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E d i t o r ' s  Preface  

A t o p i c ,  such a s  p l a n e t a r y  atmospheric dynamics, is  n e c e s s a r i l y  

a s p e c u l a t i v e  one because of t h e  extreme d i f f i c u l t y  of  ob ta in ing  de- 

t a i l e d  observa t ions .  A s i n g l e  datum i s  o f t e n  r e spons ib l e  f o r  s e v e r a l  

" theor ies" .  Andy Inge r so l l  was con t inua l ly  challenged dur ing  h i s  a t -  

tempts t o  present  a coherent  p i c t u r e  of a broad spectrum of  observa t ions  

and specu la t ions  about t h e  atmospheres of  t h e  p l a n e t s .  He emerged some- 

what b a t t e r e d  but  s t i l l  i n t a c t .  A l l  o f  us  f e l t  rewarded by h i s  e f f o r t s .  

The formal l e c t u r e s  were followed by a microsymposium on p l a n e t a r y  

atmospheres which included d i scuss ions  of  t h e  l a t e s t  obse rva t ions ,  specu- 

l a t i v e  t h e o r i e s  and simple models of c e r t a i n  gross  f e a t u r e s .  

J u l e  Charney's s t i m u l a t i n g  t h r e e  l e c t u r e s  formed t h e  b a s i s  f o r  

a two-week symposium on t h e  genera l  c i r c u l a t i o n  of t h e  atmosphere and 

t h e  r o l e  of t h e  i n t e r t r o p i c a l  convergence zone i n  t h e  mean c i r c u l a t i o n ,  

Robert Kraichnan addressed himself t o  t h e  problem of  p r e d i c t -  

a b i l i t y  o f  t u r b u l e n t  flow and discussed t h e  t o p i c  of p r e d i c t i o n  i n  

meteorology. 

A l l  of us  who took p a r t  i n  t h i s  t h i r t e e n t h  GFD program a r e  g ra t e-  

f u l  t o  t h e  National Science Foundation f o r  i t s  continued suppor t .  The 

Woods Hole Oceanographic I n s t i t u t i o n  has once aga in  encouraged us t o  

branch o u t  and explore  t o p i c s  which a r e  no t  normally s tud ied  i n  an ocean- 

ographic i n s t i t u t i o n .  We a r e  e s p e c i a l l y  thankfu l  f o r  t h e  cont inued e f f o r t s  

of Mary Thayer t o  keep t h e  program running smoothly. 

George Veronis 



Andrew P. Ingersoll, Principal Lecturer 

"From out of the bouche came words of wisdom". 
I P. Ingersoll, 
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DYNAMICS OF PLANETARY ATMOSPHERES 

Andrew P o  I n g e r s o l l  

Lecture #1 SCALING OF ATMOSPHERIC MOTIONS FOR A NON-ROTATIONAL PLANET 

References: Gol i t syn ,  I ca rus  13: 1, 1970 and 
Gierasch, Goody a n d  Stone, -- GFD 1: 1, 1990, 

The above r e fe rences  a r e  at tempts  t o  f i n d  t h e  r e l e v a n t  s c a l e s  of  t ime,  

v e l o c i t y  and temperature f l u c t u a t i o n  f o r  motions i n  p l ane t a ry  atmospheres, 

us ing  t h e  e x t e r n a l  parameters of  t h e  problem. The approach I am going t o  

g ive  b a s i c a l l y  agrees  with Gierasch,  Goody and Stone and d i f f e r s  i n  some i m-  

p o r t a n t  r e s p e c t s  from t h a t  of  Gol i t syn ,  We begin by w r i t i n g  down t h e  b a s i c  

parameters which have t o  be considered i n  any complete theory .  

q~ 
(1) 6 - where F = s o l a r  cons t an t  4 

and A = albedo,  

(2) LL = r a d i u s  of  p l a n e t .  

(3)  M = mass p e r  u n i t  a r e a  of t h e  atmosphere. 

(4) g = g r a v i t a t f o n a l  a c c e l e r a t i o n .  

(5) T = Stefan-Boltzman cons t an t .  

(6) cp = s p e c i f i c  h e a t  a t  cons tan t  p re s su re .  

(8) l a t e n t  h e a t  parameters .  

(9) t r a n s p o r t  parameters;  v i s c o s i t y ,  thermal  conduct iv i ty ,  opac i ty  

(10) -f-L = r o t a t i o n  r a t e .  

To s t a r t  wi th  we w i l l  cons ider  on ly  t h e  f i r s t  s i x ,  The seventh,  \d , 

i s  non-dimensional and o f  o rde r  un i ty ,  and thus  a l l  o f  our  r e s u l t s  con ta in  



f a c t o r s  which a r e  func t ions  o f  i t ,  The e ighth  and n i n t h  a r e  t oo  compli- 

ca t ed  t o  b r ing  i n  h e r e ,  The t en th ,  A , w i l l  be  added l a t e r ,  The u l t i -  

mate t e s t  o f  t h i s  approach i s  t h e  degree t o  which it accounts f o r  t h e  ob- 

served d i f f e rences  among t h e  p l a n e t s ,  

From t h e  s i x  parameters , M , T ,  g , c  one can form two 
P  

non-dimensional numbers s i n c e  t h e r e  a r e  four  u n i t s  (mass, l e n g t h ,  t ime,  

tempera ture) .  (I w i l l  u se  c i n  t h e  p l ace  of  any o t h e r  gas cons tan t  such 
P  

a s  c  o r  R s i n c e  they  a r e  a l l  r e l a t e d  i f  8 i s  known, Thus t h e  s c a l e  h e i g h t ,  v  
c T 

H, equal  t o  - RT i s  p ropor t iona l  t o  Lo) The two non-dimensional combina- 
g  g 

t i o n s  a r e  

Both numbers a r e  small  f o r  most p l a n e t s  although ,u may be o f  o r d e r  u n i t y  

f o r  Mars . , 

The combination i s  t h e  r a d i a t i v e  equi l ibr ium temperature,  T ,  
I- 

The number d i s  t h e  r a t i o  o f  t h e  s c a l e  he ight  t o  t h e  r a d i u s  of  t h e  p l a n e t ,  

The number p can be i n t e r p r e t e d  i n  t h r e e  ways. The denominator i s  (c  T)', 
P  

p ropor t iona l  t o  t h e  speed of sound, The numerator can be seen  t o  be t h e  

t y p i c a l  h o r i z o n t a l  v e l o c i t y  by t h e  fo l lowing  s c a l e  a n a l y s i s  o f  t h e  equat ions  

o f  motion: 

By balancing t h e  p re s su re  g rad ien t  f o r c e  and t h e  a c c e l e r a t i o n  term i n  

t h e  equat ion s f  motion, one g e t s  
2 

Y - f? s y -  
R Pa 

where p  i s  a  t y p i c a l  depa r tu re  of  p re s su re  from t h e  s t a t e  o f  h y d r o s t a t i c  
1 



equil ibr ium, and v  i s  a  t y p i c a l  ho r i zon ta l  v e l o c i t y ,  1 
p1 1 Using t h e  r e l a t i o n  - w ?;- from t h e  equat ion of s t a t e  we a r r i v e  
P  

, whence v2 I rJ ( y ) c p T  
where T1 i s  a  t y p i c a l  temperature f l u c t u a t i o n  a s soc i a t ed  wi th  t h e  motion. 

Now suppose t h a t  advect ion of h e a t  i s  important i n  t h e  thermodynamic equation: 

Solving t h e s e  l a s t  two r e l a t i o n s  f o r  g ives  

L J 
Thus, except  f o r  a  f a c t o r  depending only  on 'b' , /u. i s  t h e  r a t i o  of t h e  

f l u i d  v e l o c i t y  t o  t h e  speed o f  sound, i . e , ,  t h e  Mach number, 

The second i n t e r p r e t a t i o n  o f  /CC i s  t h a t  it i s  t h e  r a t i o  of two time 

s c a l e s .  One t ime s c a l e  i s  t h e  dynamical t ime s c a l e  r, z The 

second is  t h e  r a d i a t i v e  t ime s c a l e  

This  i s  t h e  time it would t a k e  t h e  sun t o  h e a t  up t h e  atmosphere t o  t h e  

temperature To Thus, except  f o r  f a c t o r s  depending on , we have 

The t h i r d  i n t e r p r e t a t i o n  i s  t h a t  ,U is  t h e  r a t i o  o f  two tempera tures ,  

We have shown t h a t  T  i s  t h e  t y p i c a l  temperature d i f f e r e n c e  a s soc i a t ed  with a. 
t h e  motion, where 

Thus, l eav ing  out  an unspec i f i ed  func t ion  of  Y , we have 
A ( . ) ' / %  



Note t h a t  it i s  impossible  t o  d e r i v e  t h e  c o r r e c t  dynamical 

s c a l e s  v T1 and c, from dimensional a n a l y s i s  a lone .  The f a c t  t h a t  1 ' 
both d a n d p  a r e  <L 1 sugges ts  t h a t  c e r t a i n  s i m p l i f i c a t i o n s  a r e  pos- 

s i b l e ,  b u t  one must examine t h e  equat ions of  motion t o  f i n d  t h e  appro- 

p r i a t e  s c a l i n g .  We observe t h a t  i n  t h e  express ions  f o r  v l ,  TI and 5 , 
n e i t h e r  t h e  s c a l e  he igh t  c T/g, nor t h e  sound speed (c  T14 appears ,  s o  

P P 
we conclude t h a t  n e i t h e r  of  t h e s e  q u a n t i t i e s  i s  r e l e v a n t  when both s 
a n d , u  a r e  d - ~  1, The condi t ion ,u<d 1 i s  a l s o  equ iva l en t  t o  t h e  s t a t e -  

ments t h a t  r a d i a t i v e  hea t  exchange occurs  s lowly compared t o  advec t ive  

hea t  exchange, and t h a t  temperature d i f f e r e n c e s  a s s o c i a t e d  wi th  t h e  

motion a r e  small  compared t o  t h e  mean temperature.  

The fol lowing t a b l e  g ives  t h e  magnitude o f  t h e s e  q u a n t i t i e s  f o r  

Earth,  Venus and Mars, 

Units  EARTH MARS 
2 

qAf erg/cm s e c  2 . 4 ~ 1 0  
5 1 . 3 ~ 1 0  5 

- 

VENUS 

2,2x10 5 

For t h e  Ear th  and Mars, t h e  above va lues  of vl a r e  l a r g e r  than  t h e  ab- 

served va lues ,  and t h e  above va lues  of  T a r e  sma l l e r  than  t h e  observed P 



values, The discrepancy is probably due to neglecting effects of the 

planet's rotation rate. For Venus, both vl and T1 given above may be 

smaller than the actual values, because motion may take place only near 

the cloud tops, for which a smaller value of M applies, 

Notes submitted by 

John R, Bennett 

SCALING FOR A ROTATING PLANET, INTRODUCTION TO THE PLANETS 

Lecture # 2  

In the last lecture, we considered a slowly rotating planetary 

atmosphere and formed two independent non-dimensional parameters from 

the six variables: 

$ A / 4 , r j ~ , a ,  c p ,  3 
From these variables we defined a mean temperature, sound velocity, and 

The only physical consideration was to specify that the speed of sound 

should not enter in the scaling. There is then one dynamic velocity 

unique to a function of 6 = JL a 

and a temperature representative of the departure from the mean: 

A dynamic time constant based on the velocity and planetary length 

scale is 
2, .. a/v, 

The derivation of these parameters was based on the argument that since 

the Mach number ,U = Y / !  is generally small (although for Mars this 



argument i s  weak), t h e  t ime cons tan t  f o r  dynamical motion is  much 

sma l l e r  than  t h e  r a d i a t i v e  t ime cons t an t .  I n  t h i s  c a s e  we may equate  

r a d i a t i v e  h e a t  i npu t  t o  r a t e  of p o t e n t i a l  energy gene ra t ion  which con- 

v e r t s  t o  mechanical energy and i s  u l t i m a t e l y  balanced by d i s s i p a t i o n ,  

so  t h a t  
$4 - d rJ 

M.? 

V + 
r ad .hea t  i n  p o t e n t i a l - +  dynamic energy d i s s i p a t i o n  

i n  which, a s  mentioned, t h e  r a d i a t i v e  t ime cons tan t  does n o t  e n t e r ,  

An important cons ide ra t ion  i s  what meaning we should a t t a c h  

t o  t h e  temperature TI.  For/<<l, t h e  temperature d i s t r i b u t i o n  i s  

c o n t r o l l e d  by dynamics and T1 i s  t h e r e f o r e  t h e  temperature d e v i a t i o n  

from a d i a b a t i c  cond i t i ons ,  This  impl ies  

v e r t i c a l  l a p s e  r a t e  
minus a d i a b a t i c  l a p s e  

h o r i z o n t a l  temperature g rad ien t  -- 

POP a  p l a n e t  l i k e  Venus, where t h e  cond i t i on  o f  small  Mach num- 

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

t o  a d i a b a t i c ,  s i n c e  Tl/H is  sma l l ,  

E f f e c t  of Oceans 

Oceans e n t e r  by adding a  seasonal  time cons t an t ,  thereby  a f f e c t -  

ing  t h e  seasonal  v a r i a t i o n  of  temperature.  The i r  e f f e c t  on d a i l y  va r f a -  

t i o n s  of temperature i s  much l e s s  important ,  s i n c e  t h e s e  a r e  small  f o r  

most sf t h e  atmosphere i n  any c a s e ,  On e a r t h ,  t h e  oceans c a r r y  l e s s  

t han  10-20% of  t h e  poleward t r a n s p o r t  of h e a t ,  



Thei r  second major r o l e  i s  i n  completing t h e  water cyc l e  whereby 

l a t e n t  h e a t  of vapor i za t ion  i s  convected away from t h e  s u r f a c e  a t  Pow l a t i -  

tudes  and l a t e r  r e l ea sed  i n  condensat ion,  

E f f e c t  o f  Rota t ion  

Including r o t a t i o n  i n  t h e  model in t roduces  a new t ime s c a l e  -- fi-' . 
For our  model, we have assumed 

' r ad  ' Zdyn Ts ound 

comparison of  1 1 - I  with each of  t h e s e  t ime cons t an t s  y i e l d s  a d i f -  

f e r e n t  flow regime. Considering f i r s t  (firred)-' : 

where E = v , / ~ &  = Rossby nmnber 

When ( n ~ ~ ~ ~ ) - '  is  o f  order  one, h e a t  may be s t o r e d  from day t o  

n igh t  i n s t e a d  of n e c e s s a r i l y  being convected around, A s  t h i s  po in t  i s  

passed,  t h e  predominant c i r c u l a t i o n  switches from s o l a r  - a n t i s o l a r  t o  

equator  - po le .  In  t h i s  regime, s i n c e  C o r i o l i s  f o r c e s  a r e  s t i l l  smal l ,  

a Hadley convectfon from equator  t o  pole  should be expected. 

I f  t h e  r o t a t i o n  i s  f a s t  enough so  t h a t  (-f2Td ) '  i s  of  o rde r  one, 
3" 

C o r i o l i s  fo rces  become important and must be  considered i n  t h e  equat ion  of 

motion. 

Another regime i s  def ined  by t h e  r a t i o  of  r o t a t i o n a l  t ime cons t an t  

t o  sound time cons tan t  such t h a t  

I 
fi%,,d 

where B = Burger number 



When t h i s  number i s  of o rde r  one, a  new length  s c a l e  i s  in t roduced ,  r ep re-  

s e n t a t i v e  of b a r o c l i n i c  waves i n  t h e  atmosphere. 

L , =  7 - = Rossby r ad ius  of d e f o m a t f o n .  L L  

Another important l eng th  s c a l e  i s  

where /Ci = t h e  d e r i v a t i v e  o f  t h e  C o r i o l i s  parameter with r e s p e c t  t o  t h e  

poleward coord ina te ,  This  s c a l e  determines t h e  width of  t h e  Gulf Stream, 

and may be r e p r e s e n t a t i v e  of  t h e  width of  J u p i t e r ' s  cloud bands. 

A number of  t h e  above parameters  a r e  l i s t e d  i n  ~ a b l e ' l .  

Table  I 

XI- 

a 

V (observed) 

€ 

B 
LI 

L, 

Note t h a t  whereas L and L a r e  comparable to c~ f o r  Earth and Mars, t hey  
1 2 

a r e  <(.a. f o r  J u p i t e r ,  Thus t h e  e f f e c t s  of  r o t a t i o n  a r e  more important  

f o r  J u p i t e r .  

P l ane t a ry  P rope r t i e s  

I n  Table I1 a r e  l i s t e d  the  d e n s i t y ,  mass and per iod  of r o t a t i o n  a f  

each of  t h e  p l a n e t s ,  

EARTH 

? x 1 0 - ~ s e c - l  

6000 km 

15m s e c - l  

.03 

0 7 

4000 km 

1000 km 

A 

MARS 

7 x l 0 - ~ s e c - l  

3000 km 

75m sec-' 

" 3  

.7 

3000 km 

2000 km 

JUPITER 

l ~ x l ~ - ~ s e s - ~  

?O,OOO km 

50m s e c - l  

,004 

0 002 

3500 km 

5000 km 



Table I1 

The r o t a t i o n  of  Mercury on i t s  a x i s  i s  of i n t e r e s t ,  being 2/3 of i t s  

per iod  of r e v o l u t i o n  about  t h e  sun, so  t h a t  t h e  same f a c e  i s  presented  t o  t h e  

sun on every o t h e r  c l o s e s t  approach ( F i g . l ) ,  

P ( ~ ~ L )  
M/Ma 

2~/a 

Fig .1  Rota t ion  of  Mercury through Two S o l a r  Revolut ions,  

?he r o t a t i o n  of  Venus i s  a l s o  of i n t e r e s t  because Venus may be  locked i n  

resonance t o  t h e  Ear th ,  a  mystery because we expect t h e  e f f e c t s  of t h e  Ear th  on 

t h e  r o t a t i o n  of Venus t o  be  those  of t h e  Sun. Also of  i n t e r e s t  i s  t h e  

preponderance of r o t a t i o n  per iods  around 10 h r ,  This  observa t ion  i s  more s t r i k -  

ing  i f  one inc ludes  t h e  a s t e r i o d s ,  which a l s o  have pe r iods  c l o s e  t o  t h i s  v a l u e ,  

In spec t ion  o f  Table I1 i n d i c a t e s  t h a t  t h e  p l a n e t s  f a l l  i n t o  two c a t e -  

go r i e s  cha rac t e r i zed  by t h e i r  d e n s i t i e s ,  The t e r r e s t r i a l  p l a n e t s  (Mercury, 

Venus, Ear th ,  Mars) a r e  a l l  n e a r l y  t h e  same d e n s i t y  a s  Ea r th ,  whereas t h e  

Jovian  p l a n e t s  ( J u p i t e r ,  Saturn,  Uranus, Nepture) a r e  mueli l e s s  dense and have 

d e n s i t i e s  about equal  t o  t h a t  of water .  

I f  it i s  assumed t h a t  t h e  p l a n e t s  were o r i g i n a l l y  formed from s o l a r  

Mere, 

5 .5 

.056 

55days 

Ven. 

5 , 5  

.815 

-243days 

Earth 

5 .5  

1 - 0  

24hr 

Mars 

3.9 

. l o7  

24hr 

Sa t .  

0.7 

95 

1&r 

Jup. 

1 , 3  

318 

lOhr 

UP.  

1 . 7  

14 

12hr 

Nep. 

1 .6  

17 

15hr 

P I ,  

? 

? 

