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Numerical S imu la t i on  o f  t h e  B lock i ng  Process 

Y.  Ki kuch i 

Colorado S ta te  U n i v e r s i t y  

ABSTRACT 

The geos t roph ic  system o f  equa t ions  w i t h  bo th  t h e  e f f e c t s  o f  orog- 

raphy and hea t  c o n t r a s t  cor responding t o  land-sea d i s t r i b u t i o n  i s  i n t e -  

g ra ted  w i t h  r espec t  t o  t i m e  by us i ng  t h e  s p e c t r a l  method. The computed 

r e s u l t s  show t h e  appearance of  reasonable b l o c k i n g  s i t u a t i o n  and a  co r re -  

sponding double j e t  stream i n  t h e  l a t i t u d i n a l  d i s t r i b u t i o n  o f  t h e  z o n a l l y  

averaged zonal wind. 

The budgets o f  heat,  angu la r  momentum and energy f o r  t h e  p e r i o d  

cha rac te r i zed  by t h e  predominant double j e t  s t ream a r e  compared w i t h  those  

f o r  ano ther  p e r i o d  t o  c l a r i f y  t h e  dynamical p r o p e r t i e s  concern ing b l o c k i n g .  

The r e s u l t s  o f  comparison a r e  summarized as f o l l o w s :  

1 . As a  r e s u l t  o f  t h e  unusual po l  eward t r a n s p o r t  o f  heat,  t h e  meri d- 

i ona l  c i r c u l a t i o n  has a  4 - ce l l  s t r u c t u r e  f o r  t h e  p e r i o d  d u r i n g  which t h e  

doub l  e  j e t  s t ream predomi nates.  

2. I n  t h e  upper layer ,  t h e  angu la r  momentum i s  t r a n s f e r r e d  t o  h i gh  

l a t i t u d e s  t o  compensate f o r  t h e  d e s t r u c t i o n  o f  angu la r  momentum due t o  t h e  

d i r e c t  p o l a r  mer id iona l  c i r c u l a t i o n ,  fo rm ing  a  4 - ce l l  s t r u c t u r e  d u r i n g  t h i s  

per iod .  Th i s  angu la r  momentum c o n t r i b u t e s  t o  t h e  f o rma t i on  and development 

o f  t h e  n o r t h  branch o f  t h e  double j e t  stream. 

3.  The poleward t r a n s p o r t s  o f  hea t  and angu la r  momentum a re  performed 

ma in ly  by t h e  d is tu rbance  o f  wave number 2 which shows a  l a rge  growth when 

t h e  predominant double j e t  stream appears. 

4. I n  t h e  upper layer ,  t h i s  d i s t u rbance  i s  f e d  by convers ion  o f  

a v a i l a b l e  p o t e n t i a l  energy i n t o  k i n e t i c  energy th rough  t h e  b a r o c l i n i c  process 

and by t r a n s p o r t  o f  k i n e t i c  energy f rom t h e  lower l a y e r  th rough  t h e  p ressure  

fo rce ;  wh i l e ,  i n  t h e  lower layer ,  ma in ly  by t h e  t r a n s f o r m a t i o n  f rom zonal t o  

eddy k i n e t i c  energy through t h e  e f f e c t  o f  mountains. 

5. The d i f f e r e n c e  between t h e  d i a b a t i c  hea t ings  o f  t h e  oceans and She 

c o n t i n e n t s  becomes s m a l l e r  du r i ng  t h e  predominant b l o c k i n g  s i t u a t i o n .  





I .  l n t r o d u c t  i on 

We f r e q u e n t l y  observe t h a t  a  zonal f l o w  breaks down i n t o  c e l l u l a r  

mot ions c o n s t i t u t e d  o f  i n tense  and warm an t i c yc l ones  o r  r i dges  w i t h  cyc lones 

t o  t h e  south.  I n  consequence, a j e t  stream i s  b locked by these  v o r t i c e s  

and s p l i t s  i n t o  two branches, one o f  which i s  loca ted  t o  t h e  n o r t h  o f  t h e  

a n t i c y c l o n e  and t h e  o t h e r  t o  t h e  south o f  t h e  cyc lone.  The c h a r a c t e r i s t i c s  

o f  t h i s  b l o c k i n g  s i t u a t i o n  a r e  pe rs i s t ence  and q u a s i - s t a t i o n a r i t y ,  and 

occurrence a t  r a t h e r  we l l - de f i ned  long i tudes .  

Th is  phenomenon, which was f i r s t  noted by G a r r i o t t  (19041, aroused 

t h e  i n t e r e s t  o f  many i n v e s t i g a t o r s  because o f  i t s  pronounced i n f l u e n c e  

upon t h e  weather and c l i m a t e .  Namias (19471, E l l i o t t  and Smith (19491, 

Berggren, B o l i n  and Rossby (19491, Rex (1950a) and many o t h e r s  have p re -  

sented i t s  s y n o p t i c  d e s c r i p t i o n .  On t h e  o t h e r  hand, t h e  t h e o r e t i c a l  

exp lana t i on  o f  t h e  phenomenon was at tempted by Yeh (19491, Rossby (19501, 

Rex (1950a) and Thompson (1957). I n  these  t e n t a t i v e  t h e o r i e s ,  however, 

it should  be noted t h a t  t h e  b l o c k i n g  was cons idered as a  b a r o t r o p i c  

process. 

As well-known, owing t o  t h e  r ecen t  development o f  t h e  e l e c t r o n i c  

computer, accompanied by t h e  progress o f  t h e  computat ion techn ique  and 

t h e  re f inement  o f  atmospher ic models, many numerical  exper iments have been 

made on t h e  general  c i r c u l a t i o n .  (For  example, as r ecen t  i n v e s t i g a t i o n s ,  

M in t z  (.1964), Smagorinsky, Manabe and Hol loway (19651, Manabe, Smagorinsky 

and S t r i c k l e r  (19651, and Kasahara and Washington (19671.1 However, a  

numerical  exper iment which pays spec ia l  a t t e n t i o n  t o  t h e  b l o c k i n g  phenom- 

enon has n o t  y e t  been at tempted. 

The f a c t s  t h a t  t h e  sca les  o f  t h e  b l o c k i n g  phenomenon a re  ve ry  l a rge  

and t h e  p laces  o f  i t s  occurrence a re  w e l l  de f i ned  make us imagine t h a t  

t h e  orography and t h e  hea t  c o n t r a s t  due t o  t h e  land-sea d i s t r i b u t i o n  

would p l a y  impor tan t  r o l e s  i n  t h e  b l o c k i n g  process. T h i s  i n f e rence  seems 

t o  be unquest ionable  because t h e  b l o c k i n g  processes have never y e t  been 

produced by t h e  numerical  exper iments us i ng  t h e  atmospher ic models w i t h o u t  

cons i d e r a t  i on o f  t h e  orography and t h e  l  and-sea d  i s t r  i b u t  i on. 



Although, accord ing  t o  Burger ' s  s c a l e  a n a l y s i s  ( 19581, t h e  v o r t i  - 
c i t y  equa t i on  a p p l i e d  t o  t h e  waves o f  such p l ane ta r y  s i z e  as b l o c k i n g  

waves looses t h e  p r o g n o s t i c  charac te r ,  Deland (1965) has r e c e n t l y  i n d i -  

ca ted  t h a t  t h e  v o r t i c i t y  equa t ion  a p p l i c a b l e  t o  t h e  cyc lone  waves may 

a l s o  be a p p l i e d  t o  t h e  u l t r a - l o n g  waves. Thus, i t would be s i g n i f i c a n t  

t o  examine whether t h e  b l o c k i n g  phenomenon can be governed by t h e  geo- 

s t r o p h i c  v o r t i c i t y  equa t ion .  

I n  t h i s  paper, t h e  f i r s t  aim i s  t o  per fo rm t h e  numerical  s i m u l a t i o n  

o f  t h e  b l o c k i n g  process by t h e  use o f  t h e  geos t roph ic  system o f  equat ions,  

i n c l u d i n g  bo th  e f f e c t s  o f  t h e  orography and t h e  c o n t r a s t  hea t i ng  due t o  

land-sea d i s t r i b u t i o n .  The second aim i s  t o  c l a r i f y  t h e  dynamical 

c h a r a c t e r i s t i c  f ea tu res  concern ing t h e  b l o c k i n g  process through a n a l y s i s  

o f  t h e  r e s u l t s  ob ta ined .  

2. Cons t ruc t i on  o f  Model 

A. Governing Equat ions 

I n  t h i s  study, we w i l l  assume t h a t  t h e  change i n  t h e  s t a t e  o f  t h e  

atmosphere i s  g i ven  by t h e  v o r t i c i t y  equa t ion  w i t h  t h e  f r i c t i o n  t e rm  

t h e  thermodynamic equa t ion  w i t h  t h e  hea t  d i f f u s i o n  and non-ad iabat ic  

hea t i ng  terms 

and t h e  thermal wind equa t ion  



which i s  de r i ved  from t h e  geos t roph i c  approx imat ion 

Pressure i s  adopted as t h e  v e r t i c a l  coord i  nate, t h e  s t a t i c  s t ab  i l  i t y  

i s  taken  t o  be 3 . 0 m ~ s e c - ~ c b - ~  and, cons ide r i ng  t h e  s p h e r i c a l  ea r t h ,  

f = 2Q s i n  $ 

V =  i a a + j -  
a cos cp ah 

The n o t a t i o n s  used i n  t h e  above equat ions a r e  as f o l l o w s :  

t - t ime  

p - pressure 

X - long i t ude  

+ - l a t i t u d e  

$ - stream f u n c t i o n  

@ - geopo ten t i a l  h e i g h t  on an i s o b a r i c  su r f ace  

x -  v e l o c i t y  p o t e n t i a l  o f  d i ve rgen t  p a r t  o f  wind 

T - abso lu te  temperature 

w - v e r t i c a l  p - v e l o c i t y  

F - r a t e  o f  v o r t i c i t y  change due t o  momentum d i f f u s i o n  by sma l l - sca le  

eddies.  

B - r a t e  o f  temperature change due t o  l a t e r a l  hea t  d i f f u s i o n  by sma l l -  
.. 

sca le  eddies.  - ::I: 
q - r a t e  o f  non-ad iabat ic  hea t i ng  pe r  u n i t  a i r  mass 



a - s tandard  va lue  o f  s p e c i f i c  volume 
S 

O - s tandard  va lue  o f  p o t e n t i a l  temperature 
s  

f - C o r i o  l  i s  parameter 

R - gas cons tan t  f o r  dry  a i r  

Cp - s p e c i f i c  hea t  o f  a i r  a t  cons tan t  pressure 

a  - rad ius  o f  e a r t h  

fi - angu la r  v e l o c i t y  o f  e a r t h  

i , j - eastward and nor thward un i t vec to rs ,  respec t  i ve l y  

The d i f f e r e n c e s  between t h e  system o f  equat ions ( 1 ) - ( 3 )  and t h e  

so-ca l led  quas i -geos t roph ic  system o f  equat ions a r e  t o  t r e a t  t h e  C o r i o l i s  

parameter as a  f u n c t i o n  o f  l a t i t u d e  i n  equat ions ( 1 )  and (31, and t o  i n -  

c l ude  t h e  t e rm  V X - V f  r ep resen t i ng  t h e  advec t ion  o f  v o r t i c i t y  o f  t h e  e a r t h ' s  

r o t a t i o n  by t h e  d i ve rgen t  p a r t  o f  wind i n  t h e  v o r t i c i t y  equa t i on  ( I ) .  Th i s  

t e rm  i s  necessary t o  guarantee t h a t  t h e  system o f  equa t ions  ( 1 ) - ( 3 ) ,  i gnor -  

i n g  t h e  d i f f u s i o n  and non-ad iabat ic  h e a t i n g  terms, i s  energy conserv ing  

when t h e  C o r i o l  i s  parameter i s  v a r i a b l e .  [See Lorenz ( 1960)] 

For  convenience, we i n t r oduce  t h e  new v a r i a b l e  x de f i ned  by 

so t h a t  

S ince we w i l l  cons ide r  t h e  atmospher ic mot ion i n  t h e  t roposphere,  200- 

and 1000- mb sur faces  a r e  taken  as t h e  upper and lower boundar ies o f  o u r  

model atmosphere, r e s p e c t i v e l y .  I n  o u r  model, t h e  atmosphere i s  d i v i d e d  

i n t o  two layers  by t h e  600- mb sur face .  We w i  l l  app ly  t h e  v o r t i c i  t y  equa- 

t i o n  a t  400- and 800- mb sur faces and t h e  thermodynamic and thermal wind 

equa t ions  a t  t h e  600- mb sur face .  Then, cons ide r i ng  equat ions (5) and (61,  

t h e  govern ing equat ions may be r e w r i t t e n  as f o l l o w s :  



where Q i s  t h e  r a t e  o f  non-ad iaba t i c  hea t i ng  i n  t h e  a i r  column o f  u n i t  

c ross-sect  i on, 

and t h e  s u b s c r i p t s  0, 1 ,  2, 3, and 4  r e f e r  t o  t h e  q u a n t i t i e s  a t  ZOO-, 

400-, 600-, 800-, and 1000- mb l e v e l s  as shown i n  F i g .  I ,  r e s p e c t i v e l y .  

