be parameterized in both zonal-mean models and those 

calculating explicitly longitudinally-varying fields? In particular, 

further work is needed to understand the development of transient 

disturbances on long-wave fields, and how in a time-dependent model 

the long-wave field acts upon itself, for instance via generation of 

transient eddies. Such work would make possible revised 

parameterization schemes for transient baroclinic eddies, as well as 

revealing the nature of the interaction betwen stationary and 

transient eddies. 

As regards the problem of whether the conventional distinction 

between stationary and transient eddies represents a distinction in 

physical mechanisms, the present study suggests that this is for the 

most part valid, in that observed variations in stationary eddy heat 

transport can be accounted for without reference to transient eddies, 

which may depend in the first place on the long-wave field but 

represent a distint class of physical behaviour (ie baroclinic 

instability). However, it is possible that a small but not 

insignificant part of the meridional heat flux apparently due to 

stationary eddies is in fact a result of transient eddies developing 

in preferred locations on the long-wave field. 

This study has also demonstrated the important role of the oceans 
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in determining atmospheric eddy heat fluxes, via the transfer of 

energy from oceans to atmosphere. 

With the advent of many years' satellite radiation data, and 

recent studies presenting surface flux statistics, a much-refined 

atmospheric energy budget could be carried out to determine the 

diabatic heating more exactly as a function of longitude and latitude. 

This might lead to a better understanding of causes of interannual 

climate variation, if such variations in the atmospheric circulation 

can be demonstrated to be closely correlated with changes in the top 

and bottom (vertical) energy fluxes. In the present context, the 

intra-annual variation of the eddy heat fluxes might be explained, and 

the reason for the presence or absence of a sharp February-March fall 

in this established. 
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APPENDIX — DERIVATION OF MODEL EXPRESSIONS. 

The expressions for A, C and given in Eqs. ( 6 . 4 ) - ( 6 . 6 ) are 

derived as follows. 

Substitution of If from Eq. (6.3) into the potential vorticity 

terms in Eq. (6.1) gives 

Sustituting this and the expressions for and S into Eq. (6.1) 
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The terms in e 
iv>z 

and e are now separately equated:-

(A3) 

( [ - i k U Q
1

-
 Q

V ) ] + . i k ^ C = [ k ^ a ' - q V ) ] c - ^ (A4) 

Use (A4) to obtain an expression for C:-

leads to 
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U kUB 

Now, writing - = P; ^ ^ = W; (1 + W
a

) = X 

we obtain (W + i) C =
 f f l b S 

kUBP 

Multiplying by (W - i) and rearranging gives 

=
 fobS o (W - i) , s 

L

 kUBXP
 { A 2 ) 

Writing C = | c | e 0 we find 

where 

<> = tan"
1

(-l /w ) + n TT (A6b) 

n = 0 if P > 0 

n = 1 if P < 0 

We now solve for y, using Eq. (A3), which can be rearranged in 

the form 

whence 

q V ( e + i) = i ( A - A 

q
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a
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2 
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and hence y
2

 = _ ! L j M - ^ + iE] 

Expressing this in the form V2 = I v ^ e
1

^ , so that V = 

and | y | = j\y*\ , gives 

(A8a) 

(a8b) 

To obtain A, we first rewrite Eq. (6.2) in streamfunction form:-

- - - - ^ l ? ) 
+ S (A9) 

Substituting for ^ in this yields 

{ - U k y + i K
H
V v J 

, h z 
Ae + wB = ' [ K

H
V b + iUkb]c • ^ M e "

b z 

Using the lower boundary condition w = 0 at z = 0 and dividing through 

by Uk yields 

-!(1 - iE)y}A = (E + i) bC 
gs

c 

f o Uk 

Writing ^ ^
 =

 0 and multiplying by (E - i) gives 

-FvA = ifSbC + G(E - i)I 
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whence A = -f-y^r - i 
bC GE 
v vS 

Extracting the factor 1 from this and substituting for C from 

Eq. (A5) gives 

\ + Q
z

b
r 

S XP 
+ i 

r

Q
Z

 b
Z

W E~ 
XP

 +

 S 

q}]2 2 
Writing

 p

 = D , replacing >* by its complex form and putting A 
a r 

into the form 

a = | a | e i ( r r + x -f/2) 

gives 

|A| = j J ^ - (1 + D
1

[ S D
1

X + 2(1 + EW)]) 
% 

(A10a) 

x = t< 
- 1 

t
 +

 d' ] 
(A10b) 

The expressions for A, C and v> given in Eqs. (A10), (A6) and 

(A8) respectively are those used in Chapter 6. 
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