6days 



I f  a  p o r t i o n  of s o l a r  ma te r i a l  were cooled t o  150°K, r e p r e s e n t a t i v e  

m a t e r i a l ,  t h e  s o l a r  abundance of elements (Table I11 i s  of i n t e r e s t ,  

of t h e  temperature on J u p i t e r ,  t h e  excess hydrogen would combine wi th  o t h e r  

elements t o  form molecules of 

a l l  of which a r e  observed spec t roscop ica l ly  i n  t h e  atmosphere of  J u p i t e r  ex- 

7 Table 111. Abundance of s o l a r  m a t e r i a l  r e l a t i v e  t o  10 atoms of  hydrogen. 

N 

l o 3  

cep t  f o r  water ,  which i s  f rozen  out  below t h e  cloud a t  T = ~ S O ~ K ,  Both Ju-  

S i  

3x102 

Ne 

3 x 1 0 ~  

p i t e r  and Sa turn  have c l o s e  t o  t h e  s o l a r  composition, f o r  i f  we t ake  s o l a r  

Fe 

l o 2  

Mg 

3 x 1 0 ~  

H 

l o 7  

propor t ions  f o r  t h e  t o t a l  mass, we f i n d  t h e  proper  d e n s i t i e s .  This  i s  no t  

. 0 

7x10 

H 

l o 6  

so  f o r  Uranus and Neptune, f o r  which t h e  observed d e n s i t i e s  a r e  t oo  l a r g e ,  

C 

3 x 1 0 ~  

and we expect  t h e s e  t o  be enriched i n  CH NH3 and OH2. 4 "  

The t e r r e s t r i a l  p l ane t s ,  cha rac t e r i zed  by an  excess o f  0  r e l a t i v e  t o  

H s o  t h a t  m e t a l l i c  oxides a r e  formed, c o n s i s t  mainly of SiO MgO, FeO, S i ,  2  2 ' 
Fe, Mg. The i r  atmospheres a r e  observed t o  c o n s i s t  mainly o f  H,  C ,  0 ,  N i n  

compounds such a s  H 0 ,  C02. N 2 ,  0 2 ,  e t c . ,  which i n d i c a t e  an  excess  of oxygen 2 

t o  hydrogen, 

Notes submit ted by 

John W, C o t t r e l l  

COMPOSITION OF PLANETARY ATMOSPHERES: EARTH AND MARS 

Lecture # 3 .  

I ,  The E a r t h ' s  Atmosphere 

There a r e  two important f e a t u r e s  of  t h e  e a r t h ' s  atmosphere which 

r e q u i r e  f u r t h e r  d i scuss ion :  a  s i g n i f i c a n t  absence of noble gasses  and a  

l a r g e  abundance of  carbon d ioxide  i n  t h e  e a r t h ' s  sedimentary rocks ,  



The Absence of  t h e  Noble Gases 

The r e l a t i v e  abundances of  t h e  atmospheric gases  s f  t h e  p l a n e t s  may 

be s tud ied  by comparing t h e  abundanees r e l a t i v e  t o  those  occurr ing  i n  t h e  

sun ,  The r a t i o s  of  concent ra t ion  of  var ious  meta ls  t o  each o t h e r  a r e  approx- 

imate ly  t h e  same f o r  t h e  e a r t h  and t h e  sun,  To compute t h e  r e l a t i v e  abun- 

dance of  another  element, t h e  r a t i o s  of i t s  abundance t o  t h a t  of  a t y p i c a l  

metal  on t h e  e a r t h  and t h e  sun may be  compared. If X i s  such an  element 

a "deficiency f ac to r "  may be def ined:  

Some de f i c i ency  f a c t o r s  (from Mason) a r e  given below, 

The l a r g e  de f i c i ency  f a c t o r  f o r  Neon i s  t y p i c a l  of  t h e  o t h e r  noble  gases .  

I n  genera l ,  a l l  elements which have gaseous phases a t  p l a n e t a r y  tempera- 

t u r e s  a r e  more deple ted  ( i n  r e l a t i o n  t o  t h e  s o l a r  atmosphere) than  those  

elements which form s o l i d  compounds, Apparently,  t h e  de f i c i ency  f a c t o r  i s  

an inve r se  measure of  t h e  tendency o f  t h e  element t o  f o m  s o l i d  compounds 

wi th  t h e  e a s t h B s  major c o n s t i t u e n t s ,  This  i n d i c a t e s  t h a t  

a) The e a r t h ' s  atmosphere i s  no t  a remnant of  t h e  s o l a r  atmosphere 

and 

b)  The ea r th"  atmosphere was o r i g i n a l l y  bound t o  t h e  s o l i d  phase and 

has formed by outgass ing .  



The Abundance s f  Carbon Dioxide 

The p r i n c i p a l  v o l a t i l e s  i n  t h e  e a r t h s s  atmosphere and c r u s t  a r e  

C02. H20. N2 and 0 Thei r  abundance i s  given below. 2 " 

V o l a t i l e  Abundance (kg cmm2) 

The l a r g e s t  p o r t i o n  o f  carbon d iox ide  i s  bound i n  t h e  form o f  lime- 

s tone ,  CaC03. This  has  been depos i ted  by t h e  r e a c t i o n  

i n  t h e  oceans, I f  t h e r e  were no ca.rbonates, t h e  e a r t h ' s  atmosphere would 

have roughly t h e  same abundance of  C02 a s  Venus. 

I1 Physics  of  t h e  Mart ian Atmosphere 

The average r a d i a t i v e  equi l ibr ium temperature of  Mars is  about  

2 2 ~ ~ ~ .  A t  Mart ian tempera tures ,  both C02 and water may occur  e i t h e r  a s  

s o l i d  o r  vapor ,  The abundance of t h e  gaseous phase i s  governed by t h e  s a t -  

u r a t i o n  vapor p re s su re  a t  t h e  temperature of  some p o i n t  on t h e  s u r f a c e  o r  i n  

t h e  atmosphere, (Note: a t  e a r t h  temperatures  i n  t h e  presence  of  l i q u i d  

water ,  t h e  C02 composition of  t h e  atmosphere i s  governed by chemical pro-  

ces ses  i n  t h e  oceans such a s  t h e  equi l ibr ium with carbonates  d iscussed  above,)  

The t y p i c a l  h o r i z o n t a l  temperature d i f f e r e n c e  TI f o r  Mars i s  observed t o  be 

about 1 0 0 ~ ~ .  This  l a r g e  va lue  of T1 i s  due t o  t h e  small  mass of t h e  Mart ian 

1 
atmosphere and i t s  consequent lack  of a b i l i t y  t o  t r a n s p o r t  h e a t  ( p M C s e  7-1, 



A Mechanism f o r  t h e  Control  of  p on Mars 
=O2 

Leighton and Murray (1966) cons t ruc ted  a model of t h e  Martian 

atmosphere based on t h e  assumption t h a t  t h e r e  i s  an  average r a d i a t i v e  

equi l ibr ium a t  t h e  poles ,  and t h a t  atmospheric h e a t  t r a n s p o r t  i s  n e g l i -  

g i b l e .  The average absorbed sun l igh t  a t  t h e  poles  over  one Martian year  

i s  F ( s i n  B/T) (l-A), where 0 i s  t h e  ang le  of  i n c l i n a t i o n  o f  t h e  a x i s  of 

Mars1 po le  t o  i t s  e c l i p t i c  po le .  This l eads  t o  an  "average" temperature 

- 
Taking A = 0.7 ( t h e  va lue  f o r  f r o s t ) ,  T = 148 '~ .  A t  t h i s  temperature,  

P 
t h e  vapor  p re s su re  of  t h e  s o l i d  phase of  C02 i s  t h e  same a s  t h a t  observed 

f o r  t h e  Martian atmosphere, about 6 mb. 

Mars has  two po la r  " ice" caps, one seasona l ,  t h e  o t h e r  permanent. 

This  asymmetry r e s u l t s  from t h e  e c c e n t r i c i t y  of Mars' o r b i t .  During t h e  

Martian summer, t h e  sun h e a t s  t h e  pole ,  evapora t ing  t h e  C02. A s  it i s  

evaporated, t h e  l a t e n t  h e a t  of  evaporat ion coo l s  t h e  s u r f a c e .  I f  t h e  t o t a l  

change i n  C02 p re s su re  i s  smal l ,  t h e  process  a c t s  t o  keep t h e  temperature 

a t  t h e  permanent po le  cons tan t  throughout t h e  yea r .  The t o t a l  amount of 

CO f r eez ing  dur ing  one seasonal  cyc le  depends only on t h e  h e a t  de f i c i ency  
2 

between summer and winter  and t h e  l a t e n t  h e a t  o f  C02. This  amount has  been 

est imated a s  10% - 20% of  t h e  t o t a l  mass o f  t h e  atmosphere (about one meter 

depth a t  t h e  po le ) ,  so  t h e  atmospheric p re s su re  cannot change by more than  

t h i s .  A s  carbon d ioxide  i s  t h e  major component of  t h e  Martian atmosphere, 

when any i s  evaporated from t h e  po la r  cap, t h e  p re s su re  change i s  t r ansmi t t ed  

through t h e  whole atmosphere a t  t h e  speed of  sound, t h e  adjustment  t ime 



-g 
being a ( c ~ T )  No l o c a l  concent ra t ions  of  C02 vapor can b u i l d  up as 

i n  t h e  case  of water vapor on t h e  e a r t h ,  

I t  was a l s o  noted t h a t  C02 coming i n  t o  r e p l a c e  f rozen  o u t  CO 
2 

br ings  s e n s i b l e  h e a t  from t h e  equator  bu t  t h i s  i s  small  s i n c e  

1 l a t en t / ' s ens ib l e  h e a t  = - - cpT l o '  

Water i n  t h e  Martian C i r c u l a t i o n  

Water i s  a minor atmospheric c o n s t i t u e n t  on Mars, and i t s  concen- 

t r a t i o n  is not  locked t o  t he  po le  temperature a s  i s  C02. The mechanism f o r  

c o n t r o l l i n g  the  amount of  water i n  t h e  Mart ian atmosphere i s  n o t  t h e  same 

a s  on e a r t h ,  f o r  Mars has no oceans. Measurements o f  t h e  amount of  water  

i n  t h e  Martian atmosphere i n d i c a t e  t h a t  t h e  observed gas p r e s s u r e  o f  water  

vapor i s  c o n s i s t e n t  with an equi l ibr ium temperature of  2 0 0 - 2 2 5 ' ~ ~  I f  

t h e r e  were no source of water a t  o r  above t h i s  temperature,  water  would 

f r e e z e  o u t  of t h e  atmosphere u n t i l  it reached a vapor p re s su re  i n  e q u i l -  

ibrium with a temperature of 1 4 8 ' ~  ( the  temperature of t h e  permanent p o l e ) .  

One p o s s i b l e  s o l u t i o n  60 t h i s  problem i s  t h a t  t h e  t ime needed f o r  

t h e  water  t o  f r e e z e  out  of  t h e  atmosphere i s  very long.  The Mart ian po le  

of  r o t a t i o n  precesses  wi th  a per iod  of  50,000 y e a r s ,  Thus, once every 

25,000 yea r s  t h e  permanent po le  changes, During t h i s  t ime t h e  water  t h a t  

i s  f rozen  i n  t h e  permanent cap could evaporate  and then  slowly be  f rozen  ou t  

again dur ing  t h e  next  p reces s iona l  c y c l e ,  This  mechanism could work if t h e  

time s c a l e  f o r  f r e e z i n g  out  t h e  excess water  a t  t h e  permanent cap i s  longer  

than  25,000 yea r s ,  

Two o the r  i d e a s  have been presented  t o  exp la in  t h e  source  of t h e  

water: underground r i v e r s  and juven i l e  wa te r ,  They s u f f e r  from t h e  same 



d i f f i c u l t y  as t h e  aforementioned mechanism: the  r a t e  of f r eez ing  ou t  a t  

t h e  permanent pole must be extremely slow, Otherwise, we would have t o  ex- 

p l a i n  why t h e  sources have no t  d r i ed  up, and why t h e r e  a r e  not  v a s t  depos i t s  

of H20 a t  t he  polar  cap. C lea r ly  the  water cycle on Mars i s  s t i l l  a mystery. 

Liquid Water on Mars 

F ina l ly ,  we consider whether t h e r e  can be any l i q u i d  water  on Mars. 

Liquid water w i l l  no t  condense d i r e c t l y  out  of t h e  atmosphere: t h e  p a r t i a l  

pressure  of H20 i s  too  low. Thus l i q u i d  water r equ i re s  t h e  mel t ing  o f  i c e ,  

Daytime temperatures a t  t h e  equator exceed O'C, but  i t  i s  u n l i k e l y  t h a t  any 

overnight  accumblation of f r o s t  ( d l 0  microns th i ck )  would l a s t  more than  a 

few minutes, even a t  temperatures well below the  melt ing p o i n t .  On t h e  

su r face ,  such an accumulation would l a s t  approximately f i v e  minutes a t  

T = - 1 0 ' ~  ( Inge r so l l ,  1970) and we expect it t o  take  longer than  t h i s  i n  going 

from T a - 1 0 ' ~  t o  T = OOC.  I n  s o i l  i n t e r s t i c e s ,  t h e  l i f e t i m e  a t  - 1 0 ' ~  de- 

pends on t h e  accumulation time ( -12  hours) and on t h e  r a t i o  of t h e  pres-  

su re  d i f f e rence  during accumulation (p i n  the  atmosphere minus p i n  
H-0 H-0 
L L 

t h e  s o i l  a t  n igh t )  t o  t h e  p res su re  d i f f e r e n c e  during evaporat ion (p a t  
H-0 

L 
0 -10 C minus pH i n  the  atmosphere]. Thus 

2 PH20 (atmos * 

Lifetime a t  - 1 0 ' ~  5 (12 h r s )  'Y 10 minutes 
P ~ 2 0  (-lo°C) 

which again implies  t h a t  l i q u i d  water i s  not  l i k e l y  t o  occur.  Note t h a t  

these  arguments apply only t o  water i n  equil ibr ium with t h e  atmosphere; 

the re  might be juveni le  l i q u i d  water a t  s u f f i c i e n t  depth below t h e  s u r f a c e ,  

Also, l i q u i d  s a l i n e  so lu t ions  might occur a t  t he  su r face  i f  s u f f i c i e n t  

amount of s a l t s  were p r e s e n t ,  
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K i m  D. Saunders 

THE ATMOSPHERE OF VENUS 

Lecture # 4  Andrew Po  IngersoPl 

The P rope r t i e s  of  t h e  Atmosphere Near t h e  Surface 
- ,  

The temperature o f  t h e  su r f ace  i s  found by both  microwave r a d i o  

emission and t h e  Sov ie t  Venera 7 probe. The b e s t  va lue  t o  d a t e  of  t h e  

temperature o f  s u r f a c e  i s  7472 20 '~.  The p re s su re  a t  t h e  s u r f a c e  has been 

determined by e x t r a p o l a t i n g  t h e  o c c u l t a t i o n  d a t a  from t h e  U .  S o  Mariner 

f lyby .  The b e s t  s u r f a c e  p re s su re  d a t a  i s  psfc = 95 t 15 atm. The composi- 

t i o n  of t h e  major c o n s t i t u e n t  i s  obtained from t h e  Sovie t  probe and g ives  

pC02/p = 0.95 - 0.97. The d a t a  from t h e  Mariner f l yby  have shown t h a t  

a t  l e a s t  t o  t h e  l e v e l  where t h e  s i g n a l  i s  c u t  o f f ,  t h e  lower atmosphere i s  

a d i a b a t i c  t o  w i th in  a  few percent :  ITZ/ (TZIad - 1 I i s  no more than  1 - 2%.  

This i s  t r u e  f o r  p re s su re s  between about 0 , s  atm. and 27 atm, 

The composition of t h e  clouds i s  unknown. The observa t ions  a r e  con- 

s i s t e n t  with both water  c louds and dus t  c louds.  



E x ~ l a n a t i o n  of t h e  Adiabat ic  Gradient 

I n  order  t o  ob ta in  an ad iaba t i c  atmosphere, it i s  necessary t o  s t i r  

t h e  atmosphere, A t  l e a s t  t h r e e  mechanisms have been proposed: 

1, P a r t  s f  t he  r a d i a t i o n  from t h e  sun reaches the  su r face  of  t h e  

p lane t ,  causing thermal convection (provided the  atmosphere i s  opaque t o  

t h e  outgoing r a d i a t i o n ) ,  

2. Heat i s  trapped by atmosphere and supplied by t h e  s o l i d  p lane t .  

3 .  The Goody-Robinson mechanism where the  f l u i d  i s  heated i n  a t h i n  

region  high i n  t h e  atmosphere and s t i rs  t h e  e n t i r e  atmosphere by p lanetary-  

s c a l e  convection. ( I t  was pointed ou t  t h a t  t h i s  mechanism would be s i m i l a r  

t o  t h e  d r iv ing  mechanism f o r  t h e  e a r t h ' s  oceans, implying t h a t  l a t e r a l  

thermal gradients  i n  t h e  oceans should be small .  This i s  - not  t h e  case, how- 

ever .  S te rn  commented t h a t  he thought t h e  sca l ing  was not  r i g h t  f o r  t h i s  

type of  d r iv ing  and gave t h e  example of H. To Rossbyls experiments, which 

ind ica ted  t h a t  a t h i n  absorbing l a y e r  would give r i s e  t o  l a r g e  l a t e r a l  

gradients  which a r e  not  observed on Venus.) 

In f ra red  Observations of  the  Venus Atmosphere 
N 

The 

A thermal map 

c i r c u l a r  p a t t e r n  

-W 

Venus (made from I ,  R ,  observat ions)  i s  shown 

a r e s u l t  of  t h e  phenomenon of limb darkening: 



t h e  i n f r a r e d  s i g n a l  t o  pass  through t h e  same moun t  o f  mass a t  t h e  limb, 

it must o r i g i n a t e  a t  a  h igher ,  co lder  l e v e l  than  a t  t h e  c e n t e r  o f  t h e  d i s k .  

The e f f e c t  of  limb darkening may be removed by a  f i t t i n g - r e s i d u a l  method. 

This  has been done by Goody (Harvard). The r e s u l t s  ob ta ined  a r e :  

1, The poles  may be co lde r  than  t h e  equator  by ~ O ' K  and 

2; The subso la r  po in t  i s  2 ' ~  co lde r  than  t h e  a n t i s o l a s  p o i n t .  The 

meaning of t h e s e  numbers i s  no t  c l e a r  s i n c e  t h e  p re s su re  s u r f a c e s  from 

whence t h e  r a d i a t i o n  o r i g i n a t e s  may d i f f e r  between equator  and pole ,  and 

between subso la r  and a n t i s o l a r  p o i n t s .  

Four- Day C i r c u l a t i o n  

Observations a t  0 . 5 ~  do no t  show any f e a t u r e s  i n  t h e  Venusian 

clouds, bu t  f e a t u r e s  a r e  observed when t h e  p l a n e t  is viewed i n  t h e  nea r  

U, V.  a t  0,35 These f e a t u r e s  remain coherent  and move i n  a r e t r o g r a d e  

d i r e c t i o n  wi th  a  " ro t a t ion v  per iod  o f  fou r  days. Traub (Harvard) has  

measured Doppler s h i f t s  o f  C02 absorp t ion  l i n e s  ( i n  t h e  near  I ,  R . )  near  

t h e  te rmina tor  and t h e  l imb,  He has seen  motion a t  t h e  morning t e rmina to r ,  

b u t  no t  a t  t h e  evennng t e rmina to r .  This  i s  s t i l l  a  t e n t a t i v e  r e s u l t ,  

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

blackbody r a d i a t i o n  from t h e  atmosphere, t h e  f e a t u r e s  a r e  n o t  due t o  temper- 

a t u r e  d i f f e r ences ,  bu t  may be due t o  d i f f e r ences  i n  cloud composition o r  i n  

cloud h e i g h t ,  

VePtiea%_~empgrature S t r u c t u r e  

Though t h e  lower Venus atmosphere is  a d i a b a t i c ,  t h e r e  remains t h e  

problem o f  how t h e  p a r t i c u l a r  a d i a b a t  i s  chosen. We know t h e  c loud  t o p  tem- 

p e r a t u r e  which t h e  p l a n e t  must have t o  r e r a d i a t e  h e a t  i n  e q u i l i b r i m :  



The ques t ion  is:  %a t  is  t h e  p re s su re  a t  t h i s  temperature? 