D i f f u s i o n  Due t o  Small-Scale Eddies 

The r a t e  o f  v o r t i c i t y  change due t o  momentum d i f f u s i o n  by sma l l -  

s c a l e  eddies,  i . e .  f r i c t i o n  term, may be separated i n t o  two p a r t s  as 

f o l  lows: 

where t h e  f r i c t i o n  t e rm  due t o  h o r i z o n t a l  d i f f u s i o n  M and t h a t  due t o  

v e r t i c a l  d i f f u s i o n  N w i l l  be g i ven  by 



Here A i s  t h e  l a t e r a l  k i n e t i c  eddy -v i scos i t y  c o e f f i c i e n t ,  g t h e  acce l -  
M 

e r a t i o n  o f  g r a v i t y  and T t h e  r o t a t i o n  o f  s t r e s s  a c t i n g  across t h e  h o r i -  

zon ta l  su r face .  The l a s t  t e rm  i n  t h e  equa t ion  ( 1 1 )  r e s u l t s  f rom t h e  

e f f e c t  o f  t h e  s p h e r i c a l  e a r t h .  The r o t a t i o n  o f  t h e  s t r e s s  due t o  v e r t i c a l  

d i f f u s i o n  i s  taken  as 

where p i s  t h e  dens i t y ,  p t h e  sma l l - sca le  v e r t i c a l  eddy s t r e s s  c o e f f i c i e n t .  

I f  equa t ions  (11)  and (12)  a re  a p p l i e d  a t  t h e  l e v e l s  I  and 3  c o r r e -  

sponding t o  equat ions ( 7 )  and (81, we o b t a i n  t h e  f o l l o w i n g  forms: 

App ly ing  equa t i on  (13)  a t  l e ve l  2, we have t h e  f o l l o w i n g  d i f f e r e n c e  form 

f o r  ~ 2 :  

L 
where t h e  c o e f f i c i e n t ,  k i  = up($) , i s  taken  t o  be 0.5 x l o d  secl 

as was used by Charney (1959) and M in t z  (1964). Wi th  respec t  t o  T O  and 

~ 4 ,  we w i l l  assume as f o l l o w s :  



where k =4 x  1 0 ' ~ s e c - l  and $L+ i s  es t imated  by t h e  l i nea r  e x t r a p o l a t i o n  
s  

f rom t h e  l e v e l s  I and 3 .  Eqs. (18)  and (19) a re  ones o f  t h e  v e r t i c a l  

boundary c o n d i t i o n s  and have been used by P h i l l i p s  (1956) and o t h e r  

i n v e s t i g a t o r s .  

S ince t h e  whole atmosphere i s  t r e a t e d  as one l a y e r  w i t h  r espec t  

t o  i t s  thermal s t a te ,  on l y  l a t e r a l  d  i f f  us i  on w i  l  l be cons i dered as t h e  

process f o r  r e d i s t r i b u t i o n  o f  hea t  due t o  eddy d i f f u s i o n .  The temper- 

a t u r e  change due t o  l a t e r a l  hea t  d i f f u s i o n  i s  g i ven  by 

where AT i s  t h e  l a t e r a l  eddy-d i f fus ion  c o e f f i c i e n t .  As performed by 

P h i l l i p s  (19561, it w i l l  be assumed t h a t  

Corresponding t o  t h e  Eq. (91, B2 i s  w r i t t e n  as 

B2 = Av2T2 

C. Hea t ing  Func t ion  

I n  t h e  thermodynamic Eq. (91, t h e  r a t e  o f  t h e  non-ad iaba t i c  h e a t i n g  

Q may be separated i n t o  t h r e e  p a r t s  as f o l l o w s :  

where Q 
SR* QLR 

a r e  t h e  r a t e s  o f  h e a t i n g  o f  an a i r  column w i t h  u n i t  c ross -  

s e c t i o n  due t o  t h e  abso rp t i on  o f  short-wave and long-wave r a d i a t i o n ,  

r espec t i ve l y ,  and QCS i s  t h a t  due t o  condensat ion i n  t h e  atmosphere and 

s e n s i b l e  hea t  t r a n s f e r r e d  f rom t h e  e a r t h ' s  su r f ace  t o  t h e  atmosphere. 

Adem1s method (1962, 1964) w i l l  be used t o  eva lua te  t h e  r a d i a t i o n a l  

hea t ing .  The d e t a i l s  o f  t h e  method a r e  descr ibed i n  h i s  paper. Hence 

o n l y  t h e  b r i e f  o u t l i n e  i s  g i ven  here.  



With r espec t  t o  long-wave r a d i a t i o n ,  i t  i s  assumed t h a t  t h e  

atmosphere i s  t r anspa ren t  f o r  t h e  wave leng th  f rom 6~ t o  I ~ u ,  w h i l e  

behaving as a b l ack  body f o r  t h e  o t h e r  wave lengths.  Therefore,  t h e  

energy e m i t t e d  by a u n i t  area o f  boundary o f  t h e  atmospher ic l a y e r  o f  
i 

t h e  temperature T o r ,  when t h e  r a d i a t i o n  em i t t ed  by a u n i t  area o f  

t h e  su r face  o f  a b l a c k  body o f  t h e  temperature T passes th rough  t h e  

atmosphere, t h e  energy absorbed by t h e  atmosphere i s  g i ven  by 

where O T ~  i s  t h e  energy em i t t ed  by u n i t  area o f  t h e  su r f ace  o f  a b l ack  

body o f  temperature T and F(T)  i s  t h a t  p a r t  con ta ined  i n  t h e  r eg ion  o f  

t ransparency.  

Us ing t h e  n o t a t i o n s  E(T) and F(T),  a t  t h e  t o p  and bot tom o f  t h e  

atmosphere, t h e  n e t  upward long-wave r a d i a t i o n s  pe r  u n i t  area, LT and 

LE, a re  g i ven  by 

where Ts i s  t h e  temperature o f  t h e  e a r t h ' s  sur face,  Tc=26 1 O K  t h e  tem- 

pe ra tu re  o f  c loud,  ~ = 0 . 5  t h e  r a t i o  o f  c loud  cover,  P = 6 . 5 O K  km-I t h e  

lapse r a t e  o f  t h e  atmospher ic temperature,  T t h e  mean atmospher ic 
B B temperature,  H t h e  h e i g h t  o f  t h e  atmosphere, T-7 H and T? H t h e  tem- 

pera tu res  a t  t h e  t o p  and bottom o f  t h e  atmosphere, r e s p e c t i v e l y .  

Eq. ( 2 3 )  shows t h a t  upward long-wave r a d i a t i o n  a t  t h e  t o p  o f  t h e  atmos- 

phere i s  composed o f  t h e  window r a d i a t i o n  em i t t ed  by t h e  e a r t h ' s  sur face,  

which i s  p a r t l y  absorbed by c louds, r a d i a t i o n  em i t t ed  by t h e  upper 

boundary o f  t h e  atmosphere and t h e  window r a d i a t i o n  e m i t t e d  f rom c louds 

t o  space. The n e t  upward r a d i a t i o n  a t  t h e  bottom o f  t h e  atmosphere i s  

g i ven  by t h e  d i f f e r e n c e  between upward r a d i a t i o n  f rom t h e  e a r t h ' s  

su r f ace  and downward r a d i a t i o n  f rom t h e  bot tom o f  t h e  atmosphere p l u s  

t h e  downward window r a d i a t i o n  from c l oud  t o  e a r t h .  



I n  o r d e r  t o  l  i n e a r i  ze Eqs. (231 and (241, we separa te  Ts, T and H 

i n t o  t h e  cons tan t  p a r t s  and t h e  d e v i a t i v e  p a r t s  as f o l l o w s :  

As a r e s u l t  o f  l i n e a r i z a t i o n ,  Eqs. (23)  and (24)  may be w r i t t e n  as f o l l o w s :  

L = a0 + alT ' + a2T1 T s  (25 )  

where H' i s  e l i m i n a t e d  by 

Here, i f  TS=288O~, F 2 5 5 . 5 ' ~  and %lo6cm a re  adopted, we have 

Since t h e  d i f f e r e n c e  LE-LT i s  equal  t o  t h e  amount o f  hea t  added t o  t h e  

atmospher ic column w i t h  u n i t  c ross -sec t ion  through t h e  long-wave r a d i a t i o n ,  

QLR i s  represented by 



Due t o  s o l a r  r a d i a t i o n ,  t h e  atmospher ic column w i t h  u n i t  c ross -  

s e c t i o n  i s  heated as f o l l o w s :  

where aa=O. 15 and a  =0.04 a r e  t h e  r a t e s  o f  abso rp t i on  o f  s o l a r  r a d i a t i o n  
C 

by t h e  atmosphere and c loud,  r e s p e c t i v e l y .  I n  t h i s  study, t h e  i n s o l a t i o n  

I ,  which i s  es t imated  by t h e  M i l a n k o v i t s c h ' s  formula,  w i l l  be f i x e d  t o  

t h e  s t a t e  on January 22nd. 

The r a t e  o f  h e a t i n g  due t o  condensat ion and s e n s i b l e  hea t  f rom t h e  

e a r t h ' s  su r face ,  QCS, w i l l  be eva lua ted  by an e m p i r i c a l  formula.  I n  

genera l ,  it may be cons idered t h a t  t h e  r a t e  o f  hea t i ng  due t o  these  e f f e c t s  

depends upon t h e  s t a t i c  s t a b i l i t y  o f  t h e  atmosphere. S ince t h e  tempera- 

t u r e  i s  measured a t  two l eve l s ,  i . e .  600- mb su r f ace  and t h e  e a r t h ' s  su r -  

face, i n  o u r  model, t h e  s t a t i c  s t a b i l i t y  may be represented by t h e  

d i f f e r e n c e  between t h e  temperatures o f  these  l eve l s .  Thus, an e f f o r t  

w i  l l  be made t o  c o n s t r u c t  an e m p i r i c a l  formula f o r  QCs as a f u n c t i o n  o f  

t h i s  temperature d  i f ference.  

I n  F i g .  2, t h e  annual mean r e 1 a t i o n s h . i ~  between t h e  zonal means o f  

t h e  QCS and t h e  600- mb t o  t h e  e a r t h ' s  su r f ace  temperature d i f f e r e n c e  i s  

shown by s o l i d  c i r c l e s  a t  every  10 degrees o f  l a t i t u d e ,  s t a r t i n g  w i t h  5ON, 

For  convenience, QCSfs  a r e  p l o t t e d  versus t h e  d e v i a t i o n  o f  t h e  600- mb 

t o  t h e  e a r t h ' s  su r f ace  temperature d i f f e r e n c e  f rom i t s  hemispher ic  mean, 

i ns tead  o f  t h e  temperature d i f f e r e n c e  i t s e l f .  

Accord ing t o  t h i s  f i g u r e ,  QCS i s  expressed by t h e  l i n e a r  f u n c t i o n  

o f  t h e  600- mb t o  e a r t h ' s  su r f ace  temperature d i f f e r e n c e  w i t h  good 

approx imat ion except  t h e  r eg ion  o f  15O-35ON l a t i t u d e .  Thus, we w i  l  l 

adopt  t h e  f o l l o w i n g  emp i r i ca l  formula f o r  Q 
CS : 

Qcs = CN + C L ( T ~ - T ) - ~ ~ J  

where r =18.6 i s  t h e  hemispher ica l  mean o f  T -T and CN and c  a r e  de te r -  
m s  

mined from F ig .  2  t o  be 

C  = 210 l y  day- l  
N  

and 

C = 16.667 l  y  d a y - l K 1  



R e w r i t i n g  Eq. ( 2 9 )  i n  terms o f  TS1  and T', we o b t a i n  

QCS = Co + CITS ' + C2T1 

where Co=441.7 ly/day, Cl=16.667 ly/day K and C2=-C1. 

S u b s t i t u t i n g  (271, (281, and (30)  i n t o  (211, t h e  equa t i on  f o r  Q i s  

ob ta ined  as 

TS i n  Eq. (31) i s  determined by t h e  lower boundary c o n d i t i o n  which w i l l  

be assumed as f o l l o w s :  

I )  On t h e  sea, T w i l l  be g i ven  January 
S 

norma l  va l ues . 
2 )  On land and ice,  TS i s  determined from 

t h e  requi rement  o f  hea t  balance a t  t h e  

su r face .  

Assuming t h a t  t h e  hea t  capac i t y  o f  land and i c e  i s  zero, t h e  c o n d i t i o n  

o f  hea t  balance pe r  u n i t  area o f  t h e  su r f ace  may be w r i t t e n  as f o l l o w s  

where SE i s  t h e  n e t  downward i n s o l a t i o n  and E t h e  f l u x  o f  l a t e n t  and L S 
s e n s i b l e  energy t r a n s f e r r e d  from t h e  e a r t h ' s  su r f ace  t o  t h e  atmosphere. 

A t  t h e  t o p  o f  t h e  atmosphere, t h e  n e t  downward i n s o l a t i o n  ST may be 

w r i t t e n  as f o l l o w s  

where y i s  t h e  p l ane ta r y  a lbedo g i ven  by Fedseev's e m p i r i c a l  formu la :  



Since t h e  abso rp t i on  o f  s o l a r  r a d i a t i o n  b y  t h e  atmosphere i s  g i ven  by 

Eq. (281, t h e  n e t  downward i n s o l a t i o n  a t  t h e  e a r t h ' s  su r f ace  i s  

With r espec t  t o  ELS,  we w i l l  assume as f o l l o w s :  

- 
E ~ s  - QCS 

S u b s t i t u t i n g  (261, (351, and (36)  t o  (32)  and us i ng  (301, t h e  c o n d i t i o n  

o f  hea t  balance may be r e w r i t t e n  as f o l l o w s :  

Eq. ( 3 7 )  i s  one o f  t h e  lower boundary c o n d i t i o n s  a p p l i e d  on land and i ce .  