Knowing t h i s ,  t h e  e n t i r e  v e r t i c a l  temperature s t r u c t u r e  i s  determined. 

We sugges t  two models: 

l o  a r a d i a t i v e  equi l ibr ium model, and 

2, a condensate model 

I n  t h e  f i r s t  model, i t  i s  assumed t h a t  nea r  t h e  t o p  o f  t h e  cloud 

where motion ceases ,  t h e  r a d i a t i o n  t ime cons tan t  i s  comparable t o  t h e  

convect ive time cons t an t ,  Above t h i s  l e v e l ,  a r a d i a t i v e  temperature gra-  

d i e n t  r e p l a c e s  t h e  a d i a b a t i c  t e m p e r a p r e  g r a d i e n t .  I n  t h i s  ca se  

where Mc i s  t h e  mass o f  atmosphere above t h e  cloud deck. Now how do we 

determine t h e  convect ive v e l o c i t y ?  I f  we use  Mc i n  ou r  previous s c a l i n g  

formulas, a p re s su re  o f  about 15 mb i s  obta ined:  

Ins tead ,  i f  t h e  convect ive v e l o c i t y  i s  based on t h e  mass of  t h e  

t o t a l  atmosphere, we f ind  p -1000 mb. So, depending on t h e  form of ?/; 

taken, t h e  p re s su re  k v e l  where T 'V 2 4 0 ' ~  can be  between 15 and 1000 mb, 

corresponding t o  a su r f ace  temperature v a r i a t i o n  of a f a c t o r  o f  two, 

I n  t h e  second [condensate model), we suppose t h a t  t h e  p a r t i a l  p re s su re  

s f  water  i n  t h e  Bower atmosphere i s  p ropor t iona l  t o  t h a t  o f  carbon d ioxide :  

according t o  t h e  Sovie t  s p a c e c r a f t  r e s u l t s ,  

(Note: spec t roscop ic  r e s u l t s  i n d i c a t e  l e s s  water  t han  t h i s , ]  



Now i f  i t  i s  assumed t h a t  t h e  equi l ibr ium temperature corresponds 

t o  a l e v e l  i n  t h e  clouds where water  condenses, we have 

(cloud deck) - 1 
P~~ - 9 P ~ 2 ~  [T = ,240') 

s a t ,  

This  method a l s o  poses severe  d i f f i c u l t i e s ,  f o r  t h e  s a t u r a t i o n  

vapor p re s su re  i s  extremely s e n s i t i v e  t o  temperature,  changing by a f a c t o r  

o f  two as t h e  temperature i nc reases  from 2 4 0 ' ~  t o  250'~. 

I f  t h e  equi l ibr ium temperature i s  too  high,  t h e  condensate model 

breaks down completely,  Assuming r a d i a t i v e  equi l ibr ium above t h e  cloud 

tops ,  t h e  temperature is  cons tan t  whi le  t h e  p re s su re  drops wi th  a l t i t u d e .  

The i n t e g r a l  o f P  over a l t i t u d e  determines t h e  t o t a l  amount o f  water  
H%O 

vapor above t h e  cloud top ,  which i s  p ropor t iona l  t o  p a t  t h e  cloud top .  
H2° 

I f  t h e  t o t a l  m o u n t  o f  water  vapor above t h e  cloud deck i s  l a r g e  

enough, t h e  upper atmosphere i s  no longer  t r a n s p a r e n t  t o  i n f r a r e d  r a d i a t i o n ,  

and t h e  p l a n e t  r a d i a t e s  from a h igher ,  co lde r  l e v e l ,  i n  s p i t e  o f  t h e  f a c t  

t h a t  equi l ibr ium r e q u i r e s  t h a t  it r a d i a t e  a t  t h e  cloud t p p  temperature.  So 

t h e r e  is  a temperature f o r  which t h e  model breaks down, about 2 8 0 ' ~  o r  10 mb 

of H20 above cloud t o g s .  If T were above t h i s ,  t h e  cloud would have t o  
e q 

evaporate  completely be fo re  equi l ibr ium could be e s t a b l i s h e d ,  On Venus today,  

where t h e r e  i s  a l i m i t e d  amount of  water vapor i n  t h e  atmosphere, t h i s  would 

pose no d i f f i c u l t i e s ,  However, i f  an ocean of  water  were i n i t i a l l y  p r e s e n t  

on Venus, r a i s i n g  t h e  equi l ibr ium temperature above 280' would l ead  t o  c a t -  

a s t roph ic  changes: evaporat ion o f  t h e  ocean and a water  vapor atmosphere,  



I t  i s  s i g n i f i c a n t  t h a t  a  p l a n e t  wi th  t h e  e a r t h ' s  albedo (A 5 0,3) a t  t h e  

o r b i t  o f  Venus would have an equi l ibr ium temperature o f  about 3 0 5 ~ ~ ~  we l l  

beyond t h e  c r i t i c a l  p o i n t .  We s h a l l  no t  d i scuss  t h e  chemical evo lu t ion  of 

a  water  vapor atmosphereo bu t  i t  i s  p o s s i b l e  t h a t  Venus was once a  watery 

p l a n e t  whish l o s t  i t s  oceans by photodissoc ia t ion  o f  water ,  escape of hydro- 

gen, and formation of  ox ides ,  
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John W. C o t t r e l l  

THE HYDROSTATIC APPROXIMATION. KINEMATICS OF JUPITERsS CLOUD BANDS 

- Lecture #5 Andrew P o  I n g e r s o l l  

- 
We begin t h i s  l e c t u r e  wi th  a  d i scuss ion  of t h e  s i m p l i f i c a t i o n s  which - 

a r e  p o s s i b l e  f o r  deserilbing motions whose ho r i zon ta l  s c a l e  i s  l a r g e  compared 

9 
3 .  

t o  t h e  v e r t i c a l  s c a l e ,  We s t a r t  ou t  w i th  t h e  no- ro ta t ion  case ,  and then  i n -  

t roduce  r o t a t i o n .  

The essence of  t h e  h y d r o s t a t i c  ( t h i n  s h e l l )  approximation i s  t h a t  

3 

fo rces  lead ing  t o  v e r t i c a l  a c c e l e r a t i o n  o f  t h e  f l u i d  a r e  small  compared te 

t h e  buoyancy f o r c e s .  We cons ider  a s  a pro to type  t h e  motion determined by 

t h e  fol lowing (non- ro ta t iona l )  equat ions :  



where 

u = h o r i z o n t a l  v e l o c i t y  

w = v e r t i c a l  v e l o c i t y  

x - h o r i z o n t a l  coord ina te  

z = v e r t i c a l  coord ina te  

We have ignored t h e  y-coordinate  i n  t h e  above equat ions ,  a long wi th  

t h e  corresponding v e l o c i t y  v; it may be assumed t h a t  a l l  s c a l i n g s  w i l l  apply 

t o  y and v a s  apply t o  x and u ,  One might be l i eve  t h a t  a s  long a s  

we could o b t a i n  t h e  f u l l  advantage of  t h e  h y d r o s t a t i c  approximation f o r  t h i s  

dw i s  small  system, bu t  t h i s  i s  not  t h e  ca se .  Ins tead ,  we must show t h a t  - d t 

compared t o  t h e  p re s su re  term i n  t h e  v e r t i c a l  momentum equat ion,  t ak ing  

i n t o  account t h e  p re s su re  f l u c t u a t i o n s  a s soc i a t ed  wi th  t h e  motion. We eon- 

s i d e r  t h e  p re s su re  t o  be a sum of  p ( i n  h y d r o s t a t i c  ba lance)  p l u s  pl (a 
0 

small  p e r t u r b a t i o n  from h y d r o s t a t i c  equi l ibr ium,  

and s i m i l a r l y  f o r  t h e  dens i ty  

so t h a t  

Then t h e  condi t ion  we want i s  

This i n e q u a l i t y  i s  no t  hard to establ ish. :  we use  t h e  s c a l i n g  



H 
Now, by use  of t h e  con t inu i ty  equation we can show t h a t  W W - v  We L P o  

w r i t e  t h e  con t inu i ty  equation i n  the  form 

The magnitudes of t h e  terms a r e ,  r e spec t ive ly ,  

provided t h e  motions of i n t e r e s t  take  p lace  on t h e  convective time s c a l e  

L/vlo The t h i r d  term cannot be l a r g e r  than  t h e  o ther  terms, so we have 

Thus dw-  &,J, 
X L  

so  t h a t  

which agrees with [7) ,  provided H/L << 1, 

I f  we now consider a r o t a t i n g  system, t h i s  in t roduces  Cor fo l i s  terms 

i n t o  (1) and (2)  



where t h e  y coordinate and v e l o c i t y  v have now been included. The w-term 

H i n  t h e  Cor io l i s  force  has been dropped because w -  i ; v  4 4 v .  

du Now i n  a r ap id ly  r o t a t i n g  system - w i l l  be small compared t o  
d t 

2 v @ except near  t h e  equator .  This leads t o  t h e  approximate r e -  

1 a t  i ons ,  

p1 --- L n u  - L n v .  e 
Thus t h e  r a t i o  of terms i n  t h e  v e r t i c a l  momentum equation i s  

t 
A t  t h e  equator ,  we have l J - 1  and thus  211udJn0 , w h e r e  e C\/- 

P " 3  v 
t y p i c a l l y  H nwl%ec (atmosphere), - 10 cmlsec (oceans).  Thus C o r i o l i s  

terms may be important i n  t h e  v e r t i c a l  momentum equation a t  t h e  equator .  

If we can neglec t  t h e  2 fi u shn mB term compared t o  t h e  2 term, then  
? ae 

we w i l l  s t i l l  have t h e  hydros ta t i c  approximation i n  t h e  r o t a t i n g  system. 

dw term i s  smaller  than t h e  1.,4.Wn0 term by t h e  f a c t o r  The - dt 
Note t h a t  the  condit ion H/L 441 ensures t h a t  only t h e  v e r t i c a l  corn- 

ponent of t h e  r o t a t i o n  vector  e n t e r s  i n  t h e  dynamics. This important r e -  

s u l t  i s  independent of t h e  magnitude of  R, and holds whether t h e  Rossby 

number i s  l a r g e  or smal l ,  

The hydros ta t i c  approximation which we have ~ u s t  discussed al lows us 

t o  use pressure  coordinates  t o  s impl i fy  our equations.  We tsansvsrm t o  t h e  

following s e t  of va r i ab les :  

coordinates:  X,Y,P,t 

dependent va r i ab les :  U9v3 , z 9  

where ar)e The t o t a l  t ime d e r i v a t i v e  i s  then def ined  as 



The c o n t i n u i t y  equat ion  can be found by t h e  fol lowing:  cons ider  a  

d i f f e r e n t i a l  mass dm = pdxdydz, By t h e  h y d r o s t a t i c  approximation 

1 dm = - dxdydp, Since g i s  cons tan t ,  t h e  f l u i d  i s  incompressible  i n  x ,y ,p  - 
g 

space,  so t h e  c o n t i n u i t y  equat ion  i s  

In  t ransforming t h e  momentum equat ions ,  we no te  t h a t  

so our system of equat ions i s  

along wi th  t h e  c o n t i n u i t y  equat ion  ( I s ) ,  To c l o s e  t h e  system we need a  

h e a t  equat ion,  which we w i l l  d i s cuss  i n  t h e  next  l e c t u r e .  

Appl ica t ion  t e  J u p i t e r  - 
Now we w i l l  a t tempt  t o  apply t h e  above equat ions  t o  t h e  a n a l y s i s  o f  

t h e  kinematics  sf J u p i t e r J s  cloud bands [see I n g e r s o l l  and Cuzzi, J ,Atm,Sci ,  

26 (1969)), We cons ider  a  system sf coord ina tes  having x inc reas ing  t o  - 
t h e  e a s t ,  y t o  t h e  n o r t h ,  D i s s i p a t i v e  f o r c e s  w i l l  be  ignored i n  t h e  f o l -  

lowing a n a l y s i s ,  



The most s t r i k i n g  th ing  about J u p i t e r  when one looks a t  it through 

a te lescope  of moderate r e s o l u t i o n  ( 2 4" diameter) i s  t h e  a x i a l  symmetry, 

There a r e  a t  l e a s t  10 i d e n t i f i a b l e  b e l t s  (dark bands) and zones ( l i g h t  

bands) which c i r c l e  the  p lane t  a t  f a i r l y  well-defined l a t i t u d e s ,  The t y p i -  

4 c a l  wavelength of these  f e a t u r e s  i s  10" of l a t i t u d e ,  o r  about 10 km, which 

i s  f i v e  times t h e  s i z e  o f  t h e  smal les t  f e a t u r e s  r e so lvab le  from t h e  e a r t h ,  

The markings a r e  extremely long- lived by t e r r e s t r i a l  atmospheric s tandards ;  

most of t h e  main f ea tu res  have been observed f o r  t h e  l a s t  70 y e a r s ,  Never- 

the le s s ,  from spect roscopic  and o the r  d a t a  it i s  c l e a r  t h a t  these  a r e  merely 

colored clouds; t h e  s o l i d  p lane t ,  i f  t h e r e  i s  one, l i e s  thousands of k i l o-  

meters below t h e  v i s i b l e  cloud su r face .  

The motions of observable f ea tu res  i n  J u p i t e r ' s  atmosphere have been 

recorded by observers  and compiled by B ,  M. Peck (The Planet  J u p i t e r ,  London, 

Faber G Faber, 1955) i n  t h e  form of t h e  mean r o t a t i o n  per iods  of s p o t s  i n  

t h e  ind iv idua l  b e l t s  and zones, In  general ,  t h e  middle o f  b e l t s  and zones 

have periods c lose  t o  t h e  mean r o t a t i o n  period [ i , e ,  c l o s e  t o  t h e  magnetic 

h m s  period 9 55  30 ) ,  The poleward edges of zones have somewhat s h o r t e r  periods 

h m (down t o  9 49 ), while t h e  equatorward edge of  zones have somewhat longer 

h m periods (up t o  9 59 ) .  This i s  cons i s t en t  with t h e  above equations i f  we 

make t h e  following assumptions: 

[a) No y- veloci ty :  v = 0 ,  

a a 
(b) No v a r i a t i o n  with longitude o r  time: = ' 0 .  

(6) The deep atmosphere i s  i n  s o l i d  r o t a t i o n  with t h e  mean r o t a -  

h m s  t i o n a l  period o f  t h e  p lane t  (9 55 30 ) ,  

(d) The zones a r e  h o t t e r  than  t h e  b e l t s  on su r faces  of constant  

pressure ,  We then  have 



where we have assumed t h e  i d e a l  gas law p = f RT. Then we may c a l c u l a t e  

where & = r a d i u s  of p l a n e t .  This  i s  then i n t e g r a t e d  t o  g e t  t h e  horizon-  

t a l  v e l o c i t y ,  
-a doud 

The quan t i t y  6 is  t h e  observed width of  t h e  c u r r e n t  and i s  taken  t o  be 

+ t h e  angular  d i s t a n c e  from t h e  middle of  a b e l t  t o  t h e  middle of  t h e  

ad j acen t  rone. The m u l t i p l i e r  (ib ) i s  -1 a t  t h e  no r th  edge of a  rone 

(south edge of a  belt.], 0 a t  t h e  middle of  a  b e l t  o r  zone, and -1 a t  t h e  

sou th  edge o f  a zone (nor th  edge s f  a. b e l t ) .  The q u a n t i t y  ( y  - b ~ )  w i l l  be 

considered as a s i n g l e  parameter ,  t o  be determined by a  b e s t  f i t  t o  Peck vs  

d a t a .  Such a  f i t  gives 

(See f i g u r e  on next  page,)  

The f i t  i s  e x c e l l e n t ,  a s  t h e s e  th ings  $0, and i n d i c a t e s  t h a t  zones 

a r e  h o t t e r  t han  b e l t s  on s u r f a c e s  of  cons tan t  p re s su re ,  This  would imply 

r i s i n g  motion i n  t h e  zones and s ink ing  motion i n  t h e  b e l t s ,  which i s  con- 

s i s t e n t  with t h e  l i gh te r- co lo red  zones being cloudy a r e a s  and t h e  darker -  

co lored  b e l t s  being r e l a t i v e l y  c l e a r  a r e a s ,  The i n f r a r e d  observa t ions  

g ive  t h e  temperature o f  the  cloud t o p s ,  which i s  almost c e r t a i n l y  n o t  a con- 

s t a n t  p re s su re  s u r f a c e ,  They i n d i c a t e  t h a t  t h e  atmosphere i s  much more t r a n s -  

pa ren t  over t h e  b e l t s  t han  over  t h e  zones, FOF example, a t  5 f l  wavelength, 



oDirect observation 

r Prediction with &TA?/- = I .Ol (mc 

North Latitude @ 

the zones are at T - 125'~ while the belts are at T - 2 5 0 ~ ~ .  The 

most reasonable interpretation is that the zones are the cloudy areas, 

which is consistent with our dynamical picture, It is possible that 

the differences in cloud height are driven by the differences in radia- 

tive cooling: the belts radiate more heat, causing them to cool and sink, 

which leads to clearing of the clouds, and further radiant cooling. 

Notes submitted by 

Russell Dubisch 

THE HEAT AND VORTICITY EQUATIONS 

Lecture #6 Andrew Po Ingersoll 

1. The Heat Equation in Pressure Coordinates 

Define 6 by the relation 

where 4 is heat per unit mass per unit time, s is entropy per unit mass. 
6 represents the effects of radiation, dissipation of kinetic energy, 



thermal conduction, and Patent  hea t  exchange. Radiat ive e f f e c t s  inc lude  

t h e  conversion of s o l a r  r a d i a t i o n  i n t o  hea t ,  and emission and absorbt ion 

of i n f r a r e d  r a d i a t i o n ,  

FOP an i d e a l  gas,  

I 
Tds = cydT + pd (?) 

= c dT - I d p  
P f 

hea t  = a [ in t e rna l  energy) + work 

Leaving out  Patent  hea t  e f f e c t s ,  and using p  = P RT, we ob ta in  

where Ts and p  a r e  reference  values f o r  T  and p.  
S 

We now de f ine  t h e  p o t e n t i a l  temperature , a  quan t i ty  with t h e  

dimensions o f  temperature and which i s  a  funct ion  of  s only:  

In  terms of  p o t e n t i a l  temperature t h e  hea t  equat ion becomes 

I n  terms of , t h e  hydros ta t i c  equation becomes 



We now have a closed system: five equations in five unknowns. 

The five equations include continuity, heat, hydrostatic, and two horizon- 

tal momentum relations. These equations differ from the Boussinesq in 

that we now have pressure-dependent equivalent specific heat and thermal 

coefficient of expansion, associating like terms in the two systems. In 

the Boussinesq system the u-momentum equation is 

the verticql momentum equation is 

Here oC , the coefficient of thermal expansion is defined by 

1 
.i = - (k. = constant = - 

P a-r T, 

for an ideal gas. The new buoyancy term is almost the same as the buoy- 

ancy term for a Boussinesq fluid if - constant. This approach can 
p s 

be generalized for any compressible system going to infinity in z, wh~se 

scale height is much less than the horizontal scale, 

To get the compressible equations from the Boussinesq equations 

we make the following associations: 



Scaling f o r  a  non- rotat ing system 

where z i s  t h e  p a r t  of z depending on x, y ,  and t ,  i . e .  t h e  he ight  of  a  1 

constant  pressure  s u r f a c e ,  

d Scale - 1 - 
L"' Then from t h e  above momentum equation,  we have 

Now, s c a l e  equation (1) i n  a  region  where p/p i s  of  o rde r  one. Then s 

where 8( i s  the  depar ture  of 8 from ad iaba t i c .  Subt rac t ing  o f f  t h e  

hydros ta t i c  and a d i a b a t i c  p a r t  from t h e  v e r t i c a l  momentum equation ( 2 ) ,  and 

equating t h e  magnitudes o f  remaining terms, 

Then 

Re, - gz1 and R 

,U?H where H = 
c T 

i s  the  
g 

s c a l e  he igh t .  