I f  T i n  Eq. (311 i s  e l i m i n a t e d  w i t h  use o f  Eq. (371, Q over  land and i c e  
S 

i s  eva lua ted  by t h e  atmospher ic temperature alone. Thus, we have t h e  

f o l l o w i n g  h e a t i n g  f u n c t i o n :  

where E and G a r e  known f u n c t i o n s  o f  X and $ g iven  by 

and 

on t h e  sea, 

b2+c2 
and G = (.bl+cl-a 1- - (b2+c2-a2) bl+cl on land and i ce .  

The d i s t r i b u t i o n  o f  E i s  shown i n  F i g .  4a. I n  F i g .  4b, t h e  d i s t r i -  

b u t i o n  o f  E i s  shown reproduced by t h e  t r unca ted  s e r i e s  which w i l l  be 

used f o r  t i m e  i n t e g r a t i o n  o f  t h e  govern ing equat ions as w i t  I  be descr ibed 

l a t e r .  Th is  i s  t h e  d i s t r i b u t i o n  o f  E used i n  t h e  ac tua l  c a l c u l a t i o n .  



D. Boundarv Cond i t ions  

As t h e  l a t e r a l  boundary c o n d i t i o n ,  it w i l l  be assumed t h a t  t h e  

v e l o c i t y  and temperature f i e l d s  a r e  symmetric w i t h  r espec t  t o  t h e  equa to r .  

Th i s  means t h a t  hemispher ica l  i n t e r a c t i o n  i s  ignored. 

We have a l r eady  descr ibed t h e  v e r t i c a l  boundary c o n d i t i o n s  concern ing 

t h e  f r i c t i o n  and non-ad iabat ic  h e a t i n g  terms. Here t h e  remain ing v e r t i c a l  

boundary c o n d i t i o n s  concern ing X w i l l  be descr ibed.  

A t  t h e  t o p  o f  t h e  atmosphere, t h e  f o l l o w i n g  c o n d i t i o n  i s  assumed 

A t  t h e  bot tom o f  t h e  atmosphere, we w i l l  i n t r oduce  t h e  e f f e c t  o f  orography 

by g i v i n g  t h e  f o l l o w i n g  c o n d i t i o n  t o  X: 

where f 0  i s  t h e  C o r i o l  i s  parameter a t  45ON, p S  t h e  d e n s i t y  near t h e  e a r t h ' s  

sur face,  h t h e  h e i g h t  o f  t h e  orography. The d i s t r i b u t i o n  o f  o rog raph i c  

h e i g h t  used i n  t h i s  s tudy  i s  shown i n  F ig .  5. 

E. Spec t ra l  Form o f  Govern i ng Equat ions 

From t h e  p reced ing  d iscuss ion,  we may o b t a i n  t h e  f o l l o w i n g  f i n a l  

express ion f o r  t h e  govern ing equat ions:  



0 ( i f  G V ~ )  6i = ' I ( i f  a=B) 

hg, Gb, E a r e  t h e  complex c o e f f i c i e n t s  o f  s p h e r i c a l  harmonic expansion 
a  

o f  h, G and E, r e s p e c t i v e l y .  For convenience, t h e  s p e c t r a l  equa t ions  

(481-(51) a r e  reduced t o  t h e  non-dimensional forms by us i ng  t h e  e a r t h ' s  

rad ius,  t h e  r e c i p r o c a l  o f  t h e  speed o f  t h e  e a r t h ' s  angu la r  r o t a t i o n  and 

80-cb, which i s  t h e  t h i c kness  o f  o u r  model atmosphere, as t h e  u n i t  o f  

length,  t i m e  and pressure,  respec t i ve1  y .  We can v e r i  f y  t h a t  t h e  conser-  

v a t i v e  p r o p e r t i e s ,  i .e. ,  energy conserva t ion  and angu la r  momentum con- 

se r va t i on ,  e tc . ,  which t h e  o r i g i n a l  d i f f e r e n t i a l  equa t ions  possess, a r e  

a l s o  s a t i s f i e d  by these s p e c t r a l  equat ions.  

S u b s t i t u t i n g  Eqs. (481, (49) and (50)  i n t o  Eq. (51) d i f f e r e n t i a t e d  

w i t h  respec t  t o  t ime, a  d i a g n o s t i c  equa t ion  concern ing X, which w i l l  be 

c a l l e d  t h e  X-equation, may be ob ta ined .  I n  t h e  t i m e  i n t e g r a t i o n ,  t h e  

v o r t i c i t y  equa t ions  (48) and (49)  a re  used as t h e  p rognos t i c  equat ions,  

w h i l e  t h e  X-equation and thermal wind r e l a t i o n  (51)  as t h e  d i a g n o s t i c  

equat ions.  However, s i n c e  o n l y  t h e  component T: cannot be eva lua ted  by 

us i ng  Eq. (511, t h e  thermodynamic equa t ion  (50)  i s  employed f o r  f o r e -  



c a s t i n g  t h i s  component o f  temperature.  

3. I n i t i a l  Cond i t i ons  and Time I n t e q r a t i o n  

The i n i t i a l  c o n d i t i o n  adopted f o r  t h e  t i m e  i n t e g r a t i o n  i s  a  r e s t i n g  

i sotherma l  atmosphere o f  258OK wh i ch i s  t h e  normal w i  n t e r  temperature a t  

t h e  m idd le  l a t i t u d e  o f  t h e  600mb l e v e l .  

The t i m e  i n t e g r a t i o n  i s  i n i t i a t e d  w i t h  t h e  forward d i f f e r e n c e  method 

f o l  lowed by t h e  cen te red  d i f f e r e n c e  (Eu le r  method) ove r  t h e  i n t e r v a l  2, 

method ( l e a p - f r o g  method) t o  A t ,  t he reby  e s t a b l i s h i n g  t h e  c o n d i t i o n  nec- 

essary  t o  use t h e  centered d i f f e r e n c e  method f o r  t h e  success ive t i m e  i n t e -  

g r a t i o n .  To p reven t  n o n l i n e a r  i n s t a b i l i t y  which w i l l  o ccu r  due t o  growth 

o f  t h e  computat iona l  mode i n  us i ng  t h e  cen te red  d i f f e r e n c e  method, t h e  

i n i t i a t i o n  method (mentioned above) i s  a p p l i e d  every  5 days i n  t h e  course 

o f  t i m e  i n t e g r a t i o n .  With r espec t  t o  t h e  d i f f u s i o n  terms, however, t h e  

fo rward  d  i f ference method i s  used t o  guarantee computat iona l  s t ab  i l  i t y  . 
The t i m e  i n t e r v a l  adopted f o r  t h e  i n t e g r a t i o n  i s  two hours.  

The t i m e  i n t e g r a t i o n  was performed ove r  130 days. F i g .  6 shows 

t h e  t i m e  v a r i a t i o n s  o f  hemispher ic  mean temperature,  hemispher ic  mean 

r e l a t i v e  angu la r  momentum, t o t a l  and zonal a v a i l a b l e  p o t e n t i a l  energy 

and t o t a l  and zonal k i n e t i c  energy.  Accord ing t o  t h i s  f i g u r e ,  it takes  

about 40 days b e f o r e  these  q u a n t i t i e s  reach t h e  s t a t e  o f  quas i - equ i l i b r i um .  

The 60-day p e r i o d  f rom 71 t o  130 days was adopted f o r  o u r  d e t a i l e d  a n a l y s i s  

o f  t h e  resu  l t s .  

From a  g lance a t  t h i s  f i g u r e ,  a l though we can recognize t h e  v a r i a t i o n  

o f  zonal a v a i l a b l e  p o t e n t i a l  energy w i t h  a  p e r i o d  o f  approx imate ly  40 days, 

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

q u a n t i t i e s .  

4. C h a r a c t e r i s t i c F e a t u r e s o f  Resu l t s  

I n  t h i s  sec t i on ,  we w i l l  desc r ibe  some c h a r a c t e r i s t i c  f ea tu res  o f  

t h e  computed r e s u l t s .  Spec ia l  a t t e n t i o n  w i l l  be p a i d  t o  t h e  s i m u l a t i o n  

o f  t h e  b l o c k i n g  phenomenon and i t s  reasonableness. 

A. Time V a r i a t i o n  o f  L a t i t u d i n a l  D i s t r i b u t i o n  o f  Zonal l y  ~ v e r a ~ e d  

Zona l Cur ren t  . 



I n  F i g .  7, t h e  t i m e  v a r i a t i o n  o f  t h e  l a t i t u d i n a l  d i s t r i b u t i o n  o f  

t h e  zonal mean o f  t h e  zonal c u r r e n t  a t  t h e  upper l eve l  o f  t h e  model 

atmosphere i s  shown. One f e a t u r e  seen i n  t h i s  f i g u r e  i s  t h a t  t h e  la+- 

i t u d e  o f  t h e  s u b t r o p i c a l  j e t  s t ream has l a rge  changes w i t h  t i m e  as 

observed i n  t h e  a c t u a l  atmosphere (See, f o r  example, F i g .  9 ) .  A t  t imes,  t h e  

range o f  t h e  f l u c t u a t i o n  reaches approx imate ly  15 degrees o f  l a t i t u d e .  

Another f e a t u r e  i s  t h a t  t h e  secondary maximum o f  t h e  z o n a l l y  averaged 

zonal wind, t h e  l a t i t u d e  o f  which i s  i n d i c a t e d  by a  smal l  s o l i d  c i r c l e  

i n  t h e  f i gu re ,  appears o c c a s i o n a l l y  i n  h i g h  l a t i t u d e s .  Th i s  double j e t  

s t r u c t u r e  i n d i c a t e s  t h e  appearance o f  t h e  predominant b l o c k i n g  s i t u a t i o n  

s p l i t t i n g  a  zonal c u r r e n t  i n t o  two branches. The s h o r t  l i n e s  above t h e  

f i g u r e  i n d i c a t e  t h e  d u r a t i o n  o f  t h e  double j e t  s t r u c t u r e  w i t h  t h e  numbers 

r ep resen t i ng  d u r a t i o n  i n  days. The longes t  p e r i o d  i s  I I  days f rom t h e  

83rd day t o  t h e  93rd  day and d u r i n g  t h i s  p e r i o d  t h e  wind v e l o c i t y  o f  

t h e  secondary maximum i s  s o  l a rge  as t o  reach 18 m/sec a t  i t s  maximum. 

Before proceeding w i t h  a  d i scuss ion  o f  reasonableness o f  these computed 

r e s u l t s ,  it i s  necessary t o  understand t h e  observed s i t u a t i o n  o f  a  

double j e t  s t r u c t u r e  i n  t h e  ac tua l  atmosphere. 

The upper and lower p a r t s  o f  F i g .  8 show t h e  annual v a r i a t i o n  o f  

t h e  5-day mean z o n a l l y  averaged zonal w ind a t  t h e  500mb l eve l  f o r  t h e  

years  1965 and 1966, r e s p e c t i v e l y .  From t h i s  f i g u r e ,  we can see t h a t  

t h e  double j e t  s t ream appears p e r s i s t e n t l y  d u r i n g  a lmost  t h e  whole p e r i o d  

f rom June t o  J u l y  i n  each year.  Th i s  p e r s i s t e n t  double j e t  stream 

r e s u l t s  f rom t h e  predominant b l o c k i n g  s i t u a t i o n  d u r i n g  t h e  r a i n y  season 

ove r  t h e  Far  East.  Another p e r i o d  d u r i n g  which r e l a t i v e l y  p e r s i s t e n t  

double  j e t  s t r u c t u r e s  appear i s  t h e  w i n t e r  season. Because t h e  i nso la -  

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

which compare w i t h  t h e  computed r e s u l t s  a re  those  o f  t h e  w i n t e r  season. 

To understand t h e  double j e t  s t r u c t u r e  d u r i n g  t h e  w i n t e r  season i n  

more d e t a i l ,  t h e  d a i l y  v a r i a t i o n  o f  t h e  z o n a l l y  averaged 500 -mb zonal 

wind d u r i n g  t h e  pe r i ods  December 1964 through March 1965 and December 1965 

through March 1966 i s  shown i n  t h e  upper and lower p a r t s  o f  F i g .  9, 

r e s p e c t i v e l y .  Accord ing t o  t h i s  f i g u r e ,  t h e  d u r a t i o n  o f  a  double j e t  

s t ream i s  u s u a l l y  a  week o r  so, b u t  sometimes two o r  t h r e e  weeks. The 

l a r g e s t  wind v e l o c i t y  o f  t h e  secondary maximum o f  t h e  z o n a l l y  averaged 

zonal wind i s  about 18 m/sec. With respec t  t o  t h e  d u r a t i o n  o f  double 



j e t  streams and t h e  v e l o c i t y  o f  t h e i r  n o r t h  branches, we see t h a t  t h e  

computed r e s u l t s  a r e  i n  good agreement w i t h  obse rva t i on  by comparing 

F i g .  9  w i t h  F i g .  7. I t  i s  o f  i n t e r e s t  t h a t  t h e  l a t i t u d e  o f  t h e  n o r t h  

branch o f  t h e  double j e t  stream v a r i e s  from year  t o  year .  The computed 

r e s u l t s  compare t o  t h e  case o f  1966. 