11, Boundary Conditions 

The t o p  of  t h e  atmosphere i s  p = 0. (Note t h a t  t h e  above s c a l i n g  

may not  be v a l i d  near  t h e r e . )  We s e t  

dz First consider  a  f l a t  bottom, i . e .  = 0. We show t h a t  



llower boundary -̂ d ' l i n t e r i o r '  ' , (boundary = 0 ,  

The r a t i o  .. 

I ,  s i n c e  - - and W N P + .  Therefore O = O o n  p  = ps t o  lowest P -7 q- 
o r d e r ,  

I f  t h e  bottom were not  f l a t ,  f o r  example i f  t h e r e  were a mountain a t  

t h e  bottom, we would have 

+ where I )  i s  t h e  he igh t  of t h e  mountain i n  p re s su re  coord ina tes :  

6 
= h A (%) where h  i s  t h e  (n, y. z) he igh t  of t h e  mountain. When h  i s  

RTs 
not  t oo  l a r g e  (h/H << 11, 7 = h/Hs ps a t  p  = p where H = - s S g  , Ts t h e  

t y p i c a l  ground temperature.  

111, Vor t i e i ey  Equation f o r ,  a  Rota t ing  System 

So f a r  we have t a l k e d  about H 44 L,,u L=C l .  For a  r a p i d l y  r o t a -  

t i n g  system, t h e  l a t t e r  cond i t i on  i s  rep laced  b y V d < n  L , where f i i s  t h e  

r o t a t i o n  r a t e .  We s h a l l  f u r t h e r  cons ider  on ly  motions f o r  which L 4< d, 

where Q i s  t h e  p l a n e t a r y  r a d i u s .  

L The condi t f  on - - - " i s  allowed, g iv ing  L-[%r I t  w i l l  be  sug- 
a n L  

gested t h a t  t h i s  L is  t h e  t y p i c a l  width of J u p i t e r ' s  cloud bands i n  t h e  next, 

l e c t u r e .  Keeping away from t h e  equator ,  we d e f i n e  f = 1 fi C(13 9 6  

I &  I - N -  

f d'-j O- 



Exactly, -!-% = #- where 1 = 2+ Thus f varies by a fraction L/& 
fdld f 

of itself in distance L. So for motions of the scale being considered, we 

may assume f = const, to a first approximation. The horizontal momentum 

equations are 

Under the above assumption we find, to a first approximation 

These are the familiar geostrophic equations, in plane geometry since 

L/&4< 1 To find the next approximation without going through a formal 

- av a expansion, use the exact vorticity equation. Define - ax a y  as the 

vertical component of relative vorticity. After cross differentiating the 

horizontal momentum equations 

L ~ + V % + ( U F + ~ ) ( C = + ~ )  dt = 

C l d  621 (3) (49 
Estimate the magnitudes of the terms: 

651 

=c44l. (4) > (11, ( 2 1 ,  ( 3 )  and (5) since fi-L 

Then ro lowest order, (ux + v )f = 0, or u T v = 0 )  which is con- 
Y x y 

sistent with the geostrophic equations with f = const. Substiruting - 
for u + v in the vorticity equation we see that up must be of order 

x bp 



t imes 6 0'2 6). Since W z  0 a t  p  = 0, we then  have 

v L 
w-- P T  (em$)) 

and t h e r e f o r e  

whish i s  CC (19 and ( 2 )  . 

Now de f i n e  a a 4-v-• 

a Then s i n c e  U - >) CU - 
'9 a t o  t h i s  o rde r ,  and s i n c e  ZT ar 3~ 

t h e  second approximation t o  t h e  v o r t i c i t y  equat ion  i s  

We assume t h a t  a l l  terms i n  t h e  above equat ion a r e  no g r e a t e r  than  

Notes submit ted by 
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BAROTROPIC MODELS OF JUPITER'S ATMOSPHERE 

Lecture # 7  Andrew Po  IngersoPl 

There i s  some evidence t h a t  t h e  h o r i z o n t a l  temperature d i f f e r e n c e s  

a t  t h e  Jovian  cloud tops  (Lecture # 5 )  a r e  due t o  t h e  l a t e n t  h e a t  of  water  

vapor (Gierassh and Barci lon,  J ,Atm,Sei , ,  1970).  In  t h i s  model, t h e  con- 

densa t ion  of water i n  t h e  u p r i s i n g  a reas  (zones) provides t h e  h e a t  t o  d e t e r -  

mine t h e  temperature excess A T  of t h e  zones, The q u a n t i t y  A T  dz- h T A  z l 
may then  be computed from our knowledge s f  t h e  amount s f  water  i n  t h e  Jovian  

atmosphere (based on t h e  assumption of s o l a r  composi t ion) ,  The va lue  of 

A T h  z computed i n  t h i s  w a y  agrees  wi th  t h e  va lue  - 100 k m " ~  computed i n  



Lecture #5 from observat ions of  cloud motions. 

Today we d i scuss  the  s t a b i l i t y  sf t h e  observed cloud motions i n  

J u p i t e r n s  a t m ~ s p h e r e ,  We s h a l l  use a  ba ro t rop ic  model, neglec t ing  gra-  

d i e n t s  o f  p o t e n t i a l  temperature on constant  pressure  su r faces ,  The s t a -  

b i l i t y  c r i t e r i o n  i s  thus t h e  barot ropic  s t a b i l i t y  c r i t e r i o n  discussed by 

Kuo [J,Meteor,Q, 19491, This barot ropic  model v i o l a t e s  t h e  d e s c r i p t i o n  

of J u p i t e r ' s  atmosphere given i n  Lecture # 5 ,  but  we have t o  make t h i s  

assumption t o  g e t  a  s u f f i c i e n t l y  t r a c t a b l e  problem, Also, t h e  observa- 

t i o n s  i n d i c a t e  t h a t  t h e  barot ropie  s t a b i l i t y  c r i t e r i o n  may be r e l evan t  on 

J u p i t e r ,  a s  we s h a l l  s ee .  

The v e r t i c a l  momentum equation i s  

and f o r  t h e  s p e c i a l  case  of a barot ropic  f l u i d ,  we have 8 = @(?), inde- 

pendent of x , y , t .  Then from t h e  equations of geostrophic balance we g e t  

azr .-so, Thus - 
a h  

?P >P 
s o  from t h e  con t inu i ty  equation we have - = 0' a pL 

We a l s o  'assume t h e  boundary condit ions Cd = 0 a t  p = 0 and p = pS , so t h a t  

-u i s  iden t i cab ly  zero throughout,  Plugging t h i s  i n t o  t h e  equation of con- 

se rva t ion  of v o r t i c i t y ,  

we g e t  



This  equat ion  c o n s t i t u t e s  our p re sen t  approximate model f o r  determining t h e  

s t a b i l i t y  of flow on J u p i t e r ,  

To make use  of  equat ion [ 3 l p  we s e p a r a t e  u and v  i n t o  a  f i n i t e -  

amplitude b a s i c  s t a t e  p lus  an i n f i n i t e s i m a l  pe r tu rba t ion :  

u '  and v 1  a r e  given by t h e  geos t rophic  equat ions 

s o  t h a t  t h e  r e l a t i v e  v s r t f c i t y  i s  given by 

(The v a r i a t i o n  o f  f in t roduces  co r r ec t ions  of order  L i n  t h e  expres-  
/Q 

s i o n  f o r  5 , and we may assume L/&L I .) If we then  c a l l  p ; 
we g e t  

d 

ddu which foBBsws from t h e  vostiekty equat ion (Note: U" 7 ) ,  S t a b i l i t y  
dy 

may be determined by ob ta in ing  a s o l u t i o n  cf  &he form 

where Im(c] > 0 implies i n s t a b i l i t y ,  s i n c e  t h i s  w i l l  l e ad  t o  growth sf t h e  

p e r t u r b a t i o n  i n  t ime.  I n s e r t i n g  (6) i n t o  (5) g ives  

I f  we d i v i d e  by (U-c), mul t ip ly  by $* , and i n t e g r a t e  wi th  r e s p e c t  t o  y ,  

we g e t  



1 

= 0 ,  (8) 

Taking t h e  imaginary 

p a r t  of (8) y i e l d s  

A s u f f i c i e n t  condi t ion  f o r  s t a b i l i t y  i s  thus  t h a t  (,&-ut) n o t  change s i g n .  

Now 

s o  our  condi t ion  f o r  s t a b i l i t y  i s  t h a t  

L a t i t u d e  

U" has been c a l c u l a t e d  by f i t t i n g  t h e  t h r e e  p o i n t s  (two edges + 

i n t e r i o r )  of  each band t o  a  parabola ,  The r e s u l t s  show t h a t  t h e  i n e q u a l i t y  

(10) is  always s a t i s f i e d ,  a l though sometimes j u s t  ba re ly ,  sugges t ing  t h a t  

t h e  flow may be l imi tkd  t o  a  v e l o c i t y  (U < Ucrit) dependent on t h e  width 

of t h e  band, I n  add i t i on ,  t h e r e  i s  apparent ly  some process  tending  t o  

2 make U / L  a s  l a r g e  as p o s s i b l e  c o n s i s t e n t  wi th  s t a b i l i t y ,  Another way o f  



saying t h e  same t h i n g  i s  t h a t  t h e  width of  t h e  bands, es t imated  from t h e  

above s t a b i l i t y  c r i t e r i o n  and Peek's da t a ,  i s  

which is  i n  good agreement wi th  t h e  observed widths ,  

We w i l l  now at tempt  t o  apply some o f  t h i s  phys ics  t o  t h e  Great Red 

Spot.  Before s t a r t i n g ,  we review some of  t h e  observed p r o p e r t i e s  of  t h e  

GRS : 

(a) Although t h e  GRS somewhat [but no t  exac t ly )  resembles t h e  b e l t s  

i n  co lor ,  un l ike  t h e  b e l t s  it does no t  show enhanced 5p emission,  A t  

lop , while  t h e  b e l t s  a r e  s l i g h t l y  warmer than  t h e  average d i s k  tempera- 

t u r e ,  t h e  GRS i s  s l i g h t l y  co lde r  (by s e v e r a l  OK), In  t h e  u l t r a v i o l e t ,  t h e  

GRS shows up a s  a  prominent dark  f e a t u r e  on a  r e l a t i v e l y  f e a t u r e l e s s  d i s k ,  

(b) I t s  l i f e t i m e  i s  at. l e a s t  s e v e r a l  hundred y e a r s ,  perhaps mueh 

longer ,  a s  it has been observed by even t h e  e a r l i e s t  observers ,  

[c) I t s  r o t a t i o n a l  pe r iod  i s  v a r i a b l e  and slower than  t h e  magnetic 

per iod  by f i v e  to t e n  seconds, Over long per iods  i t s  longi tude  v a r i e s  by 

a s  mueh a s  4v from i t s  mean longi tude ,  t h a t  i s ,  it may r o t a t e  ahead o r  

behind i t s  mean p o s i t i o n  by up t o  about two r e v o l u t i o n s ,  a s  measured over 

a  100-year pe r iod ,  There i s  a l s o  a  small  o s c i l l a t i o n  of about one degree 

longi tude  with a  90-day pe r iod .  

(d) The GRS i s  loca t ed  i n  a  r eg ion  of l a r g e  a n t i c y c l o n i c  v o r t i e a t y .  

Poleward of t h e  Spot ,  prograde motion i s  observed, Equatorward o f  t h e  Spot ,  

t h e r e  i s  l a rge  r e t r o g r a d e  motion, f i v e  t imes g r e a t e r  t han  t h e  r e t r o g r a d e  flow 

a t  o the r  p o i n t s  on t h e  p l a n e t .  I n  add i t i on ,  t h i s  r e t r o g r a d e  flow seems t o  

be d e f l e c t e d  toward t h e  equator  a s  it approaches t h e  GRS, forming t h e  Red 



Spot Hollow i n  t h e  ad jacent  b e l t .  Several  s p o t s  have been observed t o  

c i r c u l a t e  around t h e  GRS i n  t h e  a n t i c y c l o n i c  sense  with per iods  of  f o u r  

t o  f i v e  days. 

The following q u a l i t a t i v e  argument i s  presented i n  an at tempt  t o  

account f o r  t h e  above f e a t u r e s  of  t h e  GRS, I t  i s  reproduced i n  g r e a t e r  

d e t a i l  i n  Inge r so l l ,  J ,Atmos,Sci ,  26, 1969. The most s t r i k i n g  f e a t u r e s  - 
of  t h e  GRS a r e  i t s  extremely long l i f e  and i t s  r e l a t i v e l y  cons t an t  l a t i -  

tude  over  a  long per iod  of  t ime.  This  sugges ts  t h a t  t h e  GRS may be due t o  

some s o l i d  permanent f e a t u r e  of t h e  atmosphere ( i t s  v a r i a b l e  per iod  proba- 

b l y  prec ludes  a  s u r f a c e  f e a t u r e ,  a l though it could be, f o r  example, a  s o l i d  

mass o f  m a t e r i a l  f l o a t i n g  a t  some l e v e l  i n  t h e  atmosphere). Q u a l i t a t i v e l y ,  

t h e  presence of  a  bump w i l l  p e r tu rb  t h e  flow due t o  t h e  f a c t  t h a t  t h e  f l u i d  

tends no t  t o  compress along t h e  r o t a t i o n  a x i s .  Thus f l u i d  w i l l  tend t o  

flow along l i n e s  of  cons tan t  l eng th  a long  t h e  r o t a t i o n  a x i s  (from t h e  cop 

of t h e  atmosphere t o  t h e  s u r f a c e  o r  bump): 

t h i s  length  
conserved 

along f l ~ w  l i n e s .  



The flow lines therefore will look something like this 

that is, streamlines are deflected toward the equator. This is consistent 

with the presence of the Red Spot Hollow equatorward of the Spot. 

To show this effect quantitatively, we consider the vortieity 

equation : 

Again we assume barotropic flow, more for the sake of mathematical sim- 

plicity than because it is justified a prior<. As we showed earlier in 

this lecture, barotropic flow implies a = 0 , or that u, is a linear 
a P. 

function of p. The boundary conditions are 

where h is the height of the topographic feature (bump] at mean pressure 

ps , and H is the value of the mean scale height at the level where p = ps. 
S 

Therefore we have 

The vorticity equation is then 



Gradients of f  (with r e spec t  t o  y) a r e  comparable t o  g rad ien t s  of r f o r  

J u p i t e r ,  so we keep both f and { i n  the  v o r t i c i t y  equation.  I n  e f f e c t ,  

we are making use  of  t h e  observat ion discussed e a r l i e r  t h a t  t h e  length  
K 

s c a l e  L-(%) -5000 km gives a good es t imate  of t h e  widths of J u p i t e r ' s  

cloud bands and of t h e  diameter of t h e  GRS. 

Since we a r e  considering s teady flow, 

from t h e  geostrophic equations,  Now i f  F i s  any funct ion  of  zl only, then 

so t h a t  any funct ion  F(zl)  w i l l  s a t i s f y  (13). Thus we have 

where we have assumed ih.0 far  upstream and downstream. Now q u a l i t a -  

t i v e l y ,  i f  we consider  t h e  balance t o  be between t h e  r ight-hand s i d e  and 

t h e  l a s t  two terms on t h e  le f t- hand s i d e  of (14), we can see  t h a t  f o r  a 

bump (h 7 0) , we have y r yavg. This means t h a t  a s t reaml ine  w i l l  be per-  

turbed equatorwards : 



A smal l  bump [* 
Q. w i l l  produce a  p a t t e r n  of s t r eaml ines  

which a r e  per turbed toward the  equator ,  A l a r g e r  bump w i l l  produee c losed  

loops: 

This  b r ings  up t h e  following problem: t h e  q u a n t i t y  on t h e  l e f t -  

hand s i d e  of (14) i s  conserved along s t r eaml ines .  For open s t r eaml ines ,  

i t s  va lue  may be determined from t h e  flow a t  i n f i n i t y ,  b u t  c losed  loops 

a r e  e s s e n t i a l l y  a degenerate  system - we have no boundary cond i t i ons ,  

We may, however, make t h e  fol lowing argument: 

I f  t h e r e  i s  p o s i t i v e  (negat ive)  c i r c u l a t i o n  along a  closed s t ream- 

1 i n e  , t hen  

upper boundary 

lower boundary 

arrows show Ekmon f  lcw f o r  5 0 

t he se  w i l l  be a  n e t  inward goupward) flow through t h e  Ekman Payer a t  t h e  

top  and bottom boundaries ,  This  prec ludes  a s t e a d y- s t a t e  s o l u t i o n ,  Thus 

we assume t h a t  w i th in  closed s t r eaml ines  t h e r e  i s  no motion, In  p a r t i e u -  

l a r ,  t h e r e  can be no motion a t  t h e  edge o f  t h e  c r i t i c a l  s t r eaml ine ,  This  

f r ee- su r face  boundary condi t ion  arises because t h e  r eg ion  i n s i d e  t h e  c r i t -  

i c a l  s t r eaml ine  I1spins-down" a s  a  r e s u l t  o f  f r i c t i o n  wi th  t h e  bottom, Out- 

s i d e  t h e  c r i t i c a l  s t r eaml ine ,  we neg lec t  f r i c t i o n  under t h e  assumption t h a t  



the spin-dcwn time is long compared to the advection time L/vl This free 

2 surface boundary condition, together with the condition at x2 + y - oo, 
completely determines the solution of the inviscid equation (14) for the 

flow outside the critical streamline. We will not pursue this subject fur- 

ther in these lectures; solved examples can be found in Ingersoll [J,Atm, 

Sci,, 26, 1969), The application to the GRS is uncertain, partly because - 
we do not know whether there is a solid surface or not, and partly because 

no one has formulated a theory with stratification, baroclinicity, non- 

uniform flow at infinity, or any of the other possible complications taken 

into account. 
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Lecture # 8  

POTENTIAL VORTICITY AND BAROCLINIC INSTABILITY 

Andrew Po Ingersoll 

a) Scaling 

We make the assumptions 

11) scale height H L L  horizontal scale L L4 planetary radius 

2) Rossby number E = C< I 
I L L  

3) L/L f 6 

The last assumption is made to retain the possibility of including the 

/? - effect.. 

In the vorticity equation 



t h e  second term i s  no l a r g e r  than  t h e  f i r s t ,  from assumption 3) above. 

Then comparing t h e  t h i r d  term and t h e  f i r s t  term, and us ing  t h e  boundary 

condi t ions  a = 0 a t  p  =: 0, we have 

This  i n s u r e s  t h a t  v e r t i c a l  advec t ion  s f  v o r t i c i t y  i s  n e g l i g i b l e  compared 

t o  ho r i zon ta l  advec t ions .  On t h e  o t h e r  hand, v e r t i c a l  advec t ion  o f  h e a t  

may be comparable t o  ho r i zon ta l  advect ions i f  v e r t i c a l  d i f f e r e n c e s  of  €3 

I 
(over an i n t e r v a l  bp -p) a r e  a  f a c t o r  T g r e a t e r  than  h o r i z o n t a l  d i f -  

ferences o f  0 (over an  i n t e r v a l  A x -L). I n  f a c t ,  t h i s  cond i t i on  d e t e r -  

mines t h e  b a r o e l i n i c  l eng th  s c a l e  L, Let @, and gv be  t y p i c a l  h o r i z o n t a l  

and v e r t i c a l  p o t e n t i a l  temperature d i f f e r ences ,  r e s p e c t i v e l y ,  Then from 

e i t h e r  o f  t h e  thermal wind r e l a t i o n s ,  e .g .  

we have 

The condi t ion  6, -- - I 9 a then  becomes 
G I 

which g ives  t h e  l eng th  s c a l e  L f o r  uns t ab le  waves i n  a  s t r a t i f i e d  b a r o c l i n i c  

atmosphere, 

b) Equation f o r  p o t e n t i a l  v o r t i c i t y  

We assume zero hea t ing  func t ion  6, so  t h a t  
d e  = 0 .  