B. Synop t i c  M a n i f e s t a t i o n  

I n  o r d e r  t o  examine t h e  reasonableness o f  t h e  s y n o p t i c  s i t u a t i o n  o f  

b l o c k i n g  cor responding t o  t h e  double j e t  s t r u c t u r e ,  F i g .  10 and F i g .  I I  

were prepared showing t h e  5-day mean computed s t r eam l i nes  o f  t h e  upper 

l eve l  f o r  t h e  pe r i ods  89-93 days and 121-125 days, bo th  o f  which occu r  

d u r i n g  a  double j e t  s t r u c t u r e .  I n  bo th  f i g u r e s ,  t h e  b l o c k i n g  s i t u a t i o n s  

occu r  ove r  England and European Russia where a h i g h  frequency o f  b l o c k i n g  

occurs  as found by many au thors  [e.g., Rex (1950b1, Berry,  Haggard and 

Wol f f  (1954) and Serebreny, Wiegman and H a d f i e l d  (195717. 

I n  F i g .  12, t o  see t h e  e v o l u t i o n  o f  t h e  b l o c k i n g  process, t h e  d a i l y  

c h a r t s  o f  t h e  computed s t r eam l i nes  a t  t h e  upper l eve l  du r i ng  t h e  p e r i o d  

119-127 days, which inc ludes  t h e  p e r i o d  used t o  c o n s t r u c t  F i g .  I I ,  a r e  

d i sp l ayed  a t  2-day i n t e r v a l s .  A l though t h e  s imu la ted  b l o c k i n g  process 

found ove r  England and Western Europe seems t o  be r e l a t i v e l y  s imple,  t h e  

broad f ea tu res  o f  i t s  development a r e  i n  good agreement w i t h  those  o f  

b l o c k i n g  i n  February 1948 analyzed by Berggren, B o l i n  and Rossby (1949).  

Also, t h e  behav io r  o f  a  c u t - o f f  h i gh  ove r  Alaska i n  t h e  same c h a r t  i s  

f r e q u e n t l y  seen i n  t h e  ac tua l  w i n t e r  atmosphere. 

Furthermore, t o  examine t h e  reasonableness o f  t h e  general  s i t u a t i o n  

o f  f lows,  t h e  30-day mean c h a r t  o f  t h e  computed s t r eam l i nes  from 101 t o  

130 days, shown i n  F i g .  13, i s  compared w i t h  t h e  30-day mean 500 -mb 

con tour  he igh t s  o f  December 1958 i n  F i g .  14. The l a t t e r  f i g u r e  was chosen 

as an example o f  an observed f l o w  p a t t e r n  s i m i l a r  t o  t h a t  o f  F i g .  13. 

These two f l o w  p a t t e r n s  a re  very  s i m i l a r  t o  each o the r ,  e s p e c i a l l y  w i t h  

respec t  t o  t h e  p o s i t i o n s  o f  t roughs  and r i d g e s  i n  h i g h  l a t i t u d e s .  Thus, 

i t t u r n s  o u t  t h a t  t h e  computed f l o w  p a t t e r n s  a r e  reasonable by comparison 

w i t h  observa t ion .  

I n  t h e  f o l l o w i n g  d iscuss ion,  t o  c l a r i f y  t h e  c h a r a c t e r i s t i c  f ea tu res  

concern ing t h e  b l o c k i n g  process caus ing  predominant double j e t  s t r u c t u r e s  

i n  t h e  l a t i t u d i n a l  d i s t r i b u t i o n  o f  t h e  z o n a l l y  averaged zonal wind, t h e  



60-day p e r i o d  chosen f o r  d e t a i l e d  a n a l y s i s  w i l l  be d i v i d e d  i n t o  two 30- 

day per iods,  i .e., t h e  f i r s t  h a l f  p e r i o d  from 71 days t o  100 days char-  

a c t e r i z e d  by t h e  appearance o f  t h e  predominant double j e t  s t ream as shown 

i n  F i g .  7 and t h e  l a t t e r  h a l f  remain ing p e r i o d  from 101 days t o  130 days. 

The analyzed r e s u l t s  f o r  these  two pe r i ods  w i l l  be compared w i t h  each 

o t h e r .  

5. S t a t e  o f  Quas i -Equ i l i b r i um  

I n  t h e  upper and lower p a r t s  o f  F i g .  15, t h e  30-day mean l a t i t u d e -  

h e i g h t  d i s t r i b u t i o n s  o f  t h e  z o n a l l y  averaged zonal c u r r e n t  a r e  shown f o r  

t h e  pe r i ods  o f  71-100 days and o f  101-130 days, r e s p e c t i v e l y .  Accord ing 

t o  t h i s  f i gu re ,  west winds a r e  predominant i n  h i g h  l a t i t u d e s  o f  t h e  lower 

l a y e r  f o r  t h e  f i r s t  h a l f  pe r iod ,  w h i l e  e a s t  winds predominate f o r  t h e  

l a t t e r  h a l f  pe r i od .  I n  F i g .  16, t h e  l a t i t u d i n a l  d i s t r i b u t i o n  o f  t h e  z o n a l l y  

averaged zonal wind a t  t h e  400 -mb l eve l  f o r  t h e  l a t t e r  h a l f  p e r i o d  i s  com- 

pared w i t h  t h e  obse rva t i ona l  w i n t e r  mean d i s t r i b u t i o n  ( i n d i c a t e d  by s o l i d  

c i r c l e s )  ob ta ined  by M i n t z  (1954). Al though t h e  l a t i t u d e  o f  t h e  j e t  ob- 

t a i n e d  from o u r  model n e a r l y  co i nc i des  w i t h  t h e  observa t ion ,  i t s  i n t e n s i t y  

i s  s t r o n g e r  than  t h e  observed. 

I n  t h e  upper and lower p a r t s  o f  F i g .  17, t h e  30-day mean l a t i t u d i n a l  

d i s t r i b u t i o n s  o f  t h e  zonal mean temperature a r e  shown by s o l i d  l i n e s  f o r  

t h e  f i r s t  h a l f  and l a t t e r  h a l f  per iods,  r e s p e c t i v e l y .  From t h i s  f i gu re ,  

we can see t h a t  t h e  p o l e  t o  e q u a t o r i a l  d i f f e r e n c e  o f  t h e  zonal mean tem- 

pe ra tu re  i s  somewhat sma l l e r  f o r  t h e  f i r s t  h a l f  per iod,  d u r i n g  which t h e  

predominant double j e t  s t r u c t u r e  i s  found. By comparing w i t h  t h e  observed 

values, which a r e  ob ta ined  by Burdecki  (19551, p l o t t e d  by s o l i d  c i r c l e s  

i n  t h e  lower p a r t  o f  F i g .  17, it t u r n s  o u t  t h a t  t h e  computed temperature 

d i f f e r e n c e  between p o l e  and equa to r  i s  about 10°C l a r g e r  than  observed. 

The upper and lower p a r t s  i n  F i g .  18 show t h e  30-day mean l a t i t u d i n a l  

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

l a t t e r  h a l f  per iods,  r e s p e c t i v e l y .  There e x i s t s  a  l a r g e  d i f f e r e n c e ;  t h a t  

i s ,  a  4 - ce l l  mean mer id iona l  c i r c u l a t i o n  i s  formed f o r  t h e  f i r s t  h a l f  pe r iod ,  

cha rac te r i zed  by t h e  predominant double j e t  s t r u c t u r e ,  w h i l e  a  3 - ce l l  mean 

mer id iona l  c i r c u l a t i o n  appears f o r  t h e  l a t t e r  h a l f  pe r i od .  According t o  

t h e  lower p a r t  o f  F ig .  18, i n  which t h e  w i n t e r  mean va lues o f  v e r t i c a l  



p - v e l o c i t y  ob ta ined  by M in t z  and Lang (1955) a r e  p l o t t e d  by s o l i d  c i r c l e s ,  

t h e  magnitude o f  t h e  computed v e r t i c a l  p - v e l o c i t y  i s  comparable w i t h  t h e  

observed. 

Zona l l y  averag ing  t h e  thermdynamic  equa t ion  (431, i n  c o n s i d e r a t i o n  

o f  equa t ions  ( 6 )  and (381, we may o b t a i n  t h e  f o l l o w i n g  equa t i on  f o r  t h e  

change o f  t h e  zonal mean temperature,  

L 

a t  a  cos 4  a 4  R a2 cos cp a +  3 4 ~ A P C P  

where (-1 i nd i c a t e s  t h e  zona l  mean, i .e., 

The f i r s t  and t h i r d  terms on t h e  r i g h t  s i d e  o f  t h e  above equa t i on  desc r i be  

t h e  r a t e  o f  t h e  zonal mean temperature change due t o  t h e  convergence o f  

hea t  t r anspo r t ed  by la rge-sca le  eddies, and sma l l - sca le  eddies,  r e s p e c t i v e l y .  

The second and f o u r t h  terms a r e  t h e  r a t e  o f  temperature change due t o  t h e  

a d i a b a t i c  hea t i ng  by mean v e r t i c a l  mot ions and t o  t h e  d i a b a t i c  hea t ing ,  

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

Accord ing t o  t h e  computed r e s u l t s  t h e  e f f e c t i v e  processes i n  t h e  hea t  

balance o f  o u r  model atmosphere a r e  t h e  convergence o f  hea t  f l u x  by la rge-  

s c a l e  eddies,  t h e  d i a b a t i c  hea t i ng  and t h e  a d i a b a t i c  h e a t i n g  by mean 

v e r t i c a l  mot ions.  The t r a n s p o r t  o f  hea t  by sma l l - sca le  eddies p l ays  a  

m inor  r o l e  i n  t h e  hea t  balance as p o i n t e d  o u t  i n  o t h e r  numerical  expe r i -  

ments o f  t h e  general  c i  r cu  l a t i o n .  [See, f o r  examp le,  Smagori nsky, Manabe 

and Ho l l oway ( 1965 I]. 

I n  t h e  upper and lower p a r t s  o f  F i g .  19, t h e  30-day mean l a t i t u d i n a l  

d i s t r i b u t i o n s  o f  t h e  r a t e  o f  t h e  zonal mean temperature change due t o  t h e  

convergence o f  eddy hea t  f l  ux and t h e  d i  a b a t i c  hea t i ng  a re  shown f o r  t h e  

f i r s t  h a l f  and l a t t e r  h a l f  per iods,  r e s p e c t i v e l y .  I n  t h e  f i g u r e ,  t h e  r a t e  



o f  temperature change due t o  t h e  d i a b a t i c  h e a t i n g  i n d i c a t e d  by s o l i d  l i n e s  

i s  measured as p o s i t i v e  upward, w h i l e  t h a t  due t o  t h e  convergence o f  eddy 

hea t  f l u x ,  i n d i c a t e d  by dashed l i n e s ,  i s  measured as p o s i t i v e  downward. 

Therefore,  t h e  areas enc losed by s o l i d  and dashed l i n e s  represen t  t h e  n e t  

e f f e c t  o f  these  two processes. Since, i n  t h e  iong-term average, t h e  

h e a t i n g  due t o  t h i s  n e t  e f f e c t  i s  a lmost  compensated f o r  by t h e  a d i a b a t i c  

h e a t i n g  due t o  v e r t i c a l  mot ions,  t h e  upward mot ions appear i n  t h e  warming 

reg ions  denoted by W i n  t h e  f i gu re ,  w h i l e  downward mot ions a r e  i n  t h e  

c o o l i n g  reg ions  denoted by C. Thus, f rom t h i s  f i g u r e ,  we may understand 

why t h e  4 - ce l l  mean mer i d i ona l  c i r c u l a t i o n  appear ing f o r  t h e  f i r s t  h a l f  

p e r i o d  i s  rep laced  by t h r e e  c e l  I s  f o r  t h e  l a t t e r  h a l f  p e r i o d  as descr ibed  

i n  s e c t i o n  5. Furthermore, accord ing  t o  t h e  upper p a r t  o f  F i g .  19, t h e  

most n o r t h e r n  i n d i r e c t  c e l  l forming t h e  4-cel l meri d iona l  c i r c u l a t i o n  f o r  

t h e  f i r s t  h a l f  p e r i o d  as seen i n  t h e  upper p a r t  o f  F i g .  18 occurs  t o  com- 

pensate f o r  warming caused by t h e  in tense  eddy t r a n s p o r t  o f  hea t  t o  t h e  

p o l a r  reg ion .  For  comparison, i n  t h e  lower p a r t  o f  F ig .  19, t h e  January 

mean va lues o f  t h e  r a t e  o f  temperature change due t o  t h e  eddy t r a n s p o r t  

o f  hea t  ob ta ined  by Wi in-Nielsen, Brown and Drake (1963) and those  due t o  

t h e  d i a b a t i c  h e a t i n g  ob ta ined  by Asakura and Katayama (1964) a r e  p l o t t e d  

by tr i ang l e  and c ross  symbo l s  , r e s p e c t i v e  l y  . 
The l e f t  and r i g h t  s i des  o f  F i g .  20 show t h e  30-day mean l a t i t u d i n a l  

d i s t r i b u t i o n s  o f  t h e  r a t e  o f  t h e  zonal mean temperature change due t o  

convergence o f  hea t  f l u x  f o r  each o f  wave numbers I through 8 f o r  t h e  

f i r s t  h a l f  and l a t t e r  h a l f  pe r iods ,  r e s p e c t i v e l y .  From t h i s  f i g u r e ,  it 

t u r n s  o u t  t h a t  t h e  in tense  poleward eddy t r a n s p o r t  o f  hea t  c o n s i s t e n t  w i t h  

t h e  appearance o f  t h e  i n d i r e c t  meri d iona l  c i r c u l a t i o n  i n  t h e  p o l a r  r eg ion  

f o r  t h e  f i r s t  h a l f  p e r i o d  i s  performed ma in ly  by t h e  d i s t u rbance  o f  wave 

number 2. 

7. AngularMomentumBalance 

I  f we opera te  on Eqs. (41 and ( 4 2 )  w i t h  

I I  - 
1 2 2" 
- J / ( 1 a2 cos + d+dh 2Tr + 0 

t h e  f o l i o w i n g  equat ions f o r  angu la r  momentum o f  o u r  model may be ob ta ined  
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where 6 i s  t h e  v e l o c i t y  o f  t h e  upper mer id iona l  f l o w  o f  t h e  zonal mean 

mer i d i ona l  c i r c u l a t i o n ,  t h e  v e r t i c a l  f l o w  o f  which has t h e  zonal mean 

v e r t i c a l  p -ve loc i  typand (7 descr ibes t h e  zonal mean. The f i r s t  and t h  i r d  

terms on t h e  r i g h t  s i d e  o f  t h e  equat ions represen t  t h e  convergence o f  r e l -  

a t i v e  angu la r  momentum f l u x  by la rge-sca le  eddies and smal I - s ca le  l a t e r a l  

eddy d i f f u s i o n ,  r e s p e c t i v e l y .  The second and f o u r t h  terms a r e  t h e  r a t e  o f  

t h e  exchange o f  r e l a t i v e  angu la r  momentum between t h e  upper and lower 

layers  r e s u l t i n g  f rom t h e  convers ion between t h e  e a r t h ' s  angu la r  momentum 

and r e l a t i v e  angu la r  momentum by mer id iona l  c i r c u l a t i o n s  and f rom t h e  

t r a n s p o r t  o f  r e l a t i v e  angu la r  momentum by sma l l - sca le  v e r t i c a l  eddy d i f f u s i o n .  

The remaining two terms o f  Eq. ( 5 4 )  rep resen t  t h e  exchange o f  r e l a t i v e  

angu la r  momentum between t h e  e a r t h ' s  su r f ace  and t h e  lower h a l f  o f  t h e  

model atmosphere by su r f ace  and mountain torques, r e s p e c t i v e l y .  Accord ing 

t o  t h e  computed r e s u l t s ,  t h e  t r a n s p o r t  o f  r e l a t i v e  angu la r  momentum by 

sma l l - sca le  l a t e r a l  eddy d i f f u s i o n  and t h a t  by la rge-sca le  eddies in. t h e  

lower l a y e r  p l a y  a  minor  r o l e  i n  t h e  angu la r  momentum balance. 



F ig .  21 d i s p l a y s  t h e  30-day mean l a t i t u d i n a l  d i s t r i b u t i o n  o f  t h e  

r a t e  o f  t h e  change o f  zonal mean r e l a t i v e  angu la r  momentum due t o  va r i ous  

components o f  t h e  angu la r  momentum balance f o r  t h e  l a t t e r  h a l f  p e r i o d  o f  

101-130 days. I n  a l l  f i g u r e s  concern ing angu la r  momentum, t h e  va lues  o f  

angu la r  momentum a r e  d i v i d e d  by a -cos  $. The convergence o f  r e l a t i v e  

angu la r  mo~entum due t o  t h e  la rge-sca le  eddies i n  t h e  upper l a y e r  i s  

shown i n  t h e  upper p a r t  o f  t h e  same f i g u r e .  I n  t h e  m idd le  p a r t  o f  t h e  

f i gu re ,  t h e  t r a n s p o r t s  o f  re1 a t i v e  angu la r  momentum from t h e  lower t o  t h e  

upper l a y e r  due t o  me r i d i ona i  c i r c u l a t i o n s  and sma l l - sca le  v e r t i c a l  eddy 

d i f f u s i o n  a r e  i n d i c a t e d  by s o l i d  and dashed l i nes ,  r e s p e c t i v e l y .  I n  t h e  

lower p a r t ,  t h e  gene ra t i on  o f  r e l a t i v e  angu la r  momentum by su r f ace  and 

mountain to rques  i s  shown by s o l i d  and dashed l i n e s ,  r e s p e c t i v e l y .  The 

sca les  o f  t h e  r a t e  o f  angu la r  momentum change due t o  t h e  mer id iona l  c i r -  

c u l a t i o n  and su r f ace  t o rque  a r e  p o s i t i v e  upward i n  t h e  f i g u r e ,  w h i l e  t h a t  

due t o  v e r t i c a l  eddy d i f f u s i o n  and mountain t o rque  i s  p o s i t i v e  downward. 

Hence, t h e  areas enc losed by s o l i d  and dashed l i n e s  r ep resen t  t h e  n e t  r a t e  

o f  t h e  r e l a t i v e  angu la r  motxentum change caused by t h e  cor responding 

processes . 
I n  t h i s  f i gu re ,  t h e  January mean convergence o f  eddy re1 a t i v e  

angu la r  momentum f l u x  ob ta ined  by Tomatsu (19681, t h e  w i n t e r  mean gen- 

e r a t i o n  o f  r e l a t i v e  angu la r  momentum due t o  su r f ace  t o rque  ob ta ined  by 

P r i e s t l e y  (19511, and t h a t  due t o  mountain t o rque  (White, 1949) a r e  a l s o  

p l o t t e d  by cross,  t r i a n g l e  and square symbols. Al though t h e  c a l c u l a t e d  

reg ion  o f  t h e  convergence o f  r e l a t i v e  angu la r  momentum i s  somewhat more 

southward t han  t h a t  of t h e  ac tua l  atmosphere, i t s  magnitude co inc i des  we l l  

w i t h  t h e  observed. There i s  a  cons iderab le  d iscrepancy between t h e  ob- 

served source and s i n k  o f  angu la r  momentum due t o  su r f ace  and mountain 

to rques  and those  o f  t h e  model atmosphere. With r espec t  t o  t h e  tendency 

o f  l a t i t u d i n a l  d i s t r i b u t i o n s  and t h e  reg ions  o f  t h e  n e t  genera t ion  and 

d i s s i p a t i o n  due t o  both e f f e c t s ,  however, t h e  c a l c u l a t e d  r e s u l t s  a r e  i n  

agreement w i t h  observa t ion .  

Accord ing t o  t h i s  f i g u r e ,  t h e  su r f ace  t o rque  a c t s  t o  c r e a t e  t h e  zonal 

mean r e l a t i v e  angu la r  momentum i n  low and h i gh  l a t i t u d e s  where su r f ace  

e a s t e r l i e s  p r e v a i l ,  as shown i n  F ig .  15, w h i l e  des t roy i ng  it i n  t h e  r eg ion  

o f  su r f ace  w e s t e r l i e s .  On t h e  o t h e r  hand, t h e  mountain t o rque  d i s s i p a t e s  

angu la r  momentum i n  m idd le  and s u b t r o p i c a l  l a t i t u d e s  where w e s t e r l i e s  



p r e v a i l  a t  t h e  800 -mb l eve l  ( t h e  f l ows  o f  t h i s  l eve l  a re  assumed t o  produce 

t h e  mountain to rque) ,  and c rea tes  it i n  h i g h  l a t i t u d e s  occupied by e a s t e r l i e s  

a t  t h e  800 -mb l e v e l .  On t h e  hemispher ic  mean, a l though  t h e  atmosphere i s  

supp l i ed  angu la r  momentum through su r f ace  torque,  momentum excess i s  com- 

pensated f o r  by t h e  d i s s i p a t i o n  due t o  mountain to rque .  The n e t  e f f e c t  o f  

both  su r face  and mountain to rques  y i e l d s  a  source o f  r e l a t i v e  angu la r  mo- 

mentum i n  h i g h  and low l a t i t u d e s ,  and a  s i n k  i n  m idd le  l a t i t u d e s .  

From t h e  midd le  and upper p a r t s  o f  F i g .  21, we can see t h a t  t h e  

accumulated angu la r  momentum i n  t h e  lower l a y e r  o f  h i g h  and low l a t i t u d e s  

i s  t r a n s f e r r e d  t o  t h e  upper l a y e r  through t h e  d i r e c t  me r i d i ona l  c i r c u l a t i o n  

e x i s t i n g  the re ,  and then  i s  gathered i n t o  m idd le  l a t i t u d e s  by t h e  la rge-  

sca le  eddies.  The j e t  stream, t h e  l a t i t u d e  o f  which i s  i n d i c a t e d  by a  

c i r c l e  enc los i ng  t h e  l e t t e r  J i n  t h e  f i g u r e ,  e x i s t s  i n  t h i s  r eg ion  o f  

convergence o f  angu la r  momentum. The r e l a t i v e  angu la r  momentum converged 

i n  m idd le  l a t i t u d e s  i s  t r a n s p o r t e d  downward by t h e  i n d i r e c t  m idd le  l a t i t u d e  

c e l l  and counter-balances t h e  s i n k  o f  angu la r  momentum r e s u l t i n g  f rom t h e  

sur face  and mountain to rques .  The mechanism o f  balance o f  r e l a t i v e  angu la r  

momentum mentioned above i s  t h e  same as t h a t  ob ta i ned  by Widger (1949) and 

Lorenz (1951) f rom observed data, and ob ta ined  by o t h e r  numerical  e x p e r i -  

ments o f  t h e  general  c i r c u l a t i o n  [see, f o r  example, Smagorinsky, Manabe and 

Hol loway (196511. 

F i g .  22 shows t h e  same as F i g .  21, b u t  f o r  t h e  p e r i o d  o f  71-100 days 

d u r i n g  which t h e  double j e t  s t r u c t u r e  i s  predominant. I n  comparing F ig .  22 

w i t h  F ig .  21, t h e  rrlechanisms o f  angu la r  momentum balance f o r  bo th  pe r i ods  

t u r n  o u t  t c  be e s s e n t i a l l y  d i f f e r e n t  f rom each o t h e r  i n  h i g h  l a t i t u d e s .  

Accord ing t o  F ig .  22, f o r  t h e  f i r s t  h a l f  per iod,  h i g h  l a t i t u d e s  a re  occupied 

by a  s i n k  o f  r e l a t i v e  angu la r  momentum as a  r e s u l t  o f  d e s t r u c t i o n  o f  it due 

t o  both su r f ace  and mountain to rques  as expected f rom t h e  f a c t  t h a t  t h e  west 

winds p r e v a i l  i n  t h e  l ~ w e r  l a y e r  o f  h igh  l a t i t u d e s  as seen i n  t h e  upper p a r t  

o f  F i s .  15. The d i s s i p a t i o n  o f  angu la r  momentum i n  t h i s  s i n k  r eg ion  i s  com- 

pensated by t h e  downward t r a n s p o r t  o f  angu la r  moment~m due t o  an i n d i r e c t  

p o l a r  c e l l ,  fo rm ing  a  4 - ce l l  mer id iona l  c i r c u l a t i o n  f o r  t h i s  pe r i od .  The 

lack  o f  angu la r  momentum thus  caused i n  t h e  upper l a y e r  o f  t h e  p o l a r  r eg ion  

i s  counterba lanced by t h e  poleward t r a n s p o r t  o f  angu la r  momentum by la rge-  

s c a l e  eddies.  The convergence o f  t h i s  angu la r  momentum t r a n s p o r t e d  i n t o  

h i gh  l a t i t u d e s  c o n t r i b u t e s  t o  t h e  occurrence and development o f  t h e  n o r t h  

branch o f  t h e  double j e t  stream. 



I n  t h e  l e f t  and r i g h t  p a r t s  o f  F i g .  23, t h e  30-day mean l a t i t u d i n a l  

d i s t r i b u t i o n s  o f  t h e  z o n a l l y  averaged r a t e  o f  r e l a t i v e  angu la r  momentum 

change due t o  each d i s t u rbance  o f  wave numbers I th rough 8 a re  shown f o r  

t h e  pe r i ods  o f  71-100 days and 101-130 days, r e s p e c t i v e l y .  I t  can be 

seen i n  t h i s  f i g u r e  t h a t  t h e  d is tu rbance  o f  wave number 2  p l ays  an i m -  

p o r t a n t  r o l e  i n  t h e  poleward t r a n s p o r t  o f  r e l a t i v e  angu la r  momentum as 

we l l  as i n  t h e  poleward t r a n s p o r t  o f  hea t  i n d i c a t e d  i n  F i g .  20. 