We d e f i n e  a  b a s i c  h y d r o s t a t i c  s t a t e  0, , t, such t h a t  



The hea t  equation then  becomes 

Ver t i ca l  advections of 0, a r e  n e g l i g i b l e  because w / ~  .V E v/L a s  

described above. The bas ic  equations i n  t h e  t h r e e  unknown v a r i a b l e s  2 

CA) a r e  now 

where 

These equations can be combined t o  a s i n g l e  non- l inear  equation i n  t h e  

v a r i a b l e  2,. Eliminate 0, t o  ob ta in  

where we have defined I 

Then i t  can be shown t h a t  

which becomes 



The o t h e r  terms cance l ,  us ing  t h e  above expressions f o r  u and v i n  terms 

1 ' 
dw i n  t h e  v o r t i c i t y  equat ion,  we o b t a i n  of z Then s u b s t i t u t i n g  f o r  - 

The q u a n t i t y  i n  b racke t s ,  which i s  conserved along s t r eaml ines ,  i s  c a l l e d  

p o t e n t i a l  v o r t i c i t y ,  

c) V e r t i c a l  s t r a t i f i c a t i o n  and boundary condi t ions  

1 )  For s imp l i c i ty ,  t ake  I +Y 

where 4 and @ a r e  cons t an t s ,  For t h i s  ca se  we have 

'& = cons tan t  r = ?  (7) 
2)  A t  t h e  same t ime,  drop t h e  P - p l a n e  term / 3 ~  = 4 f . ( dt), 

This  r e q u i r e s  

Again, we make t h i s  assumption f o r  the  sake of mathematical s i m p l i c i t y ,  

3) The boundary cond i t i on  a t  t h e  top i s  

Assuming no bottom topography, t h e  lower boundary cond i t i on  i s  

The r a t i o  of t h e  two terms i s  

where t h e  l a s t  s t e p  fo l lows  s i n c e  

G v N  1 ,  
aan'L' 8, 



0s 
We a s s m e  t h a t -  >) 1 , implying t h a t  t h e  atmosphere i s  c lose  

8, 
t o  neu t ra l  s t r a t i f i c a t i o n ,  Again t h i s  assumption i s  made f o r  t h e  sake of 

mathematical s impl i  c i t y ,  The boundary condit ions a r e  now u) = 0 a t  p = 0, 

Jo, , from which we ob ta in  

L (Ah (a;)=~,d P = ' ) P S *  
The problem a s  we have now formulated it was f i r s t  considered by Eady 

(Tellus, 1949). 

d) The s teady symmetric s t a t e  

Assume a  b a s i c  s t a t e  z l ( y p )  6, p )  independent of t ime and of 

the  eastward coordinate x .  Then t h e  v e l o c i t y  i s  eastward; ( )  - & i s  

i d e n t i c a l l y  zero; and t h e  equations and boundary condit ions a r e  automati- 

c a l l y  s a t i s f i e d ,  Assume f u r t h e r  t h a t  

so t h a t  t h e  eastward v e l o c i t y  i s  independent of l a t i t u d e ,  increases  l i n -  

e a r l y  as  p  decreases upward, and has zero mean. 

Thus the  temperature decreases northward ( i n  t h e  nor thern  hemisphere, with 

f p o s i t i v e ) ,  and as t h e  f i g u r e  shows, a  simple over turn ing  motion w i l l  r e -  

l e a s e  g r a v i t a t i o n a l  p o t e n t i a l  energy. But north- south vePoeitnes r e q u i r e  

33, ax 0 ,  because of t h e  r o t a t i o n a l  (quasf-gesstrophic)  c o n s t r a i n t ,  



simple overturning 
(Hadley cell) 

North Pole F Equator 

Thus the basic state is unstable, because of the possibility of releasing 

potential energy, but as we shall see, the instability manifests itself as 

a wave periodic in x. 

e) Stability of baroclinie wave disturbances 

Now study the stability of the basic state Z1(y,p) to a small dis- 

turbance 

2; = Q(p)wp i k ( r - c t )  , 

Replacing zl by F1 + 2 ; '  in the non-linear equation and boundary conditions 1 

and linearising in the primed quantities, gives 

In terms of 4 lp) 
a' LY i&--- F) 4) = o ,  



Writing 

Ps 

s u b s t i t u t i n g  i n  t h e  boundary condi t ions ,  and e l imina t ing  A,  g ives  
2 ( ,+  (J+) -~L& h~ 

which i s  of order  - k!=f f o r  small  kL and i s  p o s i t i v e  f o r  kL g r e a t e r  
1 L 

than some cons tan t  of  order  u n i t y ,  There a r e  always u n s t a b l e  s o l u t i o n s ;  

t h e  growth r a t e  kc$ is  l a r g e s t ,  of o rde r  - 'D , f o r  kL of  o rde r  u n i t y .  
t 

f )  Sca l ing  arguments wi th  a p p l i c a t i o n s  t o  our  atmosphere 

The uns t ab le  waves which we have j u s t  descr ibed  a r e  a  model of  

t h e  cyclones and an t i- cyc lones  which dominate t h e  c i r c u l a t i o n  a t  mid- 

l a t i t u d e s  i n  t h e  e a r t h ' s  atmosphere. I t  is  observed, f o r  t h e s e  waves, 

t h a t  kL i s  of  o rde r  u n i t y ,  and t h e  t r a d i t i o n a l  view i s  t h a t  t h e  s t r a t i -  

-7 (&)" f i c a t i o n  determines t h e  wavelength 2 11 through t h e  parameter L= 

where $=@(0)-~(~,). However, t h e s e  waves r e l e a s e  energy by convect ing 

h e a t  upwatd, and thus  a c t  t o  i nc rease  t h e  s t r a t i f i c a t i o n  parameter 

Thus it i s  equal ly  p o s s i b l e  t h a t  t h e  wavelength of t h e  b a r s c l i n i c  waves 

determines t h e  s t r a t i f i c a t i o n  parameter,  and not  t h e  r e v e r s e ,  a s  i s  u s u a l l y  

assumed, For an independent wavelength s c a l e ,  we have t h e  b a r o t r o p i c  s t a -  

b i l i t y  c r i t e r i o n ,  which y i e l d s  

where '1/ i s  a  c h a r a c t e r i s t i c  v e l o c i t y ,  Assume t h a t  t h e  NS and EW speeds 

a r e  comparable i n  t h e  r e a l  atmosphere, Then t h e  v e l o c i t y  can be es t imated  



Thus 

- 4 
horiaontaP hea t  advect ion 

4M u n i t  mass 

- : 'p 8, 

v T R 8, s i n c e  R - c  
P  

v 
T from h y d r o s t a t i c  ba lance  

-L'nV L f o r  geos t rophic  flow 
L. 

us ing  e s t ima te s  f o r  t h e  e a r t h s s  atmosphere. With t h i s  v e l o c i t y  s c a l e ,  

t h e  ba ro t rop ic  length  s c a l e  is  
'/a L=(%) -roo0 km) 

whence t h e  wavelength of  b a r o c l i n i c  waves i s  

27 L -- LOO0 km. 

These numbers a r e  i n  e x c e l l e n t  agreement with observa t ion ,  b u t  a  mechan- 

i s t i c  theory  has y e t  t o  be worked o u t .  

I t  may be s i g n i f i c a n t  t h a t  t h i s  s c a l i n g  i s  a l s o  t h e  one f o r  which 

t h e  v e r t i c a l  change of p o t e n t i a l  temperature Bv i s  comparable t o  t h e  equa- 

to r- to- po le  change eh . This fo l lows  from t h e  r e l a t i o n  8, - Q,, der ived  

a t  t h e  s t a r t  of t h i s  l e c t u r e ,  S ince  0, i s  t h e  change of 0 over an in-  

t e r v a l  A x  -A! -- L, it fol lows t h a t  

B,,- + 9, 
However, t h e  s c a l i n g  ~-(va(n )' impl ies  

Sc we have 

I e h - - ~ e  l- 1 - - 0  I - %  



These i d e a s  do no t  c o n s t i t u t e  a theory.  The important p o i n t  i s  t h a t  t h e  

s t r a t i f i c a t i o n  of  t h e  atmosphere a t  mid- la t i t udes  and t h e  upward energy 

t r a n s p o r t  i n  t h e  b a r o c l i n i c  waves a r e  coupled i n  a non- l inear  f a sh ion ,  

t h e  d e t a i l s  of which have y e t  t o  be f u l l y  explained.  
Notes submit ted by 

Glyn 0 ,  Roberts 

THE VENUSIAN ATMOSPHERE 

Pe te r  J. Gierasch 

I .  Phys ica l  p r o p e r t i e s  

A.  General 

The Venus atmosphere i s  more than  90% COZ. The temperature pro-  

f i l e  i n  t h e  v e r t i c a l  and va lues  of t h e  p r e s s u r e  a t  a few l e v e l s  a r e  

roughly as ind ica t ed  i n  t h e  ske t ch  below, according t o  d a t a  obta ined  by 

Soviet  Venera probes and USA Mariner f l ybys  (Rasool and Stewart ,  1971).  

80 km 

60 km 

Height 

Temperature 4 



Below 60 km, the  l apse  r a t e  i s  approximately a d i a b a t i c  (N 10 K km"); 

between 60 and 80 km i t  i s  approximately one-half t h e  a d i a b a t i c .  The s u r -  

f a c e  p re s su re  i s  about 100 atm, corresponding t o  a  t o t a l  a tmospheric  

5 amount o f  about 10 gm cmm2. 

Temperatures on t h e  n igh t  s i d e  and on t h e  day s i d e  seem t o  d i f -  

f e r  very l i t t l e .  Va r i a t ion  of i n f r a r e d  emission from t h e  clouds sug- 

g e s t s  t h a t  t h e  poles  could be about 10 K cooler  than t h e  equa to r ,  however 

(Goody, 1965). 

Surface topography, over t h e  small  a r e a  which has been explored 

by r a d a r ,  seems t o h - s i m i l a r  i n  magnitude t o  t e r r e s t r i a l  topography. 

B.  Clouds 

The cloud composition i s  unknown. J ,  Lewis has poin ted  ou t  t h a t  

t h e  h igh  su r f ace  temperature would d r i v e  a  l a r g e  number of  v o l a t i l e s  i n t o  

t h e  atmosphere i f  t h e  s o i l  composition i s  s i m i l a r  t o  t h e  E a r t h ' s ,  He has  

performed a  chemical equi l ibr ium c a l c u l a t i o n ,  based on t h e  assumption 

which p r e d i c t s  a  mul t i tude  of cloud decks a t  d i f f e r e n t  l e v e l s  (Lewis, 

1969).  The p l a n e t ' s  i n f r a r e d  spectrum i s  n e a r l y  f e a t u r e l e s s ,  i n d i c a t i n g  

emission p r imar i ly  from cloud, b u t  providing no c lue  t o  t h e  n a t u r e  of t h e  

cloud (Hanel e t  aZ., 1968). 

The he ight  of t h e  cloud t o p  i s  a l s o  ambiguous, S o l a r  r a d i a t i o n  s c a t -  

t e r e d  back from t h e  clouds seems t o  p e n e t r a t e  t o  a  l e v e l  where t h e  p r e s s u r e  

i s  about 200 mb, judging from t h e  s t r e n g t h  of  C 0 2  abso rp t ion  l i n e s  (Bel ton,  

1968).  On t h e  o the r  hand graz ing  s o l a r  r a d i a t i o n  observed dur ing  t r a n s i t s  

of Venus across  t h e  Sun seems t o  be i n t e r r u p t e d  a t  a  l e v e l  where t h e  p re s-  

s u r e  i s  only about 10 mb (Goody, 1967).  Goody speaks of a  deep haze r a t h e r  



than a sharp cloud top, Others have proposed several distinct cloud layers, 

The location of the cloud bottom (if any) is unknown (both Gieraseh and In- 

gersoll agree that it would be appreciated if the next Venera probe would 

carry a photometer), 

The planet's albedo, approximately 0.75, is probably due primarily 

to the elsuds, 

C, Rotation 

Ingersoll discusses this subject in a later lecture, and we shall 

at this point only mention the few basic facts which are needed for our dy- 

namics review. The planet has a 225 day orbital period, The rotation 

about the planetss axis, from radar data, is retrograde with a period of 

about 243 days. These two rotations add to produce a solar day (sunrise 

to sunrise time) of about 117 days, 

Venus is featureless in visible light. Photographs in the ultsa- 

violet do show markings, however, and these markings move in a way which 

suggests an approximately solid body rotation of the cloud deck in the 

retrograde sense, with a period of about four days (Boyer and Suerin, 1969). 

If this observation is due to an actual wind, it is about 100 m s-I in 

magnitude, It is in the opposite direction to the motion of the subsolar 

point on the planet and about 30 times faster. 

I I ,  Review of Ideas of Venusian Circulation 

A ,  Introduction 

Motions of only two scales have been anticipated by theoreticians: 

very small scale turbulent convection of some sort, with a characteristic 

length of one scale height or less, and very large scale Hadley cell over- 



turn ing  dr iven  by s o l a r  hea t ing ,  with a  c h a r a c t e r i s t i c  ho r i zon ta l  length  

equal t o  t h e  p l a n e t ' s  r ad ius .  Motions sf in termedia te  s c a l e  a r e  not  ex- 

pected because of t h e  p l a n e t s s  small r o t a t i o n  r a t e .  vowever, it should be 

borne i n  mind t h a t  i f  t h e  atmosphere i s  r e a l l y  r o t a t i n g  with a  four-day 

period a t  some l e v e l ,  then our ideas  may need r e v i s i o n ,  Also, it i s  i n t e r -  

e s t i n g  t h a t  t h e  u l t r a v i o l e t  markings have a  s c a l e  which i s  l e s s  than  t h e  

p l a n e t ' s  r ad ius .  

B, Large s c a l e  s t a t i o n a r y  Hadley c e l l s  

Goody and Robinson (1966) inves t iga ted  t h e  na tu re  of  a  hypothet ica l  

Hadley c i r c u l a t i o n  between subsolar  and a n t i s o l a r  poin ts ,  a s  sketched b,elow. 

A = subsolar  po in t  

B = a n t i s o l a r  poin t  

Spread out ,  t h e  c e l l  i s  a s  below, 

Day Night 

Heat f l u x  i n  Heat flux ou t  



They used t h e  Boussinesq approximation i n  t h e i r  model, wi th  eddy 

4 d i f f u s i v i t i e s  f o r  h e a t  and momentum taken a s  10 cm2s-I, The lower bound- 

a r y  is  r i g i d  and i n s u l a t i n g ,  The upper one i s  a  f r e e  s u r f a c e  wi th  h e a t  

f l u x  boundary condi t ions  a s  shown, The flow, which is  deduced by s e a l i n g  

arguments, i s  cha rac t e r i zed  by a t h i n  upper boundary l a y e r  and a  t h i n  down- 

wel l ing  reg ion .  V e l o c i t i e s  i n  t h e  upper boundary l a y e r  a r e  about 30 m 

and t h e  temperature c o n t r a s t  p red ic t ed  along t h e  top  i s  about 40 K .  The tem- 

p e r a t u r e  d i s t r i b u t i o n  through t h e  i n t e r i o r  i s  a d i a b a t i c ,  and they  conelude 

t h a t  a  high s u r f a c e  temperature can be produced i n  t h i s  way even though i n  

t h e  model no s o l a r  h e a t  p e n e t r a t e s  d i r e c t l y  t o  t h e  s u r f a c e  ( see  however t h e  ' 

De Rivas and Schneider papers  l a t e r  i n  t h i s  volume). 

A s c a l i n g  by Gierasch, Goody and Stone (1970) of  r a d i a t i v e l y- d r i v e n  

Hadley c e l l s  on non- ro ta t ing  p l a n e t s  ( i n  which t h e r e  w i l l  n o t  n e c e s s a r i l y  be 

a  boundary l a y e r  s t r u c t u r e )  p red ic t ed  v e l o c i t i e s  on t h e  o rde r  of  8 m s-' 

and temperature c o n t r a s t s  o f  about 3 K f o r  Venus cond i t i ons ,  

C ,  The moving Sun 

We move on now t o  t h e  ques t ion  of  how simple Hadley flows w i l l  be  

modified by motion o f  t h e  h e a t  source ,  I n  t h e  case  of a  r o t a t i n g  p l a n e t ,  

t h e r e  a r e  two l i m i t i n g  p o s s i b i l i t i e s  i n  which s imple Maclley e e l 1  c i r c u l a -  

t i o n s  a r e  s t i l l  poss ib l e :  very  slow and very  r ap id  r o t a t i o n  r a t e s ,  If t h e  

v e l o c i t y  of t h e  s o l a r  h e a t  source  [ t h e  v e l o c i t y  of t h e  subso la r  p o i n t  on t h e  

p l ane t )  i s  much s lower than  t h e  response time of a Hadley c i r c u l a t i o n ,  then  

t h e  flow can con t inua l ly  a d j u s t  t o  t h e  changing p o s i t i o n  o f  t h e  Sun, and 

t h e  r e s u l t  can be a  subso la s  po in t  t o  a n t i s o l a r  p o i n t  c e l l ,  foPPawing t h e  

Sun while  t h e  p l a n e t  r o t a t e s  beneath i t ,  On t h e  ocher  hand i f  t h e  v e l o c i t y  



of t h e  subsolar  poin t  i s  much l a rge r  than t h e  Hadley c e l l  response time, 

then t h e  flow cannot a d j u s t  and w i l l  s ee  t h e  time-averaged Sun. I n  t h i s  

case a  simple HadPey c e l l  i s  s t i l l  poss ib le  but  t h e  o r i e n t a t i o n  would be 

from equator t o  po le ,  

On Venus, unfor tunate ly ,  t he re  a r e  reasons t o  be l i eve  t h a t  Hadley 

c e l l  response times a r e  t h e  same order  a s  t h e  s o l a r  motion time s c a l e ,  

P a r t i c l e  cycle  times according t o  t h e  sca l ings  mentioned above a r e  about 

equal t o  a  s o l a r  day, Also, r a d i a t i v e  time cons tants  a r e  on t h e  order  of 

one s o l a r  day a t  cloud t o p  l e v e l ,  We must the re fo re  expect phase l ags  of  

d i f f e r e n t  magnitudes a t  d i f f e r e n t  l e v e l s  i n  t h e  atmosphere, and t h i s  i s  

t h e  b a s i s  of r ecen t  work on t h e  explanat ion of a  four-day c i r c u l a t i o n  by 

Schubert and Whitehead, Young, Hinch, Thompson and o the r s  (see papers by 

Young and Thompson l a t e r  i n  t h i s  volume), The idea  is a s  fol lows:  

Suppose t h e  top  of  t h e  c e l l  fol lows t h e  s o l a r  motion more c l o s e l y  

than  t h e  bottom, a s  sketched below: 



Reynolds s t r e s s e s  will acce le ra t e  t h e  tops  and bottoms of t h e  c e l l s  d i f f e r -  

e n t l y ,  A mean c i r c u l a t i o n  could be driven,  but  boundary condi t ions  would 

be c r u c i a l  and these models have been h ighly  idea l i zed ,  

T ida l  acce le ra t ion  of the  upper atmosphere by t h e  sun has a l s o  been 

suggested, t h e  bulge i n  t h e  atmosphere caused by the  f a c t  t h a t  t he  h o t t e s t  

time sf day is  not  noon but  af ternoon (see I n g e r s o l l ,  Venus l e c t u r e ) ,  This 

too  could d r i v e  a mean c i r c u l a t i o n .  
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VENUSIAN ATMOSPHERE (Lecture 11) 

Pe t e r  J, Gierasch 

D. Large s c a l e  motions, f u r t h e r  comments, 

Pe t e r  Gierasch and R ,  Krishnamurti have s tud ied  an annulus hea t ed  

by a moving h e a t  source ( s i m i l a r  t o  Ful tz"  experiments w i th  a moving 

flame and a s t a t i o n a r y  annulus) ,  The resuEt ,  a s  sketched below 

Flamemotion 

d iv id ing  
s t r eaml ine  

i s  t h a t  t h e  d iv id ing  s t r eaml ine  i s  n o t  180" from t h e  source ,  This  e f f e c t  

on Venus, i f  important ,  might d r i v e  a mean flow of  t h e  upper atmosphere, 

o r  might by i t s e l f  account f o r  t h e  obse rva t ions ,  

The downwelling reg ion  i n  t h e  atmosphere, according t o  t h e  Eoody- 

Robinson model, i s  suggested t o  be a t h i n  plume, 6 ,  Veranis c i t e d  T o  

Rossbyfs  experiments wi th  an i n s u l a t e d  box with uniform temperature gra- 

d i e n t  on one s i d e ,  a s  sketched below, A t h i n  r i s i n g  plume developed on 

t h e  h o t t e r  end! 