8. Enerav Ba l ance 

Tak ing t h e  hemispher ic  mean of  Eqs. (411, (42 )  and (43)  m u l t i p l i e d  

by -$I, - 3 ,  and $ ( 5 1 ~ ~ 2 ,  r e s p e c t i v e l y ,  we can d e r i v e  t h e  energy equat ions.  
P 2  

I f  these  equa t ions  a r e  arranged i n  c o n s i d e r a t i o n  o f  Eq. (17)  and t h e  f o l l o w -  

i n g  r e l a t i o n s  

v2$, =v( fV$, )  (e- I ,  2, 3 )  [ f rom (411  

I  
a2 = - ( h y d r o s t a t i c  equa t i on )  

AP 

[ f rom (617 

t hen  t h e  energy equa t ions  may be w r i t t e n  as f o l  lows: 



where K1, K3, A and a a re  t h e  k i n e t i c  energy pe r  u n i t  mass i n  t h e  upper 

layer ,  t h a t  i n  t h e  lower layer ,  t h e  a v a i l a b l e  p o t e n t i a l  energy pe r  u n i t  

mass and t h e  s p e c i f i c  volume o f  a i r ,  r espec t i ve l y ,  and (=I and ( 1"  de- 

no te  t h e  a rea  mean over  t h e  hemisphere and t h e  d e v i a t i o n  f rom i t s  area 

mean, ~ . e . ,  

- 
- - 2n 2  

( 1  = -  I  I I ( 1 aZ cos + ,+,A 
4 ~ a 2  O -$- 

A l though t h e  f i r s t  terms i n  (55)  and (56) vanish,  these  terms c o n t r i b u t e  

t o  t h e  r e d i s t r i b u t i o n  o f  k i n e t i c  energy i n  each l a y e r  between t h e  zonal 

mot ion and d is tu rbances  and among t h e  d is tu rbances .  The second and f i f t h  

terms represen t  t h e  exchange o f  k i n e t i c  energy between t h e  upper and lower 

l aye rs  through t h e  pressure f o r c e  and t h e  s t r e s s  by v e r t i c a l  eddy d i f f u s i o n ,  

r e s p e c t i v e l y .  The t h i r d ,  f o u r t h  and s i x t h  terms a r e  t h e  r a t e  o f  convers ion  

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

o f  k i n e t i c  energy due t o  l a t e r a l  eddy d i f f u s i o n  and t h a t  due t o  v e r t i c a l  

eddy d i f f u s i o n ,  r e s p e c t i v e l y .  I n  (561, t h e  seventh term, which c o n t r i b u t e s  

t o  t h e  r e d i s t r i b u t i o n  o f  k i n e t i c  energy between t h e  zonal mot ion and t h e  

d is tu rbances  and among t h e  d is tu rbances  through t h e  de fo rmat ion  o f  f l o w  

due t o  mountains, i s  equal t o  zero.  Th is  i s  c o n s i s t e n t  w i t h  t h e  f a c t  t h a t  

t h e  deformat ion o f  f l o w  due t o  mountains causes no change o f  t o t a l  energy.  

The l a s t  t e rm  i n  (56) represen ts  t h e  d i s s i p a t i o n  o f  k i n e t i c  energy due t o  

su r f ace  f r i c t i o n .  I n  (571, t h e  f i r s t  term, which i s  equal t o  zero, con- 

t r i b u t e s  t o  t h e  r e d i s t r i b u t i o n s  between t h e  zonal and eddy a v a i l a b l e  

p o t e n t i a l  energy and among t h e  a v a i l a b l e  p o t e n t i a l  energy o f  va r i ous  

d is tu rbances .  I n  t h e  same equat ion,  t h e  second, t h i r d  and f o u r t h  terms 

represen t  t h e  convers ion between a v a i l a b l e  p o t e n t i a l  energy and k i n e t i c  

energy, t h e  d i s s i p a t i o n  o f  a v a i l a b l e  p o t e n t i a l  energy due t o  l a t e ra - l  eddy 

d i f f u s i o n  and t h e  genera t ion  o f  t h i s  energy due t o  d i a b a t i c  hea t i ng .  I n  

t h e  energy Eqs. (55)  and (561, t h e  equal p a r t i t i o n  o f  t h e  convers ion o f  



p o t e n t i a l  energy i n t o  k i n e t i c  energy and t h a t  of t h e  d i s s i p a t i o n  o f  

k i n e t i c  energy due t o  v e r t i c a l  eddy d i f f u s i o n  i n t o  t h e  upper and lower 
I  

l ayers  r e s u l t  f rom t h e  f a c t  t h a t  42  and $2 i n  t h e  terms - w 2 $ 2  and 
A P 

2 $ 2 ~ 2  measured a t  t h e  600 -mb l eve l  a re  assumed t o  be equa l  t o  t h e  
A P 
average o f  t h e  va lues o f  t h e  upper and lower l e v e l s  o f  t h e  cor responding 

q u a n t i t i e s .  

I n  t h e  upper and lower p a r t s  o f  F i g .  24, t h e  30-day mean energy 

diagrams a r e  shown f o r  t h e  a i r  column o f  u n i t  mass f o r  t h e  f i r s t  and 

l a t t e r  h a l f  pe r iods ,  r e s p e c t i v e l y .  I n  each p a r t ,  K and K i n  t h e  upper Z E 
and lower boxes represen t  t h e  hemispher ic  mean o f  zonal and eddy k i n e t i c  

energy i n  t h e  upper and lower layers ,  r e s p e c t i v e l y .  AZ and AE a re  t h e  

hemispher ic  mean o f  zonal and eddy a v a i l a b l e  p o t e n t i a l  energy.  The 

n o t a t i o n s  Q, H.D., I.F. and S.F. i n  t h e  boxes denote t h e  change o f  a v a i l -  

a b l e  p o t e n t i a l  energy due t o  d i a b a t i c  hea t i ng  and t h e  d e s t r u c t i o n s  o f  

energy due t o  l a t e r a l  eddy d i f f u s i o n ,  t o  v e r t i c a l  eddy d i f f u s i o n  and t o  

su r f ace  f r i c t i o n ,  r e s p e c t i v e l y .  ADV. MT., I.F., and L.S.E., near t h e  

arrows i n d i c a t i n g  t h e  d i r e c t i o n  o f  energy t r ans fo rma t i on ,  rep resen t  t h e  

t r a n s f o r m a t i o n  o f  k i n e t i c  energy due t o  t h e  e f f e c t  o f  t h e  advec t ion  term, 

t h a t  due t o  t h e  e f f e c t  o f  mountains, t h e  t r a n s p o r t  o f  energy due t o  

v e r t i c a l  eddy d i f f u s i o n  and t h a t  due t o  t h e  pressure force,  r e s p e c t i v e l y .  

From t h i s  f i g u r e ,  w i t h  regard  t o  t h e  main sources and s i n k s  o f  t h e  

va r i ous  energy components, t h e  f o l  lowing f a c t s  may be found: 

I .  The zonal a v a i l a b l e  p o t e n t i a l  energy i s  c rea ted  by d i a b a t i c  

h e a t i n g  and t r a n s f e r r e d  t o  eddy a v a i l a b l e  p o t e n t i a l  energy.  I n  s p i t e  o f  

a  s m a l l e r  p o l e  t o  equator  temperature g r a d i e n t  f o r  t h e  f i r s t  h a l f  p e r i o d  

r e l a t i v e  t o  t h e  l a t t e r  h a l f  pe r iod ,  t h e  l a r g e r  va lue  f o r  t h e  genera t ion  

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

p e r i o d  means t h a t  t h e  warming i n  t h e  e q u a t o r i a l  r eg i on  and t h e  c o o l i n g  i n  

t h e  p o l a r  r eg ion  i s  s t r onge r  f o r  t h i s  per iod ,  cha rac te r i zed  by t h e  appearance 

o f  t h e  predominant double j e t  s t r u c t u r e .  

2. The eddy a v a i l a b l e  p o t e n t i a l  energy t ransformed f rom zonal a v a i l -  

a b l e  p o t e n t i a l  energy i s  conver-ted t o  eddy k i n e t i c  energy. 

3. The eddy k i n e t i c  energy i n  t h e  upper layer ,  fed by t h e  convers ion 

o f  p o t e n t i a l  energy and t h e  t r a n s p o r t  o f  energy f rom t h e  lower l a y e r  through 

t h e  pressure fo rce ,  d i s s i p a t e s  by t r ans fo rma t i on  i n t o  zonal k i n e t i c  energy 

and by t h e  e f f e c t s  o f  v e r t i c a l  and h o r i z o n t a l  eddy d i f f u s i o n .  The magnitude 

o f  these  t h r e e  e f f e c t s  o f  d i s s i p a t i o n  a re  a lmost  t h e  same. 



4. The lower l a y e r  i s  supp l i ed  eddy k i n e t i c  energy by b a r o c l i n i c  

e f f e c t s  and t r ans fo rma t i on  o f  zonal k i n e t i c  energy th rough  t h e  i n f l uence  

o f  mountains. Th i s  energy i s  l o s t  by su r face  f r i c t i o n  and t r a n s p o r t  t o  

t h e  upper l aye r  through pressure fo rces .  

5 .  I n  t h e  upper layer ,  zonal k i n e t i c  energy t ransformed f rom eddy 

k i n e t i c  energy d i s s i p a t e s  ma in ly  by t h e  e f f e c t  o f  v e r t i c a l  eddy d i f f u s i o n .  

6. The zonal k i n e t i c  energy i n  t h e  lower l a y e r  i s  f e d  by t h e  con- 

ve r s i on  o f  p o t e n t i a l  energy and t h e  n e t  e f f e c t  o f  v e r t i c a l  eddy d i f f u s i o n .  

(S ince t h e  magnitude o f  energy t r a n s p o r t  from t h e  upper t o  t h e  lower l a y e r  

through t h e  v e r t i c a l  eddy s t r e s s  i s  q u i t e  large,  t h e  n e t  e f f e c t  o f  t h e  

t r a n s p o r t  and t h e  d i s s i p a t i o n  due t o  v e r t i c a l  eddy d i f f u s i o n  i s  t o  i n -  

crease t h e  zonal k i n e t i c  energy i n  t h e  lower layer .  T h i s  i s  a l s o  t r u e  

i n  t h e  case o f  eddy k i n e t i c  energy.)  The main s i n k  o f  t h i s  energy i s  t h e  

t r ans fo rma t i on  i n t o  eddy k i n e t i c  energy through t h e  e f f e c t  o f  mountains.  

According t o  t h e  comparison between t h e  upper and lower p a r t s  o f  t h e  

same f i g u r e ,  t h e  t r ans fo rma t i on  o f  energy f rom AZ t o  AE and f rom AE t o  KE 

i s  l a r g e r  i n  t h e  f i r s t  h a l f  p e r i o d  t han  i n  t h e  l a t t e r  h a l f  pe r iod ,  a l though  

t h e  p o l e  t o  equa to r  temperature g r a d i e n t  i s  s m a l l e r  i n  t h e  f i r s t  h a l f  

pe r iod ,  as was p o i n t e d  o u t  before.  The non-ad iaba t i c  h e a t i n g  a c t s  t o  d i s s i -  

pa te  eddy a v a i l a b l e  p o t e n t i a l  energy f o r  t h e  f i r s t  h a l f  pe r iod ,  w h i l e  

c r e a t i n g  it d u r i n g  t h e  l a t t e r  h a l f  pe r i od .  The reason f o r  t h e  d i f f e rences  

descr ibed above w i l l  be made c l e a r  by t h e  f o l l o w i n g  s p e c t r a l  c o n s i d e r a t i o n  

o f  energy t r ans fo rma t i on .  For  t h e  l a t t e r  h a l f  pe r iod ,  t h e  e f f e c t  o f  su r face  

f r i c t i o n  a c t s  t o  produce zonal k i n e t i c  energy i n  t h e  lower layer ,  a l though  

t h e  amount o f  i t s  p roduc t i on  i s  q u i t e  sma l l .  Th i s  d e f i c i e n c y  o f  o u r  model 

r e s u l t s  f rom t h e  l i n e a r  e x t r a p o l a t i o n  o f  su r f ace  wind f rom t h e  winds o f  t h e  

400- and 800 -mb l eve l s .  For t h e  f i r s t  h a l f  pe r iod ,  t h e  t r a n s p o r t  o f  zonal 

k i n e t i c  energy through t h e  pressure f o r c e  i s  f rom t h e  upper t o  t h e  lower 

layer .  Th is  i s  c o n s i s t e n t  w i t h  t h e  f a c t  t h a t  t h e  e f f e c t  o f  t h e  i n d i r e c t  

mer id iona l  c i r c u l a t i o n  becomes p r e v a l e n t  because o f  t h e  f o rma t i on  o f  a  

4 - ce l l  mer id iona l  c i r c u l a t i o n  du r i ng  t h i s  pe r i od .  I t  i s  o f  i n t e r e s t  t h a t  

t h e  zonal k i n e t i c  energy i n  t h e  lower l a y e r  i s  l a r g e r  f o r  t h e  f i r s t  h a l f  

p e r i o d  than  f o r  t h e  l a t t e r  h a l f  p e r i o d  i n  s p i t e  o f  a s m a l l e r  va lue  o f  t h e  

zonal k i n e t i c  energy i n  t h e  upper l a y e r  f o r  t h e  f i r s t  ha1 f pe r i od .  

For comparison, o u r  r e s u l t s  f o r  t h e  va r i ous  components o f  energy and 

energy t r ans fo rma t i ons  f o r  t h e  l a t t e r  h a l f  p e r i o d  a r e  shown w i t h  t h e  



observed r e s u l t s  compi led by Oot i19641 and t h e  r e s u l t s  ob ta ined  f rom 

o t h e r  numerica l exper iments [ i  .e., Smagori nsky, Manabe, Hol loway ( 19651, 

Smagorinsky (19631, and P h i l l i p s  ( 1 9 5 6 1 1  i n  Table  I .  I n  t h i s  t a b l e ,  t h e  

n o t a t i o n  (AZ, AE)  rep resen ts  t h e  t r ans fo rma t i on  o f  energy f rom AZ t o  AE 

and t h e  o t h e r  n o t a t i o n s  a r e  i n t e r p r e t e d  i n  t h e  same manner. DS means t h e  

d i s s i p a t i o n  o f  energy. 

I n  t h e  upper and lower p a r t s  on t h e  le f t -hand s i d e  o f  F i g .  25, 30-day 

mean s p e c t r a l  d i s t r i b u t i o n s  o f  k i n e t i c  energy o f  t h e  upper and lower layers  

i n  t h e  a i r  column o f  u n i t  mass a r e  shown r e s p e c t i v e l y .  The r i g h t  p a r t  o f  

t h e  f i g u r e  shows t h e  30-day mean s p e c t r a l  d i s t r i b u t i o n  o f  a v a i l a b l e  poten- 

t i a l  energy i n  t h e  a i r  column o f  u n i t  mass. I n  t h i s  f i g u r e ,  t h e  s o l i d  l i n e s  

i n d i c a t e  t h e  d i s t r i b u t i o n  f o r  t h e  f i r s t  h a l f  pe r iod ,  w h i l e  t h e  dashed l i n e s  

i n d i c a t e  t h e  d i s t r i b u t i o n  f o r  t h e  l a t t e r  h a l f  pe r i od .  The corresponding 

w i n t e r  mean va lues ob ta ined  by Saltzman and F l e i s h e r  (1961; 1962) a r e  

p l o t t e d  by s o l i d  c i r c l e s .  From F ig .  25, it i s  found t h a t  t h e  d is tu rbance  

o f  wave number 2, which p l ays  an impor tan t  r o l e  i n  t h e  t r a n s p o r t  o f  hea t  

and angu la r  momentum f o r  t h e  p e r i o d  cha rac te r i zed  by t h e  predominant double 

j e t  s t r u c t u r e ,  has l a r g e r  energy f o r  t h i s  p e r i o d  t han  f o r  t h e  l a t t e r  h a l f  

pe r i od .  Thus, i t t u r n s  o u t  t h a t  t h e  d is tu rbance  o f  wave number 2 appears 

t o  be very  s i g n i f i c a n t  i n  t h e  b l o c k i n g  s i t u a t i o n  appear ing f o r  t h e  f i r s t  

h a l f  pe r i od .  Accord ing t o  comparison w i t h  observa t ion ,  t h e  c a l c u l a t e d  

a v a i l a b l e  p o t e n t i a l  energy i s  cons iderab ly  s m a l l e r  t han  t h e  observed values 

a t  wave numbers I and 2. 

F i g .  26 shows t h e  30-day mean s p e c t r a l  d i s t r i b u t i o n s  f o r  va r i ous  

components o f  energy t r ans fo rma t i ons  i n  t h e  a i r  column o f  u n i t  mass. The 

n o t a t i o n  used i n  t h i s  f i g u r e  w i l l  be i n t e r p r e t e d  w i t h  ease f rom t h e  exp la -  

na t i ons  i n  t h e  preceding f i g u r e s  and t h e  t a b l e .  Here K and KLw stand 
U D 

f o r  k i n e t i c  energy i n  t h e  upper and lower layers ,  and (AE, AE)or(KE, 
K ~ )  

means t h e  energy t r ans fo rma t i on  amongst t h e  d is tu rbances .  

From p a r t s  (A),  ( C )  and ( D l  o f  t h i s  f i g u r e ,  we f i n d  t h a t ,  as expected 

from b a r o c l i n i c  i n s t a b i l i t y  theory ,  t h e  t r a n s f o r m a t i o n  f rom zonal t o  eddy 

a v a i l a b l e  p o t e n t i a l  energy, t h e  convers ion f rom a v a i l a b l e  p o t e n t i a l  energy 

t o  k i n e t i c  energy and t h e  energy t r a n s f e r  f rom t h e  lower t o  t h e  upper 

l a y e r  i n d i c a t e s  l a rge  va lues around wave number 5 ( t h e  s t a t i c  s t a b i l i t y  

adopted i n  o u r  model i s  such t h a t  maximum i n s t a b i l i t y  occurs  a t  wave 

number 5 1. 



On t h e  o t h e r  hand, each. d i . s t r i b u t i o n  o f  these  energy t r ans fo rma t i ons  

i n d i c a t e s  a  maxi-mum a t  wave number 2 f o r  t h e  f i r s t  h a l f  pe r i od .  The growth 

o f  t h e  d is tu rbance  o f  wave number 2, s i g n i f i c a n t  i n  t h e  b l o c k i n g  s i t u a t i o n ,  

r e s u l t s  ma in ly  f rom t h i s  i n s t a b i l i t y  which i s  i n e x p l i c a b l e  by t h e  so -ca l led  

baroc l  i n i c  i n s t a b i l i t y  t heo ry .  A key p o i n t  t o  c l a r i f y i n g  t h e  b l o c k i n g  

mechanism would be an exp lana t i on  o f  growth i n  t h i s  wave number. 

I n  connect ion w i t h  t h i s ,  it i s  o f  spec ia l  i n t e r e s t  t h a t ,  as seen i n  p a r t  

(GI o f  t h e  f i g u r e ,  t h e  d i s t r i b u t i o n  o f  t r ans fo rma t i on  f o r  zonal t o  eddy 

k i n e t i c  energy th rough  t h e  e f f e c t  o f  mountains i n d i c a t e s  a maximum va lue  

a t  wave number 2  f o r  t h e  f i r s t  h a l f  pe r iod ,  i n  c o n t r a s t  t o  i t s  disappearance 

f o r  t h e  l a t t e r  h a l f  pe r i od .  P a r t  ( E l  shows t h a t  a lmost  a l l  d i s tu rbances  

d i s s i p a t e  t h e i r  k i n e t i c  energy t o  feed t h e  zonal mot ion.  

From p a r t  ( I )  o f  t h e  same f i g u r e ,  we can see t h a t  t h e  a v a i l a b l e  

p o t e n t i a l  energy o f  t h e  d is tu rbances  around wave number 2 i s  c rea ted  by 

t h e  d i a b a t i c  hea t i ng  f o r  bo th  per iods .  Th i s  would r e s u l t  f rom h i g h e r  

temperature and s t r o n g e r  h e a t i n g  ove r  t h e  oceans t han  ove r  t h e  con t i nen t s .  

The l a r g e r  a v a i l a b l e  p o t e n t i a l  energy o f  t h e  d i s t u rbance  o f  wave number 2 

f o r  t h e  f i r s t  h a l f  per iod,  as i nd i ca ted  i n  F ig .  25, means t h a t  t h e  atmos- 

p h e r i c  temperature i s  h i g h e r  over  t h e  oceans and lower ove r  t h e  c o n t i n e n t s  

f o r  t h e  f i r s t  h a l f  p e r i o d  t han  f o r  t h e  l a t t e r  h a l f  pe r i od .  However, s i n c e  

t h e  increase o f  atmospher ic temperature increases t h e  c o o l i n g  o f  t h e  atmos- 

phere due t o  long wave r a d i a t i o n  and suppresses t h e  t r a n s p o r t  o f  hea t  f rom 

t h e  e a r t h ' s  su r f ace  t o  t h e  atmosphere ove r  t h e  oceans, it r e s u l t s  i n  de- 

c reas ing  t h e  h e a t i n g  o f  t h e  atmosphere. For  t h e  reverse  reason, t h e  de- 

crease o f  atmospher ic temperature increases t h e  h e a t i n g  o f  t h e  atmosphere. 

Thus, it would be i n f e r r e d  t h a t  t h e  decrease o f  gene ra t i on  o f  a v a i l a b l e  

p o t e n t i a l  energy o f  wave number 2 by non-ad iabat ic  h e a t i n g  f o r  t h e  f i r s t  

h a l f  p e r i o d  i s  due t o  t h e  f a c t  t h a t  t h e  h e a t i n g  o f  t h e  atmosphere decreases 

ove r  t h e  oceans and increases over  t h e  c o n t i n e n t s  f o r  t h i s  per iod ,  charac- 

t e r i z e d  by t h e  predominant double j e t  s t r u c t u r e .  

F i g .  27 i s  prepared t o  examine t h e  k i n e t i c  energy balance o f  t h e  

d is tu rbance  o f  wave number 2 i n  more d e t a i l .  I n  t h e  upper and lower p a r t s  

o f  t h i s  f i g u r e ,  t h e  budgets o f  k i n e t i c  energy i n  t h e  upper and lower layers ,  

r espec t i ve l y ,  a r e  shown. I n  each p a r t , t h e  two l e f t  columns i n d i c a t e  t h e  

ga in  and loss  o f  k i n e t i c  energy f o r  t h e  f i r s t  h a l f  pe r iod ,  w h i l e  t h e  two 

r i g h t  columns desc r i be  t h e  l a t t e r  h a l f  pe r i od .  The n o t a t i o n  w r i t t e n  i n  



t h e  columns represen ts  t k e  processes t h rough  wh ich  t h e  d i s t u rbance  o f  wave 

number 2 o 6 t a i n s  o r  d i s s i p a t e s  energy.  The n o t a t i o n  BC means t h e  n e t  

e f f e c t  o f  t h e  convers ion  o f  p o t e n t i a l  energy and t h e  t r a n s f e r  o f  k i n e t i c  

energy f rom t h e  lower l a y e r  through t h e  pressure force,  and BT denotes 

t h e  n e t  e f f e c t  o f  exchange o f  k i n e t i c  energy between t h e  d is tu rbance  o f  

wave number 2 and t h e  zonal mot ion and between t h a t  and t h e  o t h e r  d i s -  

turbances through t h e  advec t i ve  term. The o t h e r  n o t a t i o n  was a l r eady  ex- 

p l a i n e d  i n  t h e  p reced ing  f i g u r e s .  According t o  t h i s  f i g u r e ,  it i s  found 

t h a t ,  i n  t h e  upper layer ,  t h e  d is tu rbance  o f  wave number 2 i s  supp l i ed  

energy due t o  t h e  convers ion o f  p o t e n t i a l  energy and t h e  t r a n s p o r t  o f  

k i n e t i c  energy f rom t h e  lower, w h i l e  i n  t h e  lower l a y e r  it i s  supp l i ed  

energy ma in ly  by t h e  t r a n s f o r m a t i o n  o f  zonal k i n e t i c  energy th rough  t h e  

de fo rmat ion  o f  zonal f low caused by mountains. Th.e d i f f e rence  between 

t h e  energy budgets o f  t h e  two pe r i ods  i s  t h a t ,  i n  t h e  lower layer ,  t h e  

process represented by BT a c t s  as an energy source and t h e  process repre -  

sented by BC a c t s  as an energy s i n k  ( t h i s  means t h a t  t h e  t r a n s p o r t  o f  

energy i n t o  t h e  upper l a y e r  i s  l a r g e r  t han  t h e  convers ion o f  a v a i l a b l e  

p o t e n t i a l  energy i n t o  t h e  lower l a y e r )  f o r  t h e  f i r s t  h a l f  pe r iod ;  t h e  

reverse  i s  t r u e  f o r  t h e  l a t t e r  h a l f  pe r i od .  T h i s  f e a t u r e  o f  t h e  computed 

r e s u l t s  i n  t h e  predominant b l o c k i n g  s i t u a t i o n  i s  i n  q u a l i t a t i v e  agreement 

w i t h  t h e  observed energy budget o f  t h e  s i g n i f i c a n t  wave i n  t h e  b l o c k i n g  

a c t i o n  o f  January 1963 as ob ta ined  by Murakami and Tomatsu (1965).  I n  t h e  

upper layer ,  t h e  l a rge  amount o f  k i n e t i c  energy o f  t h i s  d i s t u rbance  

conver ted f rom a v a i l a b l e  p o t e n t i a l  energy by t h e  b a r o c l i n i c  e f f e c t  i s  

l o s t  t o  ma in ta i n  t h e  zonal mot ion.  Th i s  would mean t h a t  t h e  b l o c k i n g  

phenomenon should  n o t  be cons idered as a b a r o t r o p i c  process, b u t  as a 

baroc l  i n i c  process. 

9. Summary 

Through a t i m e  i n t e g r a t i o n  o f  t h e  geos t roph ic  system o f  equat ions,  

i n c l u d i n g  both e f f e c t s  o f  orography and h e a t i n g  c o n t r a s t  due t o  land-sea 

d i s t r i b u t i o n ,  a b l o c k i n g  process very  s im i  l a r  t o  t h a t  observed i n  t h e  

actua l atmosphere was produced. 

For  t h e  p e r i o d  d u r i n g  which t h e  predominant double j e t  s t r u c t u r e  

( r e s u l t i n g  f rom t h e  occurrence o f  a c t i v e  b l o c k i n g )  appears i n  t h e  l a t i -  

t u d i n a l  d i s t r i b u t i o n  o f  t h e  z o n a l l y  averaged zonal wind, t h e  unusual 



poleward t r a n s p o r t  o f  hea t  by la rge-sca le  edd ies  causes warming o f  t h e  

p o l a r  r eg ion  accompanied by t h e  f o rma t i on  o f  an i n d i r e c t  me r i d i ona l  c i r c u -  

l a t i o n ,  as seen f rom t h e  analyzed computat ions.  I n  t h e  upper l a y e r  a t  

h i gh  l a t i t u d e s ,  t h e  angu la r  momentum i s  t r a n s p o r t e d  poleward by la rge-  

s c a l e  eddies t o  compensate f o r  t h e  d e s t r u c t i o n  o f  angu la r  momentum due t o  

t h i s  i n d i r e c t  c e l l .  The convergence o f  t h i s  angu la r  momentum t r a n s p o r t e d  

i n t o  h i g h  l a t i t u d e s  c o n t r o l s  t h e  fo rmat ion  and development o f  t h e  n o r t h  

branch o f  t h e  double j e t  stream. 