We s h a l l  c lo se  our  l a r g e- s c a l e  c i r c u l a t i o n  review by no t ing  a f a c t  

which emphasizes t h e  eompkexity we must expect i n  t h e  a c t u a l  atmosphere,  



This i s  t h a t  t h e  r a d i a t i v e  time constant  f o r  t h e  atmosphere ( the time 

it takes  f o r  r a d i a t i v e  t r a n s f e r  t o  s i g n i f i c a n t l y  change t h e  tempera- 

t u r e ) ,  based on a length  s c a l e  equal t o  a s c a l e  he igh t ,  v a r i e s  g r e a t l y  
-. 

with he ight  through t h e  lower atmosphere, I t  i s  much g r e a t e r  than a 

s o l a r  day a t  l e v e l s  where pressure  7 10 atmospheres, and much l e s s  

than a s o l a r  day f o r  p res su re  .L 100 mb. This suggests  d i f f e r e n t  flow 

regimes a t  d i f f e r e n t  l e v e l s ,  with t h e  cloud l e v e l  f a l l i n g  i n  the  mid- 

d l e  where th ings  a r e  most complicated, 

E, Small- scale motions: t h e  Richardson's number near  cloud tops .  

We have no observat ional  information about smal l- sca le  motions 

i n  t h e  Venus atmosphere, Telescopic r e s o l u t i o n  is simply no t  good 

enough, Estimates s f  t h e  Richardson5 number chayacter iz ing  t h e  atmos- 

phere provides information about t h e  ene rge t i c s  of smal l- sca le  motions, 

however, 

The Richardson's number i s  defined a s  

- energy i n  s t a t i c  s t a b i l i t y  - J 

energy i n  wind shear  



where u is wind speed, T is temperature, z measures height, g is the 

acceleration of gravity, and c is heat capacity at constant pressure, 
P 

The adiabatic lapse rate (rate of decrease of temperature with height) 

is g/c and hence 'L+ % measures static stability. Observations 
pa air c, 

in the terrestrial atmosphere, and to some extent theory, indicate 

that for Ri 2 0,25 the atmosphere is stable to small-scale distur- 

bances, for - 0.02 4 Ri d 0.25 tlforcedll convection dominates, and 

for Ri -= -0,02 "free" convection dominates, In "forcedw convection 

the kinetic energy comes predominantly from the wind shear and in "freeft 

convection it is supplied by buoyancy. 

The following table gives values of Ri for several values of 

wind shear and static stability. 

wind shear I Ri 

The left-hand column corresponds to a lapse pate of about half the adia- 

batic, roughly what is indicated by occultation measurements for heights 

where pressure -d 300 mb, The middle and right-hand columns are slightly 

stable or unstable lapse rates respectively, A slightly stable value 

seems indicated by occultation profiles for values of pressure , 300 mb, 

-1 -1 The shear of 30 m s km in the bottom row is the value reached in the 

Goody-Robinson upper boundary layer and can probably be regarded as an upper 

limit, 



We s e e  t h a t  t h e  most probable va lues  of R i  near  t h e  cloud tops  ( the  

f o u r  va lues  toward t h e  upper l e f t )  correspond t o  s t a b i l i t y ,  and among t h e s e  

t h e  most p l a u s i b l e  f o r  p re s su re  4 300 mb i s  t h e  f a r  upper l e f t  va lue  R i -  21 ,  

i n d i c a t i n g  q u i t e  l a r g e  s t a b i l i t y .  

This  of  course  does no t  s ay  t h a t  flow i n  t h e  Venus atmosphere is  not  

t u r b u l e n t ,  merely t h a t  lack  of tu rbulence  is c o n s i s t e n t  wi th  what we know 

about thermal s t r u c t u r e  and winds. Disturbance3 could obviously propagate  

i n t o  t h e s e  reg ions  from elsewhere, f o r  example, 

F .  Latent  h e a t  r e l e a s e  

I f  l a t e n t  h e a t  r e l e a s e  i s  important  w i th in  t h e  cloud deck then  we 

should expect cumulus convect ion.  This  i s  an extremely complicated s u b j e c t  

b u t  I b e l i e v e  we can make a  p l a u s i b l e  argument t h a t  it w i l l  not  happen. 

The temperature i nc rease  of  a pa rce l  of  gas upon condensat ion of  a  

minor c o n s t i t u e n t  i s  

A 7  = 6 L, 
P C~ 

where and p a r e  t h e  d e n s i t i e s  of  t h e  minor constituel-rt  and t h e  atmos- 

phere i t s e l f ,  and Lv i s  t h e  l a t e n t  h e a t ,  We wish t o  know i f  t h i s  tempera- 

t u r e  i n c r e a s e  i s  s u f f i c i e n t  t o  a f f e c t  dynamics, We may o b t a i n  an i n d i c a -  

t i o n  by comparing t h i s  energy t o  t h e  energy of  a  t y p i c a l  atmospheric s t a t i c  

s t a b i l i t y ,  and t h i s  can be done by comparing a  l a p s e  r a t e  ATJH, where 

H = RT/g i s  a  s c a l e  he igh t ,  t o  t h e  a d i a b a t i c  l a p s e  r a t e  g l en :  

This  i s  e s s e n t i a l l y  a  r a t i o  of  t h e  d i f f e r e n c e  between wet and dry a d i a b a t i c  

and d r y  a d i a b a t i c  l a p s e  r a t e s  t o  t h e  d ry  one,  



For most substances which have been suggested a s  cloud c o n s t i t u e n t s  

[ e o g a  NH4C1, HgCIZ) t h i s  r a t i o  i s  extremely small because t h e  s a t u r a t i o n  

vapor p re s su res  a r e  small  PJ must be  evaluated a t  s a t u r a t i o n  f o r  a 

t y p i c a l  cloud tempera ture) ,  For water ,  which i s  a l s o  a contender ,  t h e  

s i t u a t i o n  i s  more marginal ,  Values of  A f o r  t h r e e  temperatupe and pres-  

s u r e  c m b i n a t i o n s  taken from t h e  atmospheric p r o f i l e  (Fig.1) a r e :  

Temperature 200 K 250 K 300 K 

Atmospheric p re s su re  14 mb 130 mb 600 mb 

A t  250 K t h e  wet and d ry  ad iaba t s  d i f f e r  by about l o % ,  and a t  300 K t hey  

would d i f f e r  by a g r e a t  dea l  i f  water were abundant enough t o  s a t u r a t e ,  - 
This seems u n l i k e l y ,  however, To reach  s a t u r a t i o n  a t  250 K t h e  abundance 

would need t o  be about 1%, which i s  a l r eady  somewhat g r e a t e r  t han  t h e  

Venera measurements i n d i c a t e d ,  

G o  The coupling of  c louds with dynamics. 

We c l o s e  by s t r e s s i n g  t h e  f a c t  t h a t  t h e  Venus c louds  themselves 

a r e  p a r t  o f  t h e  dynamieal problem, Cloud d e n s i t y  depends upon motions; i n  

t h e  absence of  motions p a r t i c l e s  would f a l l  ou t  o r  f a l l  t o  a l e v e l  where 

evaporat ion would occur ,  The ques t ion  o f  why t h e  cloud t o p  i s  where it i s  

i s  thus  a dynamieal problem, I t  i s  an extremely complicated one, because 

t h e  r a d i a t i v e  hea t ing  which d r i v e s  motions i s  c o n t r o l l e d  by t h e  cloud,  Dy- 

namics thus  suppor ts  t h e  cloud which i n  t u r n  c o n t r o l s  t h e  dynamics, This  

a spec t  of t h e  problem was s tud ied ,  i n  terms of  a r ad i a t ive- convec t ive  model, 

by Gierasch and Goody (1969), b u t  more needs t o  be done. 
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THE BOUSSINESQ APPROXIMATION I N  A MULTI-COMPONENT FLUID (Abstract)  

George Veronis 

The Boussinesq equations f o r  a  multi-component such a s  seawater 

can lead  t o  d i f f i c u l t i e s  with t h e  i n t e r p r e t a t i o n  of t h e  p o t e n t i a l  dens i ty  

which is  derived.  By der iv ing  t h e  equations f o r  seawater,  it i s  shown 

t h a t  t h e  l i n e a r  equation of s t a t e  (a n a t u r a l  p a r t  of t h e  Boussinesq approx- 

imation) r equ i re s  t h a t  the  c o e f f i c i e n t s  of thermal expansion and s a l t  com- 

press ion  be funct ions  of p res su re ,  Since t h e  equation o f  s t a r e  thereby be- 

comes non- l inear ,  t h e  p re fe rab le  approach may be t o  t ake  t h e  c o e f f i c i e n t s  

a s  slowly varying funct ions of  depth. The problem becomes more complicated 

but  it remains l i n e a r ,  

TURBULENT DIFFUSION (Abstract) 

Joseph B, Kel ler  

1, In t roduct ion  

Turbulent d i f f u s i o n  is  t h e  d i s p e r s a l  of mat ter  o r  energy by t h e  t u r -  

bulent  motion s f  a  f l u i d .  Our goal i s  t o  ob ta in  equations governing t h e  

f i r s t  and second moments of t h e  csncenxrat isn of  a  conserved pass ive  d i f f u -  

san t ,  assuming t h a t  the  tu rbu len t  motion i s  prescr ibed ,  F i r s t ,  by us ing  

t h e  two time pe r tu rba t ion  method, we s h a l l  so lve  t h i s  problem f o r  a  s i n g l e  



v e l o c i t y  f i e l d .  The r e s u l t  i s  t h a t  on a  long time s c a l e ,  t h e  concen- 

t r a t i o n  C(x , t )  s a t i s f i e s  a  d i f f u s i o n  equat ion and t h e  product  C(x , t )  

C (y, t )  s a t i s f i e s  a  s i m i l a r  d i f f u s i o n- l i k e  equat ion.  The c o e f f i c i e n t s  

i n  t h e s e  equat ions a r e  c o e f f i c i e n t s  of t u r b u l e n t  d i f f u s i o n ,  which a r e  

given i n  terms of i n t e g r a l s  of t h e  v e l o c i t y  f i e l d .  The v i r t u e  of t h e s e  

equat ions i s  t h a t  they  p e r t a i n  t o  a  s i n g l e  v e l o c i t y  f i e l d ,  and t h e r e f o r e  

a l s o  t o  t h e  mean concent ra t ion  and two-point one-time moment i n  an ex- 

semble o f  s i m i l a r  f i e l d s ,  

The disadvantage of our f i r s t  r e s u l t s  i s  t h a t  they  d e s c r i b e  only 

t h e  slow changes of  t hese  moments which occur  on a  t ime s c a l e  long com- 

pared t o  t h e  c o r r e l a t i o n  time of  t h e  v e l o c i t y .  This i s  a l l  t h a t  can be 

expected i n  t h e  case  of  a  s i n g l e  v e l o c i t y  f i e l d ,  bu t  f o r  an ensemble it 

a l s o  i s  p o s s i b l e  t o  desc r ibe  more r ap id  changes. Therefore by cons ider-  

ing  a  s t o c h a s t i c  v e l o c i t y  f i e l d  from t h e  o u t s e t ,  and us ing  a  d i f f e r e n t  

method, we o b t a i n  a  seeond p a i r  o f  equat ions f o r  t h e  moments (C(x , t )>  

and(C(x , t )  C(y, t ) ) .  These seeond equat ions a r e  i n t e g r o - d i f f e r e n t i a l  

equat ions i n  t ,  involv ing  t h e  two-point two-time v e l o c i t y  c o r r e l a t i o n  

i n  t h e  c o e f f i c i e n t s ,  They have t h e  v i r t u e  t h a t  they  d e s c r i b e  t h e  r a p i d  

changes i n  t h e  moments a s  wel l  a s  t h e  slow ones, and they  reduce t o  t h e  

previous equat ions f o r  slowly changing moments. 



THE THENOHALINE CIRCULATION 

P i e r r e  Welander (Abstract) 

The time-mean l a rge- sca le  oceanic c i r c u l a t i o n  i s  s e t  up i n  response 

t o  t h e  wind s t r e s s  and t o  thermohaline e f f e c t s  a c t i n g  a t  t h e  top.  The 

f i r s t  e f f e c t  can be described a s  a  momentum f lux ,  t h e  second a s  a  buoyancy 

f l u x  (comprised of a  hea t  f l u x  and a  s a l i n i t y  f lux )  through t h e  s e a  su r face .  

The theory f o r  t h e  wind-driven c i r c u l a t i o n  i n  a homogeneous ocean 

has been developed a n a l y t i c a l l y  f o r  a  near ly  geostrophic ocean, the  neces- 

sa ry  f r i c t i o n  e f f e c t s  being modelled by laminar- l ike express ions .  The pro- 

blem of t h e  thermohaline c i r c u l a t i o n ,  s e t  up i n  t h e  absence o f  wind, i s  a  

more d i f f i c u l t  problem due t o  the  presence of t h e  non-negligible non- l inear  

advect ion terms f o r  the  temperature and s a l i n i t y ,  but  c e r t a i n  so lu t ions  of 

i n t e r e s t  have been found. 

In  t h e  s tandard model f o r  t h i s  c i r c u l a t i o n  it i s  assumed t h a t  t h e  

ocean i s  i n  geos t rophic- hydros ta t ic  balance,  and t h a t  v e r t i c a l  mixing of 

h e a t  and s a l t  can be described by a  s i n g l e ,  cons tant  d i f f u s i v i t y  K .  A s-  

suming f u r t h e r ,  a  Boussinesq approximation, the  temperature and s a l i n i t y  

e f f e c t s  can be combined, and t h e  problem be formulated i n  terms of an e f -  

f e c t i v e  temperature 8 = T - 5 s  where T, S a r e  temperature and s a l i n i t y ,  

and the  equation of  s t a t e  i s  taken t o  be , o = ~ [ ~ - ~ T + ~ s ] .  The equations 

on a  sphe r i ca l  e a r t h  a r e  then  



wheref =zfl&n(/l i s  the  C o r i o l i s  parameter,  & s ~ w ~ l p d h ,  3- Rd? 

giving  longi tude ,  l a t i t u d e  and he igh t .  r, @ a r e  p e r t u r b a t i o n s  from a  

b a s i c ,  uniform s t a t e ,  and t h e  b a s i c  d e n s i t y  i s  incorpora ted  i n  I f  

A@,U,N L,J s t and  f o r  t h e  c h a r a c t e r i s t i c  temperature v a r i a t i o n  ( taken 

t o  be t h e  same h o r i z o n t a l ,  and v e r t i c a l ) ,  ho r i zon ta l  v e l o c i t y ,  v e r t i c a l  

v e l o c i t y ,  h o r i z o n t a l  s c a l e  and v e r t i c a l  s c a l e ,  r e s p e c t i v e l y ,  t h e  c l a s s i -  

c a l  thermocline s c a l i n g  i s  obtained from t h e  o rde r  of  magnitude r e l a t i o n s :  
n 

(thermal wind) 

( con t inu i ty )  

(hea t  t r a n s p o r t )  

This gives 

2 -1 For k - 1  em s t h e  thermocline depth becomes a  few hundred meters ,  

which i s  a  reasonable  va lue ,  A s  K+ 0 t h e  thermocline depth obviously goes 

t o  zero,  An exac t  s o l u t i o n  which has been d iscussed  i n  some d e t a i l  (see G. 

Veronis,  Deep-sea Res. - 17: p.421) i s  t h e  exponent ia l  one, where t h e  temper- 

a t u r e  v a r i e s  a s  ~ , ( ~ , ( p ) ~ ~ . / ~ ~ ,  where k i s  a cons t an t .  This  i s ,  however, 

a  degenerate  case ,  s i n c e  K does not  appear ,  and it can as we l l  desc r ibe  a n  

i d e a l  f l u i d  thermocline,  v a l i d  when K = 0.  

I n  t h e  case  where t h e  wind i s  a l s o  cons idered ,  and an  Ekman v e r t i c a l  

v e l o c i t y  dE ( A  ,?) thus  is  added, i t  can be shown t h a t  t h e  thermocline s o l u -  

t i o n  s p l i t s  up i n  two regimes f o r  small  K, There w i l l  be  a t h i n  d i f f u s i v e  



thermocline of th ickness  4- - a t  t h e  top,  and a  deeper i d e a l  f l u i d  t h e r -  WE 
mocline below, of th ickness  . I 

I n  t h e  r e a l  oceans K i s  probably small  enough t o  cause such a  s p l i t .  The 

r e s u l t  can be understood i n  terms of  t h e  v e r t i c a l  v e l o c i t y .  The previous  

thermocline s c a l i n g  g ives  M/ K? For small  K t h e  p re sc r ibed  Ekman v e r t i -  

c a l  v e l o c i t i e s  cannot be matched, and t h e  i d e a l  f l u i d  regime must be c a l l e d  

i n .  Numerical experiments c a r r i e d  out  by Kil lworth i n  Cambridge (personal  

communication) i n d i c a t e  t h a t  t h e  s p l i t  does occur ,  when K comes below 

The p i c t u r e  f o r  t h e  v e r t i c a l  c i r c u l a t i o n  i n  oceans w i l l  be essen-  

t i a l l y  d i f f e r e n t  f o r  l a r g e  and smal l  K .  I n  t h e  f i r s t  ca se  water  s i n k i n g  

i n t o  t h e  deep sea  a t  h igh  l a t i t u d e s  can r i s e  through t h e  main thermocline.  

I n  f a c t ,  t h i s  upwelling combined wi th  t h e  downward h e a t  d i f f u s i o n  produces 

t h e  thermocline.  In  t h e  second case  t h e  upper warm and lower co ld  water  

masses a r e  connected only through c e r t a i n  s i n g u l a r  r eg ions .  The deep water  

cannot p e n e t r a t e  t h e  thermocline,  b u t  must come up a t  t h e  equator ,  i n  c o a s t a l  

reg ions ,  e t c ,  The water  i n  t h e  thermocline i s  formed by t h e  downward Ek- 

man pumping i n  t h e  sub t rop ica l  gyre .  I t  flows along t h e  i sopycnals  (dens i ty  

su r f aces )  wi th  l i t t l e  mixing u n t i l  it can be pumped up by t h e  wind o r  seach-  

ing  a  s i n g u l a r  region.  Which o f  t h e s e  two p i c t u r e s  comes c l o s e s t  t o  t h e  

t r u t h  i s  s t i l l  unknown, To r e s o l v e  t h e  ques t ion  d i r e c t  measurements of K i n  

and below t h e  thermocline a r e  h i g h l y  wanted. 