The poleward t r a n s p o r t  o f  hea t  and angu la r  momentum which p l a y s  an 

impor tan t  r o l e  i n  t h e  i n i t i a t i o n  and maintenance o f  t h e  double j e t  stream, 

i s  performed p r i m a r i l y  by t h e  d is tu rbance  o f  wave number 2 which shows a  

l a rge  growth f o r  t h i s  pe r i od .  

I n  t h e  upper l a y e r  t h i s  d is turbance,  be ing  s i g n i f i c a n t  i n  t h e  a c t i v e  

b l o c k i n g  s i t u a t i o n ,  i s  fed by t h e  convers ion o f  a v a i l a b l e  p o t e n t i a l  energy 

and t h e  t r a n s f e r  o f  k i n e t i c  energy from t h e  lower l aye r .  The zonal mot ion 

i s  mainta ined by t h e  energy supply  f rom t h i s  d is tu rbance .  I n  t h e  lower 

layer ,  when t h i s  d is tu rbance  i s  develop ing w e l l ,  i t s  main energy source i s  

t h e  t r a n s f o r m a t i o n  f rom t h e  zonal k i n e t i c  energy through t h e  e f f e c t  o f  

topography. Th is  seems t o  i n d i c a t e  t h a t  t h e  e f f e c t  o f  mountains i s  one o f  

t h e  f a c t o r s  caus ing t h e  growth o f  t h e  d is tu rbance  o f  wave number 2. I n  

o r d e r  t o  c l a r i f y  t h e  mechanism o f  t h e  b l o c k i n g  process, t h e  development 

o f  a  new i n s t a b i l i t y  t heo ry  which can e x p l a i n  t h e  growth o f  t h i s  k i n d  o f  

d i s tu rbance  i s  d e s i r a b l e .  

On t h e  o t h e r  hand, t h e  e f f e c t s  o f  d i a b a t i c  h e a t i n g  a r e  summarized 

as f o l l o w s :  

I .  The mer i d i ona l  g r a d i e n t  o f  d i a b a t i c  h e a t i n g  i s  l a r g e r  d u r i n g  

t h e  p e r i o d  cha rac te r i zed  by a c t i v e  b lock ing ,  w h i l e  

2. t h e  d i f f e r e n c e  o f  d i a b a t i c  h e a t i n g  between t h e  ocean and t h e  

c o n t i n e n t  i s  smal l e r .  

I n  t h i s  s tudy  some c h a r a c t e r i s t i c  p r o p e r t i e s  concern ing b l o c k i n g  

and double j e t  s t r u c t u r e  -- reproduced by o u r  r e l a t i v e l y  s imp le  model atmos- 

phere -- a r e  determined, and these  should  be v e r i f i e d  by observa t ions  i n  t h e  

ac tua l  atmosphere. Thus, f u r t h e r  s t u d i e s  o f  t h e  budgets o f  heat,  angu la r  

momentum and energy d u r i n g  t h e  p e r i o d  o f  a b l o c k i n g  s i t u a t i o n  a r e  needed. 
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- Two-layer representa t ion  o f  the  model atmosphere; nota t ion  Ind ica tes  leve ls  to which model variables re fer  
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F i g .  - The re la t ionship  between QCS and (TS-T6001 - rm, as employed i n  mode! and ind ica ted  by s o i i d  l i n e .  So l id  
c i r c l e s  ind ica te  zona l ly  averaged annual mean data p l o t t e d  a t  10' l a t i t u d e  i n t e r v a l s  s t a r t i n g  a t  5 O N .  





u- Latitudinal d i s t r i b u t i o n  o f  the  p lanetary  albedo ( 5 )  adopted I n  t h e  m d e l  

Fig.- Geographical d i s t r i b u t i o n  o f  E ( iy /day)  i n  January. 





Fig. - Geographical d i s t r i b u t i o n  o f  E ( ly/day) adopted I n  tho rmdel, reproduced by using the  surface spher 

harmnics  truncated o t  ImlL 8 and n - l m / ~  I  I ,  where m and n are  the rank and degree o f  the  surface spherical 

harmnic ,  respect ive ly .  

- Geographical d i s t r i b u t i o n  of orographic height lmeiers) used i n  the rmdsl.  
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- T i m  var ia t ions o f  hemispheric man  temperature (upper p a n ) ,  hemispheric nm of r e l a t i v e  angular m m r u m  

per u n i t  NS per u n i t  sphere (second par t ) ,  t o t a l  and n n a i  avai iab le  potet.'iai energy per u n i t  mass ( t h i r d  pa r t ) ,  

and t o t a l  and zonal k i n e t i c  energy per u n i t  mass (lower par t ) .  
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a - Time va r i a t i on  o f  the l a t i t ud ina l  d i s t r i bu t i on  of the zonal ly averaged zonal current (mfsec) a t  the Upper 

levei of the mde l  atmosphere. Sol i d  c i  rc ies  ind icate  the l a t i t ude  of the secondary wind maximum. Short l ines and 

numbers above the f igure ind icate  the durat ion of the double j e t  s t ruc ture  i n  days, respectively. Shaded areas stand 

f o r  easter i  ieS. 
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- Annual var ia t ions of the i a t ; t ud ina i  d i s t r i bu t i on  of the 5-day man  zonal ly averaged zonai r i n d  (m/sec! 

a t  the 500 -mb level f o r  the years 1965 (upper pa r t )  and 1966 ( lower pa r t ) .  The numbers a t tach ing short l tncs  

above the f igure (representing the durat ion of double j e t  streams) are i n  un i ts  of 5 days. 

V A R I A T I O N  OF LONGITUDINAL  AVERAGED 5 0 0 - M E  ZONAL C U R R E N T  
a ct 8 0 e4 A 

- Dai i y  va r i a t i on  of the l a t i t ud ina l  d i s t r i bu t i on  o f  the zonal l y  averaged zonai wind (rn/secl a t  the 500 -mb 

level f o r  the periods December 1964 through Parch 1965 (upper pa r t )  and December 1965 through March 1956 (lower p a r t ) ,  

For fur ther  explanations, r s f e r  t o  Fig. 7. 





4 0 0 -  M B STREAM F U N C T I O N  

~ ig .  - 89-93 day mean computed stream I [nos a t  t h e  400 -mb leve l .  Wnt ts :  aam so&, where a IS the  radlus 

t h e  e a r t h ) .  

F ig .  1 1  - 121-125 day m a n  computed stream l ines  a t  the  400 -mb l e v e l .  (Units: a.m 5%-I1 - 





Fig .  12b - 400 -mb stream l i n e s  a t  I21 days. (Un i ts :  a m  sec-ll. 





Fig .  12c - 400 -mb stream l lnes at 123 days. (Units: 8.m secq11. 

Fig .  12d - 400 -mb stream lines a t  125 days. (Units: a.m sec-l). 





Flg. 120 - 400 -mb stream l lnes at 127 days. (Unlts: a.m sec-I). 

4 0 0 - M B  S T R E A M  FUNCTION 

- 30-day mean computed stream 1 ines ( a m  sec") a t  the 400 -mb level f o r  the period of  101-130 days. 





DEC 1958 

Fig. - --day mean 500 -mb contours (meters) f o r  December 1958. 

ZONAL  MEAN OF Z O N A L  CURRENT ( M  SEC-'1 
7 1 - 1 0 0  DAY MEAN 

- - - 
01-130 DAY MEAN 

L A T I T U D E  

- 30-day mean latitude-height d is t r lbut lons  o f  the zonal ly averaged zonal wind (m/sec) f o r  the periods o f  

71-100 days (upper p a r t )  and 101-130 days ( i w e r  p a r t ) .  Easterly regions a r e  shaded. 
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- 101-130 day mean l a t i t ud ina l  d l s t r l bu t l on  o f  the zonal l y  averaged zonal wind (m/sec) a t  the 400 -mb level 

and corresponding win ter  mean values ( s o l i d  c i r c l es )  obtained by Mlntz (1954). 
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wl- 30-day mean l a t i t ud ina l  d i s t r i bu t i ons  uf the zonal mean tempcrature for the periods of 71-100 days 

(upper p a r t )  and 101-130 days (lower pa r t ) .  So l id  c i r c l es  show winter  m a n  values obtained by Burdecki (1955). 
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RATE OF ZOLAL MEAN TEMPERATURE CHANGE DUE TO LARGE- SCALE EDDIES 

7 1 - 100 DAY MEAN I 01 - 130 DAY MEAN 
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LAT ITUDE LAT ITUDE 

- 30-day moan l a t i t u d i n a l  d i s t r i b u t i o n s  o f  the  r a t e  of the  zonal mean temperature change due t o  convergence 

of heat  f l u x  f o r  each o f  wave numbers I thruugh 8.  f o r  t h e  periods of 71-100 days ( l e f t  p o r t )  and o f  101-130 days 

( r i g h t  p a r t ) .  
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RATE OF ZONAL MEAN MOMENTUM CHANQE W E  TO LARGE- SCALE EmlES 

71-100 04Y MEAN 101 - 130 OAV MEAN 

9 0  8 0  7 0  6 0  5 0  4 0  30 X) 10 0 90 80 70 60 50 40 3 0  20 10 0 
LATITUDE LATITUDE 

Fig. - 30-day mean l a t i t ud ina l  d i s t r i bu t i ons  of the ra te  o f  the zonal angular mmentum change f o r  each o f  wave 

numbers i through 8 f o r  the periods o f  71-100 days I l e f t  p a r t l  and 101-IM days ( r i g h t  pa r t l .  

ENERGY DIAGRAM FOR A I R  COLUMN OF U N I T  M A S S  

( M~SEC- ' :  M' SEC-z DAY') 
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t<' I lL.OWtR LAYERI 

Fig. - --day mean energy diagram f o r  tho a i r  column of  u n i t  mass during the periods o f  71-100 days (upper p a r t l  

and 101-130 days ( lower pa r t ) .  (Units: m2Se~-2 f o r  energy, m2sec-'day-' f o r  energy transformation). 





SPECTRAL DISTRIBUTION OF ENERGY IN AIR COLUMN OF UNIT MASS 
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LOWER K . E . :-- - 71-100 DAY MEAN 

- - - -. 101-130 DAY MEAN 

SALTZMAN AND FLEISHER'S OBS . 
WAVE NUMBER 

Fig.- 30-day man  spectral d i s t r i bu t i ons  of k i n e t i c  energy i n  the upper layer ( l e f t  upper p a r t )  and the lower 

layer ( l e f t  lower pa r t )  and t h a t  of ava i lab le  potent ia l  energy ( r i g h t  p a r t )  f o r  the a i r  column of u n i t  mass during 

the periods o f  71-100 days ( s o l i d  l i nes )  and IO I - IM  days (dashed l ines) .  So l id  c i r c l e s  show winter  mean values 

obtained by Saltzman and F le isher  (1961; 1962). 





SPECTRAL D I S T R I B U T I O N  OF ENERGY EXCHANGE 

I N  A I R  COLUMN OF U N I T  M A S S  
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F i g .  - 30-day nlean spec t ra i ' d i s t r i bu t i ons  of energy transformation f o r  the a l r  column o f  u n i t  mass due t o  various 

components f o r  the periods of 71-100 days ($01 i d  1 ines) and 101-130 days (dashed l i nes ) .  The observed values obtained 

hy Saitzman and Fleisher (1961) and Saitzman and Teweles (1964) are a lso shown f o r  comparison. (A): transformation 
from A Z t i ,  AE, ( e l :  transformation of ava i lab le  potent ia l  energy amng the disturbances, (C): conversion from AE t o  
KE, (D) :  t ransfer  of k i ne t i c  energy from the lower t o  the upper layer through the pressure force, ( E ) :  transformation 
from KE t o  L i t t ~ i ~ ~ g h  the advective term, (F) :  transformation o f  k i n e t i c  energy among the disturbances through the 
advect~on tortr.  ,u): same as (E l ,  but tht.ough the mountain e f fec t .  ( H I :  same as ( F ) ,  but  through the mountain e f f ec t ,  
( I ) :  qeneratior~ . f  ava i lab le  potent ia l  energy due t o  d iabat ic  hea+ing, ( J ) :  diss ipat ion o f  AE due t o  horizontal eddy 
d i f f u s i ~ n ,  'K!, 1 0 .  and ( M ) :  diss ipat ions o f  k i ne t i c  energy due t o  hor izonta l  eddy d i f fus ion,  surface f r i c t i o n  and 

v e r ~ c a l  eddy d i f fus ion,  respectively, and (N): t ransfer  o f  k i ne t i c  energy from the lower t o  the upper layer ihrough 

ve r t i ca l  eddy d i f fus ion.  





KINETIC ENERGY BUDGET FOR COMPONENT OF WAVE NUMBER 2 
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Tab!e ! -. Conponents of energy (rn2/sec2! a:ld energy transformation im2/sec2 day) obtained by t h i s  experiment, the -. 
compi l e t i o n  of  ob!;ervnd data by Oort (1964), and other  numerical experiments [Srnagorlnsny, Manabe and Holloway 

(1965).  Srnagorinsky (1963).  and P h i l l i p s  (195h) l .  
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