LAMINAR ROTATING FLAME EFFECT IN A STRATIFIED FLUID 

AT SMALL PRANDTL NUMBER (Abstract) 

Melvin E, Stern 

A cylindrical annulus filled with mercury is heated uniformly from 

the top and cooled uniformly from below, However, a periodic distribution 

of thermal inhomogenieties (e,g, air gaps) are embedded in the top half of 

the top plate so as to "screen" the uniform heat flux. By rotating the top 

half of the top plate a small amplitude fluctuating temperature field is 

superimposed on the basic static stability, The temperature fluctuations 

in the thermal boundary layer of the fluid generate internal waves, if the 

"heat source" frequency is less than the Briint frequency, These waves trans- 

fer energy and momentum (of the same sense as the rotation of the "heat 

source") downwards and the amplitude of the wave decays slowly due to thermal 

conductivity, but it is assumed that the depth of the lower boundary is suf- 

ficiently great so that there is no reflected wave, 

Linear Theory is used to compute the Reynolds stress averaged in the 

horizontal and integrated over the vertical. The result when divided by 

the viscosity (2) is equal to the following "characteristic" velocity 

where K is the conductivity of the fluid, T is the amplitude of the tempera- 

ture wave (assumed to be a pure harmonfc) imposed on the top surface ( z  = O) ,  

is the propagation speed of the thermal wave, s fs the basic static 

stability, and oC, is the thermal expansion, The calculations have been sim- 

K plified using the approximations 7 >> 1 
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where 2 T k  is the horizontal wave length of the forced heat source, This 

calculation is valid for either rigid or slip boundaries at z = 0. The sig- 

nificance of U(0) is that it gives the rectified surface velocity (opposite 

to the propagation direction of the heat source) for the case of a slippery 

upper boundary condition, For the experimentally realizeable case of a 

rigid boundary at z = 0 this quasi-linear theory implies a net fluid momen- 

t m  in the same direction as the heat source. In this case it is argued that 

the maximum mean velocities are limited by the formation of a critical layer, 

i,e. the fluid cannot move much faster than the heat source. 

PHYSICAL TRACERS IN OCEANOGRAPHY (Abstract) 

George Veronis 

Hydrographic station data, consisting principally of temperature and 

salinity determinations, have been used by physical oceanographers to develop 

a climatological picture of the distribution of these quantities in the 

oceans of the world. Density as determined by Knudsenls formula, taken 

together with hydrostatic and geostrophic dynamics, also provides a crude 

picture of oceanic flow, However, the data probably contain substantially 

more information than has been derived from them in the past. 

The quantity which is orthogonal to potential density curves in the 

8s plane is suggested as a useful variable to complement the information con- 

tained in potential density. The derivation of this quantity, denoted by 7 

in this paper, is straightforward. A polynomial expression for which is 

sui table for computer calculations of from hydrographic station data is 

given, Two examples are shown of hydrographic statfon data from the Atlantic 

plotted on therb-0 diagram. The information contained in t h e r ~ ~  diagram 



shows m n y  of the features exhibited in the TS plane. Vertical sections 
@ 

of L appear to provide information about mixing in different parts of 

the Atlantic. The distribution of for abyssal waters at selected sta- 

tions of the oceans of the world resembles the distribution of abyssal 

density as plotted by Lynn and Reid (1968). From the data presented it 

appears that may serve as a good tracer for abyssal water movements. 

Since t is defined to be orthogonal to C g  , the expectation is 
that is a dynamically passive variable. However, since T g  does not 

correlate with abyssal densities, it appears to lose dynamical significance 

at great depth and ?J assumes dynamical significance because of its ortho- 

gonality to . 

PLANETARY FLUID DYNAMICS SYMPOSIUM 

A QUICK SURVEY OF THEORETICAL WORK HAVING POSSIBLE RELEVANCE TO THE 

APPARENT ROTATION OF THE UPPER VENUS ATMOSPHERE (Abstract) 

Conway B, Leovy 

Ground-based observations of Venus in the ultraviolet (X<4400A.) show 

very large-scale dark features which rotate from east to west (retrograde) 

at an extremely consistent speed near 100 m/s. Preservation of the features 

over several planetary rotations suggests solid rotation. Polarization evi- 

dence indicates that the ultraviolet features occur near the 50 mb level. 

Very high resolution infrared observations of the illuminated west limb of 

Venus give Doppler sights indicating retrograde velocities of very nearly 

100 m/s at somewhat lower heights. Similar measurements of the illuminated 

east limb of Venus do not yield a consistent Doppler shift. 



A phys ica l  mechanism which might account f o r  a  s t r o n g  zonal flow 

on a  slowly r o t a t i n g  p l a n e t  i s  suggested by t h e  moving flame experiments 

of  F u l t z ,  S te rn ,  Whitehead and o t h e r s .  These have been analyzed t h e o r e t -  

i c a l l y  by Stern ,  Davey, Schubert ,  Young, Hinch and Malkus. 

In  i t s  s imp les t  form, appl ied  t o  a  f l u i d  wi th  h igh  thermal eonduc- 

t i v i t y ,  t h e  thermal wave due t o  t he  moving flame p e n e t r a t e s  t h e  e n t i r e  

f l u i d  with very l i t t l e  phase change with depth.  For weak thermal conduc- 

t i o n  (or  a  very deep f l u i d ) ,  t h e  conductive wave would produce convect ive 

c e l l s  t i l t i n g  toward t h e  flame, and t r a n s p o r t i n g  momentum toward t h e  f l u i d  

s u r f a c e  ( e i t h e r  t h e  upper o r  lower s u r f a c e )  c l o s e s t  t o  t h e  f lame,  On t h e  

o t h e r  hand, i f  t h e  thermal wave p e n e t r a t e s  t h e  f l u i d  r a p i d l y  enough t h a t  

t h e r e  i s  no phase s h i f t  o f  t h e  thermal wave with depth,  t h e  primary con- 

v e c t i v e  c i r c u l a t i o n  w i l l  have no tilt. A secondary c i r c u l a t i o n  r e s u l t i n g  

from convergence i n  t h e  o s c i l l a t i n g  v iscous  boundary Payer produced by t h e  

primary c i r c u l a t i o n  w i l l  t r a n s p o r t  r e t r o g r a d e  momentum of  t h e  primary c i r -  

c u l a t i o n  away from any r i g i d  boundaries ,  Because t h i s  eddy momentum f l u x  

can only  be balanced by v i scous  momentum t r a n s p o r t  down t h e  g rad ien t  of t h e  

mean zonal flow, a  s teady  flow i n  t h e  r e t rog rade  sense  w i l l  b e  s e t  up near  

a  f r e e  su r f ace ,  o r  i n  t h e  i n t e r i o r  of  a  f l u i d  between r i g i d  upper and lower 

boundaries .  Sca l e  a n a l y s i s  sugges ts  t h a t  f o r  moderately l a r g e  va lues  o f  t h e  

Froude Number 

F  = ~ H ~ A T  
u 

J 

t h e  zonal flow i s  of o rde r  UF 2'3~1'6s where H i s  depth,  M i s  t h e  thermal ex- 

pansion c o e f f i c i e n t ,  A T i s  t h e  temperature p e r t u r b a t i o n  due t o  t h e  flame, 

and U i s  t h e  flame speed. The parameter S  i s  t h e  product  of  flame frequency 



and d i f f u s i o n  t ime s c a l e .  I f  t h e  moving flame r e s u l t s  a r e  a p p l i c a b l e  t o  

Venus, t h r e e  condi t ions  must be  s a t i s f i e d :  (1) t h e  thermal wave must pen- 

e t r a t e  r a p i d l y  through t h e  f l u i d ,  ( 2 )  a  source of  secondary c i r c u l a t i o n  

analagous t o  t h a t  d r iven  by t h e  boundary l a y e r  i n  t h e  experiments must 

e x i s t ,  (3)  t h e  e f f e c t  of motions a t  s c a l e s  smal le r  than  t h a t  of  t h e  p r i -  

mary convect ive c i r c u l a t i o n  must be t o  t r a n s p o r t  momentum down t h e  g rad ien t  

of  t h e  mean zonal wind. I t  i s  no t  c l e a r  t h a t  any of t h e s e  cond i t i ons  a r e  

s a t i s f i e d  on Venus. 

Gierasch has pointed o u t  t h a t  t h e  thermal wave produced by s o l a r  

hea t ing  of Venus w i l l ,  i n  f a c t ,  tilt toward t h e  sun wi th  inc reas ing  h e i g h t ,  

i f  t h e r e  were no mean motion. This i s  because r a d i a t i v e  t r a n s f e r ,  t h e  

dominant hea t  t r a n s f e r  mechanism, a c t s  most r a p i d l y  a t  t h e  h i g h e s t  l e v e l s  

of t h e  Venus mesosphere. Gierasch found a  novel s o l u t i o n  i n  which zonal 

r e t rog rade  shear  balances t h i s  t i l t i n g  e f f e c t  without  t h e  requirement  f o r  

any viscous momentum t r a n s f e r .  This s o l u t i o n  could provide  a  mechanism f o r  

t h e  apparent  r o t a t i o n  i f  i t s  s t a b i l i t y  can be demonstrated, 

A t h i r d  p o s s i b l e  mechanism has been demonstrated by Thompson and by 

Malkus. They have shown t h e  ex i s t ence  of  non- l inear  i n s t a b i l i t i e s  i n  s t a -  

t i o n a r y  heated f l u i d s  by means of which zonal flows can be produced by t h e  

o r i g i n a l  convect ive motion, 

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

phase motion i n  a  p l ane t a ry  s c a l e  i n t e r n a l  g r a v i t y  wave, has apparent ly  no t  

y e t  been i n v e s t i g a t e d .  
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CONSEQUENCES OF MOMENTUM AND THERMAL DIFFUSION 

FOR THE MEAN SHEAR INDUCED BY A MOVING HEAT SOURCE (Abstract) 

Richard E, Young 

Depending on the value of the Prandtl number for a given value of 

Wh2 the parameter S = J- , the average velocity imparted to a layer of Bous- 

sinesq fluid by traveling thermal waves applied at the upper free surface 

can be either in the same or in the opposite direction as that of the 

moving thermal wave. In the above expression for S, UJ is the frequency of 

the wave, h is the fluid layer thickness, and \j is the kinematic viscosity. 

Mean field calculations by E, J, Hinch give an approximate expression 

for the mean flow at the top surface, which although not completely justffia- 

bly, can be used to give an estimate sf the magnitude of the mean flow the 

moving flame mechanism might produce on Venus, 

Finally, a simple model with radiative heat transfer described in a 

manner analogous to that used by Gierasch (1970) demonstrates that the 



inviscid mean flow profile is not the correct limit the mean flow approaches 

as the viscosity goes to zero. 
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THE CIRCULATION OF THE ATMOSPHERE OF VENUS (Abstract) 

Eugenia E. K .  de Rivas 

The circulation of the atmosphere of Venus is simulated by means 

of two-dimensional numerical models. Two extreme cases are considered: 

first, rotation is neglected and the subsolar point is assumed to be fixed; 

second (and probably more realistically), the solar heating is averaged 

over a Venus solar day and rotation is included. For each case a Boussin- 

esq model, in which density variations are neglected except when coupled 

with gravity, and a quasi-Boussinesq model, which includes a basic strati- 

fication of density and a semi-grey treatment of radiation, are developed. 

The results obtained with the Boussinesq models are similar to those ob- 

tained by Goody and Robinson and by Stone. However, when the stratifica- 

tion of density is included and most of the solar radiation is absorbed 

near the top, the large-scale circulation is confined to the upper layers 

of the atmosphere and cannot maintain an adiabatic stratification in the 

interior. The thermal equilibrium in the interior is radiative-diffusive. 

When solar radiation is allowed to penetrate the atmosphere, so that at the 



equator  6% of  t h e  incoming s o l a r  r a d i a t i o n  reaches t h e  su r f ace ,  t hen  

t h e  combination of a more deeply-driven c i r c u l a t i o n  and a p a r t i a l  green- 

house e f f e c t  i s  ab l e  t o  maintain an a d i a b a t i c  s t r a t i f i c a t i o n .  

The e f f e c t  of symmetrical s o l a r  h e a t i n g  i s  t o  produce d i r e c t  Had- 

l e y  c e l l s  i n  each hemisphere with small  r e v e r s e  c e l l s  near  t h e  p o l e s .  

Poleward angular  momentum t r a n s p o r t  i n  t h e  upper atmosphere produces a 

shear  i n  t h e  zonal motion with a maximum re t rog rade  v e l o c i t y  of t h e  

o rde r  of  10 m/sec a t  t h e  top  of t h e  atmosphere. 

The numerical i n t e g r a t i o n s  were performed us ing  non-uniform g r i d s  

t o  a l low adequate r e s o l u t i o n  of  t h e  boundary l a y e r s .  A s tudy  of  t h e  

t r u n c a t i o n  e r r o r s  introduced by t h e  u s e  o f  non-uniform g r i d s  i s  inc luded ,  

and it i s  shown t h a t  t h e  use  of s t r e t c h e d  coord ina tes  has  s e v e r a l  advan- 

t ages  f o r  flows wi th  boundary l a y e r s .  

A proposal  f o r  a simple three-dimensional model, capable i n  p r in-  

c i p l e  of  expla in ing  t h e  observed r ap id  zonal v e l o c i t i e s  a t  cloud l e v e l  

a s  wel l  a s  t h e  deep c i r c u l a t i o n ,  i s  p re sen ted ,  

VENUS1 FOUR-DAY CIRCULATION AS AN INSTABILITY (Abst rac t )  

Rory Thompson 

Since t h e r e  have been s e v e r a l  "moving flame1' models a l r eady  pre-  

sented  he re ,  it seems d e s i r a b l e  t o  show how t h e  concept of  Thompson 

(1970) d i f f e r s  from t h a t  of Gierasch (1970), Malkus (1970) o r  Schubert 

and Young (1970), 

Smith (1967) presented  a convect ion t h a t  t h e  clouds of Venus 

r o t a t e d  with a per iod  o f  f o u r  o r  f i v e  days, d e s p i t e  r a d a r  evidence t h a t  



t h e  s o l i d  p l ane t  r o t a t e d  very s lowly.  Smith thought t h e s e  obse rva t ions  

were incompatible.  However, temperature observa t ions  i n d i c a t e d  h e a t  i s  

t r anspor t ed  from t h e  l i g h t  t o  t h e  dark s i d e  q u i t e  e f f i c i e n t l y .  I n t u i -  

t i v e l y ,  t h e  e a s i e s t  way t o  move t h e  h e a t  i s  simply t o  r o t a t e  t h e  atmos- 

phere around t h e  p l ane t ;  t h e r e  i s  no need f o r  r e t u r n  a t  a  d i f f e r e n t  l e v e l  

i n  t h e  atmosphere, So, t h e  problem was t o  f i n d  a  way t o  g e t  t h e  angular  

momentum i n  t h e  upper atmosphere. 

So, suppose t h e  s p h e r i c a l  s h e l l  o f  gas i s  hea ted  on one s i d e  and 

cooled on t h e  o the r ;  one expects  t h e r e  t o  be r i s i n g  motion on t h e  f r o n t  

and s inking  on t h e  back. Now pu t  i n  a  small  amount of r o t a t i o n  o f  t h e  

upper atmosphere, so t h e r e  i s  a  mean v e r t i c a l  shea r .  This  w i l l  t end  t o  

push t h e  tops  of  t h e  convect ion c e l l s  f a r t h e r  than  t h e  bottom, g iv ing  them 

a tilt, s o  when p a r t i c l e s  a r e  going up, they  a r e  going forward, and cont ra -  

wise.  Then t h e  Reynolds s t r e s s  tends t o  r e i n f o r c e  t h e  o r i g i n a l  mean v e r t i -  

c a l  shea r .  

Thus, t h e  p i c t u r e  proposed i s  t h a t  of a  non- l inear  i n s t a b i l i t y ,  

wi th  emphasis on t h e  t i l t i n g  of  c e l l s  by t h e  f l u i d  motion. This  i s  i n  con- 

t r a s t  t o  t h e  "moving flame" t h e o r i e s ,  which emphasize t h e  tilt i n  t h e  i s o -  

therms induced by t h e  motion o f  t h e  h e a t  source .  

Another c o n t r a s t  of t h e  p i c t u r e  presented  t o  t h e  o t h e r s  is  t h a t  

h e r e  t h e  hea t ing  i s  i n t e r n a l ,  r a t h e r  than  conduct ive through a  boundary. 

I n  p a r t ,  t h i s  i s  due t o  t h e  s c a l i n g  of t h e  model, Here, t h e  v e r t i c a l  s c a l e  

i s  taken t o  be t h a t  of t h e  short-wave r a d i a t i o n a l  h e a t i n g  i n  t h e  t o p  of 

t h e  clouds.  Under t h e  s c a l i n g  assumptions used by Thompson (19701, t h e  

v e l o c i t y  s c a l e ,  independent of t h e  p a r t i c u l a r  model, must be of t h e  o rde r  

of 100 m/sec, a s  observed, 



While t h e  model considered i s  only two-dimensional, a d d i t i o n  of t h e  

t h i r d  dimension may no t  be d i s a s t r o u s ,  The s t r a t i f i c a t i o n  i s  s t a b l e ,  s o  

t h e r e  i s  no obvious source  o f  energy f o r  l ong i tud ina l  c e l l s .  Conservation 

o f  angular  momentum w i l l  a l s o  a c t  a s  a c o n s t r a i n t .  

A c e r t a i n  skept ic i sm should be maintained about a l l  of t h e  models 

of  Venus1 c i r c u l a t i o n ,  For i n s t ance ,  a l l  observa t ions  of  t h e  apparent  r o t a -  

t i o n  of t h e  clouds a r e  from t h e  l i g h t  s i d e  of  t h e  sphere ,  so  it i s  conceiva- 

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

have used an  upper boundary cond i t i on  of w = 0 a t  t h e  top ,  % = 0, d e s p i t e  

t h e  s c a l i n g  r e q u i r i n g  w + u 2 a t  a = The e x t e r n a l  g r a v i t y  waves 

excluded thereby could c a r r y  a l o t  of momentum. 
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THE PROBLEM OF THE RESONANT ROTATION OF VENUS (Abstract)  

Andrew P. I n g e r s o l l  

Venus i s  observed t o  r o t a t e  once every 243.1+1 days i n  a d i r e c t i o n  

oppos i te  t o  i t s  o r b i t a l  r e v o l u t i o n .  The b e s t  e s t ima te s  of  t h i s  per iod  

(from ground-based r a d a r s )  i n d i c a t e  t h a t  Venus1 r o t a t i o n  may be c o n t r o l l e d  

by t h e  Earth,  a s  Venus shows t h e  same f a c e  t o  t h e  Ear th  a t  t imes of c l o s e s t  

approach, One expec ts ,  however, t h a t  t h e  s o l a r  g r a v i t a t i o n a l  to rque  on t h e  

s o l i d  p l a n e t  would be  l o 6  t imes t h a t  of  t h e  Ear th ,  and would b r i n g  Venus 

i n t o  a d i r e c t  r o t a t i o n ,  synchronous wi th  i t s  o r b i t a l  r e v o l u t i o n ,  



In an effort to explain these observations, several people have tried 

to estimate the gravitational torque on the thermally-driven solar tide in the 

atmosphere of Venus, Gold and Soter pointed out that if this tide had the 

same amplitude and phase as the solar semi-diurnal tide in the Earth's at- 

mosphere, it would produce a torque in approximate equilibrium with the gravi- 

tational torque on the solid body. Hinch and Ingersoll have attempted to 

identify those models of the Venus atmosphere for which a thermally-driven 

tide of the proper amplitude and phase might occur. 

The behavior of the atmospheric tide depends on the stratification 

parameter B, where 

Here g is the acceleration of gravity, H is the atmospheric scale height, 

fl is the angular velocity based on one-half the solar day, Q is the 

radius of the planet, and de  is the change of potential temperature in 

one scale height. For B LL 1.4, there is negligible phase shift of the 

wave height, and the peak pressure of the wave at the surface is 

where F is the solar constant, (1-A) is the fraction of solar power ab- 

sorbed in the atmosphere, c is the specific heat, and Ts is the surface 
P 

temperature. The peak pressure occurs at 9 a.m. and 9 p.m., leading to a 

torque in the desired direction, accePerating the planet away from syn- - 3 
chronous rotation. For Venus, the condition B LL 1/4 implies LI Q/@c< 10 

a very stringent condition, Nevertheless, this condition is consistent with 

observations of the Venus atmosphere from p = 0.5 atm to p = 100 atm, For 

(l-A = 0,3, the peak pressure of the wave for Venus is p -15 mb, which is 
S 

an order of magnitude greater than the value necessary to balance the solid 

body time, 



For B - 114, a  resonance occurs ,  and t h e  peak p re s su re  of t h e  t h e r -  

mal t i d e  i s  much l a r g e r  than  t h e  va lue  given by E q .  ( 2 ) .  Apparent ly,  t h e  

semi-diurnal  t i d e  i n  t h e  E a r t h ' s  atmosphere s a t i s f i e s  t h i s  cond i t i on .  For 

B ~ , 1 . 4 ,  t h e  amplitude i s  aga in  given approximately by Eq. (23 ,  bu t  the 

phase depends on t h e  d e t a i l s  of  t h e  thermal fo rc ing  and t h e  s t r a t i f i c a t i o n .  

These d e t a i l s  a r e  not  known f o r  Venus, s o  a  d e f i n i t i v e  theory  i s  impossible  

a t  t h e  p r e s e n t  t ime. 
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PLANETARY F L U I D  DYNAMICS 

J u l e  G. Charney 

1. In t roduc t ion  

So la r  hea t ing  produces motions of  p l ane t a ry  l eng th  and time s c a l e s ;  

only a  small  p ropor t ion  of t h i s  energy cascades t o  sma l l e r  s c a l e s .  Typical  

ins tan taneous  summer and win te r  he igh t  contours  f o r  t h e  s e a  l e v e l ,  500 mb, 

100 mb, and 10 mb su r f aces ,  f o r  t h e  no r the rn  hemisphere, and s i m i l a r  c h a r t s  

f o r  t h e  mean he igh t s  f o r  January and J u l y  f o r  s ea  l e v e l  and 500 mb, d i s p l a y  

t h e  fol lowing main f e a t u r e s  o f  t h e  genera l  c i r c u l a t i o n :  

( i )  A circumpolar wes t e r ly  vo r t ex  i n  t h e  upper l a y e r s  i s  s t r o n g e r  i n  win ter ,  

( i i )  Oceans a r e  an t i cyc lones  i n  summer (high p re s su re )  and cyclones i n  

win ter ,  

( i i i )  Standing and t r a n s i e n t  waves a r e  superimposed on t h e  mean circum- 

po la r  vo r t ex  r i g h t  up t o  high l e v e l s ,  and 

( i v )  The 10 mb flow i s  r a d i c a l l y  d i f f e r e n t  from t h a t  a t  100 mb, s impler ,  

un re l a t ed  and appa ren t ly  undated,  



The dominant flow can be described as an axially symmetric vortex, 

mainly eastward and strongest in winter and at 200 mb. The corresponding 

axially symmetric temperature is largest at the surface equator, 2s0c, and 

smallest, -80°c, in the equatorial stratosphere; vertical gradients are much 

smaller at the poles. On this axially symmetric situation wave and vortex 

perturbations are superimposed. It is therefore natural to study first the 

dynamics of an axially symmetric vortex, secondly small amplitude perturba- 

tions of this vortex, and thirdly their non-linear interactions on each other 

and on the original vortex, and the finite amplitude motions which will ul- 

timately develop. 

Comparisons of the observed mean north-south transfer of zonal momen- 

tum and temperature by the axisymmetric north-south motions and by the non- 

axisymmetric north-south motions show that the symmetric transport is roughly 

twice the eddy transport. Both the momentum transport and the mean north- 

south wind have boundary layer structure, being strongest at 200 mb and at 

950 mb, 

The possible hydrodynamic instabilities of the mean flow can be 

classified according to the forces producing them. Various combinations of 

buoyancy forces of different origins, centrifugal force, Coriolis force, 

shear inertial force and viscous stress have been studied in an extensive lit- 

erature, and attempts have been made to relate the results to the non-system- 

atic part of the motions and temperature in our atmosphere, at different re- 

gions of latitude and height, 
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2 ,  Systematic C i rcu la t ions  i n  an Idea l ized  Model 

(a) Equati ons 

Consider a  Boussinesq f l u i d  contained between concent r ic  spheres 

r o t a t i n g  with angular  v e l o c i t y  n . The temperature i s  T o ( + )  a t  t h e  

lower boundary T = a, and To ( 9 )  + d T  a t  t h e  upper boundary r = a+ h ,  

where $ is  t h e  l a t i t u d e .  

We assume a zonal v e l o c i t y  of order  of magnitude U ,  f o r  t h e  s c a l e  

a n a l y s i s .  The associa ted  Cor io l i s  fo rce  2 i s  matched by t h e  horizon- 

t a l  pressure  gradient  corresponding t o  a  pressure  s c a l e  2 n U p a  and temper- 

a t u r e  s c a l e  i n a ~ / % R Y  , where p , g and Y a r e  t h e  dens i ty ,  g r a v i t y  

(uniform) and c o e f f i c i e n t  of thermal expansion. Scal ing  t h e  v e r t i c a l  coor- 

d i n a t e  z =: Y - a b y  h,  and v e r t i c a l  v e l o c i t i e s  by hU/&, and then assuming t h a t  

- i s  neg l ig ib ly  smal l ,  gives t h e  following equations:  
a, 

R ~ [ V ( U + - U ~  $)+ L V U ~  - L T ~  # = E a 3 b  (1) 

xo~ \ r$ ,+wv; tu f t am+]  * LC&+=EV;~- pq , (2) 

T = p ; S ,  (3)  

v~ -v t4snb+ w,=o ,  (4)  

rRo (vT$+ wT3) = E T,, o (5) 

Here u,  v and w a r e  r e spec t ive ly  t h e  eastward, northward and upward v e l o c i t y  



components, and the equations are respectively the eastward, northward and 

vertical momentum equations, continuity, and the temperature equation. Rr, 

E and CT are dimensionless, and are respectively the Rossby number U/2na, 

2 , where \/ and K are the Ekman number ))/2nh , and the Prandtl number - 
K 

the constant kinematic viscosity and the constant thermal diffusivity. In 

these equations the possibility of horizontal variation on scales smaller 

than a, for example in a boundary layer at the equator, has been ignored. 

The boundary conditions on the motion at z = 0 and 1 are 

u(o)= v ( 0 )  = Y/[o)=K~(I) = %(I) =%(I )s  o ( 6 )  

the upper boundary being taken as free. The temperature boundary conditions 

are 
T(o) = To(+), T 0) =TO (4) t JT, 

where To ( @ ) and 6 T are now non-dimensional . In addition, 

u = v =  0, at $ =  T / 2 .  

We now make the scaling assumptions, 

E O(1) 

Assumption (8) implies that diffusion can only be a dominant term, in equa- 

tions (1) and ( 2 ) ,  in Ekman boundary layers of thickness E'. Assumption 

(9) keeps the momentum terms small. Assumption (10) is excellent for gases 

and for turbulent fluids. The characteristic wind magnitude U is based on 

Eq. (11) Eq. (12) is an assumption, reasonable for the atmosphere. 



Assume now t h a t  a l l  t h e  v a r i a b l e s  can be expanded a s  s e r i e s  i n  

ascending powers of E', i n  forms l i k e  

Take Ro = O(E) i n  Eq. (9), without  l o s s  of  g e n e r a l i t y ,  i n  expanding equa- 

t i o n s  (1) t o  (5) i n  ascending powers of E4. 

(b) I n t e r i o r  So lu t ions  

From Eq. (1) , v (0 ) 
i and v:l) a r e  zeroe  From Eq. (4) ,  w[i l  and 

w!') a r e  zero;  assume a posteriori t h a t  w:') and w(') a r e  zero.  
1 z i 

Equations (2) ,  (3) and (5) t hen  g ive  

Sin$ - (01 - -pi,# 
(1 1 

1 B u!') 1 s i n 4  = -pig 

T:o) - (01 = (1) 
- P i z  3 P i  z 

(0) = 0 
T izz  B T:?: = O .  

Assume a posteriori t h a t  t h e  Ekman boundary l a y e r  flow does n o t  a f f e c t  t h e  

boundary condi t ions  (7)  on T ('I and T . Then 

The func t ions  p  ( $ 1  and p l ( $ )  a r e  not  a r b i t r a r y ,  they  a r e  determined 
0 

below by t h e  cons is tency  cond i t i ons .  F i n a l l y ,  from Eqs. (1) and (4) 

(c) Ekman Boundary Layers 

Introduce t h e  s t r e t c h i n g  s u b s t i t u t i o n s  



r e s p e c t i v e l y ,  f o r  t h e  lower and upper boundary l a y e r s ,  and l e t  boundary 

l a y e r  co r r ec t ions  t o  t h e  i n t e r i o r  flow be denoted by t h e  t i l d e ,  Eq. (13) 

becomes 

Equations (1) t o  ( 5 ) ,  with  t h e i r  i n t e r i o r  p a r t s  s u b t r a c t e d  o u t ,  become 

~ ~ [ ~ ( ~ ~ - ~ ~ ~ ) ~ + ~ , i i r ~ ~ , t ~ i & ~ ~ ~ + c ; ) x  r - ~ h + = z ~ ~ h +  (20) 

--Y?. 'k ~ , [ v ~ + u ' h f l + & ~ ~ ~ + ' R ~ b  Olm o ( L ~ ~ z ) . S ~  +zhg=T C't .eim4-6, (21) 

" --\).& 4 '4. 
T = t  W$i ;5 ,  (22) 

G+-G&~+ ~- '~& , rn  % 5G * 
(23) 

where t h e  t i l d e  q u a n t i t i e s  can be upper o r  lower (not b o t h ) ,  and 

t h e  square-bracketed q u a n t i t i e s  being s i m i l a r l y  def ined .  The boundary con- 

d i t i o n s  a r e  t h a t  t h e  t i l d e  q u a n t i t i e s  tend t o  zero i n  t h e  i n t e r i o r ,  and 

N 

t h a t  t h e  sums ui + u ,  e t c .  s a t i s f y  t h e  boundary cond i t i ons  (6) and ( 7 ) .  

Equations (20) t o  (24) can now be expanded i n  ascending powers of 

E', us ing  Eq. (19) . From Eqs . (22) and (23),  

= 0, j u s t i f y i n g  t h e  f i r s t  a s -  Thus from t h e  boundary condi t ion  ( 6 ) ,  wi 

sumption above. From Eq. (24), - 
(1) ' 1  - 0 = 0 



Thus t h e  boundary cond i t i on  on T ~ O )  and T i s  Eq. ( 7 ) ,  a s  assumed above, 

and t h e  temperature s o l u t i o n s  (14) a r e  v a l i d .  From Eq. (22), 

- 1  pLS 5 0 P (27) 

Equations (20) and (21) g ive  t h e  Ekman l a y e r  equat ions 

Thus, u s ing  Eqs, (16) and t h e  boundary condi t ions  (6) ,  inc luding  

we o b t a i n  

I n t e g r a t i n g  Eq. (23) with r e s p e c t  t o  $ g ives  t h e  Ekman f l u x  equat ions  

-0  

c~@r'$ [w+jO F* L ) +E-'&"+ f i k t O ) =  o (321 

-00 
The t o t a l  northward f l u x  f ' l i ~ a  d ~ d +  i s  zero a t  every l a t i t u d e .  So 

O b  

(33) 
0 

The i n t e g r a l s  i n  Eqs, (32) and (33) a r e  

j u s t i f y i n g  t h e  assumption above t h a t  w (I1 i s  zero,  from t h e  boundary con- 
i 

d i t i o n  (6), Also, 

p;:-4za;mk4 0 L (36) 

and t h e  complete s o l u t i o n  t o  o r d e r  E' has  been obta ined ,  uniquely w i t h i n  

t h e  assumptions a l r eady  made, 



The complete s o l u t i o n  t o  o rde r  E ~ ' ~  can be obta ined  i n  a  similar 

way, and then  t h e  complete s o l u t i o n  t o  order  E " ~ ,  and so  on. The a pos- 

teriori i n t e r i o r  assumptions w i l l  no t  apply; w .  and T(0) a r e  no t  i d e n t i c a l l y  
1 

zero. But a t  each o rde r ,  c ( 0 )  and y ( 0 )  can be  found be fo re  wi and T. a r e  
1 

needed. Thus boundary condi t ions  (6) and ( 7 )  can be app l i ed  on t h e  i n t e r i o r  

equat ions .  

The na tu re  of t h e  c i r c u l a t i o n  i s  shown i n  t h e  f i g u r e  below. 

The zero o rde r  northward p re s su re  g rad ien t  must vanish ,  s o  t h a t  t h e  zonal 

motion i s  zero on t h e  lower boundary, s i n c e  otherwise t h e r e  would be a  

northward f l u x  i n  t h e  bottom boundary l a y e r  wi th  nothing t o  c o r r e c t  i t .  

The f i r s t  o rder  p re s su re  g r a d i e n t  and zonal motion t ake  va lues  such t h a t  

t h e  northward f l u x  i n  t h e  upper boundary l a y e r ,  determined by t h e  imposed 

temperature,  i s  matched by a  southward f l u x  i n  t h e  lower boundary l a y e r .  

The d e r i v a t i o n  of t h e s e  s o l u t i o n s  i s  i n v a l i d  a t  t h e  equator ,  s i n c e  

t h e  s t r e t c h i n g  s u b s t i t u t i o n  (18) i s  i n v a l i d .  Write 
YL 

LO) = - ~ ( h  @) 

Then from Eqs. (32) - (36),  



If all the velocity components tend to zero at the equator, the solution 

is probably valid there, asympotically, despite the singularity. Clearly 

this requires only that n be more than three, 
Notes submitted by 

Glyn 0. Roberts 

GEOSTROPHIC TURBULENCE 

Jule G. Charney 

Quasi-geostrophic motions are characterized by the laws of conserva- 

tion of entropy and conservation of potential vorticity, We combine these 

into a single conservation law of "pseudo-potentialt' vorticity, and develop 

an analogy between three-dimensional quasi-geostrophic motions and two- 

dimensional flow. We may then extend several theorems developed for the 

latter case, and, in particular, we are interested in a result relating to 

turbulence in three-dimensional quasi-geostrophic flows. 

A body of theory has been developed for the problem of two-dimen- 

sional inviscid turbulence, The constraints of energy and mean-squared vor- 

ticity conservation prevent the cascade of energy from the large to the small 

scale which can occur in three-dimensional flow. Similarity arguments then 

give a ke5  law for the energy density in wave number space. 

A similar theory can be developed for three-dimensional, quasi-geo- 

strophic flow, starting from the conservation equation of pseudo-potential 



v o r t i c i t y ,  I t s  a p p l i c a t i o n  i s  p r i n c i p a l l y  t o  t h e  s e a l e s  of  motion i n  t h e  

atmosphere immediately smal le r  than  those  exc i t ed  by b a r o c l i n i c  i n s t a b i l i t y ,  

I t  may a l s o  be of re levance  i n  t h e  meandering reg ion  of t h e  Gulf Stream, 

al though f o r  most of t h e  ocean, t h e  P - e f f e c t  i s  probably of  s u f f i c i e n t  

magnitude t o  enable  any energy generated t o  be d ispersed  by Rsssby waves, 

Consider a  flow with ho r i zon ta l  and v e r t i c a l  l eng th  s c a l e s  L and D, 

v e l o c i t y  s c a l e  U ,  and buoyancy frequency N .  I f  a i s  t h e  r a d i u s  of  t h e  

e a r t h ,  and fi i t s  r o t a t i o n  r a t e ,  Charney and S te rn  (1962) have s t u d i e d  t h e  

s c a l i n g  of  t he  equat ions of  motion under t h e  cond i t i ons :  

and , 

To lowest order ,  a  flow wi th  t h e  above c h a r a c t e r i s t i c s  may be considered t o  

be on a  p lane  wi th  (x,y,z) a s  eastward, northward and v e r t i c a l  p o s i t i o n  

coord ina t e s ,  I t  i s  governed by t h e  equat ion 

a 1 where v = (--& 9 q 
a'! 

V z - 
) i s  t h e  h o r i z o n t a l  v e l o c i t y ,  

m ax  

i s  t h e  d e n s i t y  of  t h e  mean s t a t e  

4 = 2 n A h  (#lo, t h e  C o r i o l i s  parameter a t  r e f e rence  l a t i t u d e  $o , and 



The vertical velocity, UT, is given by 

We consider the flow to be zonally periodic, and bounded by rigid 

vertical walls at y = yl and y = y2. A rigid horizontal boundary on which 

W =  0 is imposed at z = 0, and we require that the energy density+ 0 

as z 4 oo . Multiplication of Eq. (1) by fiv , and integration over 
the whole atmosphere yields the energy equation 

dE - = 0, 
dt 

where 

We similarly obtain 

where 

and 

We consider flows for which(gk=o = 0 at some instant. The 

lower boundary condition then implies it remains zero, and 

A consequence of the invariance of E and F is that there can be no cas- 

cade of energy towards smaller scales, We introduce the eigenvalues 

1, (n = 1,2,3, .) of the operator % : b [%)= 
They are ordered such that J h  is a non-decreasing, positive function of 

n, By virtue of the completeness property of the eigenfunctions, 

2~ = 2~ fi a' and 
I 



e 
s i n c e  'Z 

M 

energy 19 

1 9 %  
A n  < - L h, at< & , and F i s  i n v a r i a n t ,  t h e  amount of  

hM 
n t h e  small  s c a l e s  a s soc i a t ed  with L r ( r  2 M )  i s  bounded, and 

t h e r e  f s  no energy cascade,  

We now i n v e s t i g a t e  t h e  s p e c t r a l  p r o p e r t i e s  of  quas i- geos t rophic  

motions whose s c a l e s  a r e  small  compared wi th  those  o f  ba rocP in i c  i n s t a -  

b i l i t y .  V e r t i c a l  v a r i a t i o n s  i n  and P, may then  be neg lec t ed  i n  Eq. ( I ) ,  

toge ther  wi th  t h e  @ - e f f e c t .  

The coord ina tes  a r e  transformed such t h a t  

X=e"w , and we assume. t h a t  

(x I -& 7 $f-) i s  homogeneous and i s o t r o p i c  i n  t h e  h o r i z o n t a l .  
ax 2 %  

The f u r t h i r  assumption of  one s t a t i s t i c a l  behaviour f o r  a l l  l e v e l s  impl ies  

ax  9 i s  homogeneous and i s o t r o p i c  i n  a l l  t h r e e  d i r e c t i o n s .  
that (;)r ,y 
With t h e  i n t r o d u c t i o n  of 1 , t h e  r a t e  of t r a n s f e r  of  "enstrophyll, F ,  

down t h e  wave number s c a l e ,  we o b t a i n  from dimensional arguments t h e  f o l -  

lowing form f o r  t h e  amount sf energy, E(k) ,  between wave numbers k  and k + dkr 

7 3  -3 E ( K ) = c ?  K 

The above p r e d i c t i o n  may be compared with obse rva t ion ,  A s tudy  of 

t h e  energy content  of  t h e  wave d i s tu rbances  i n  t h e  m i d - l a t i t u d e  t roposphere 

- 3 shows an  approximate k dependence f o r  h o r i z o n t a l  wave numbers 7 t o  18 ,  

In  d e t a i l ,  t h e  decay appears  t o  be somewhat g r e a t e r  t han  a  - 3  power Paw; 

t h i s  may be a  consequence of non- lscalness  i n  t h e  non-Pinear wave i n t e r a c -  

t i o n s ,  

The theory a l s o  p r e d i c t s  an e q u f p a r t i t i o n  between each of t h e  h o r i -  

zontal  components of  k i n e t i c  energy and t h e  a v a i l a b l e  p o t e n t i a l  energy, 



f12F The quas i- geos t rophic  equations then  g ive  a  conversion f a c t o r  of cl, 
d 

between t h e  k i n e t i c  energy and temperature va r i ance  s p e c t r a ,  This  r e s u l t  

i s  v e r i f i e d  f o r  l ong i tud ina l  wave numbers 7 t o  18 by observa t ions  a t  

500 mb and 4 0 ' ~ ~  A comparison f o r  t h e  v e r t i c a l  wave number s p e c t r a  i s  

more d i f f i c u l t ,  and has not  y e t  been computed, 
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THE CIRCULATION OF THE EARTH'S ATMOSPHERE 

J u l e  G o  Charney 

In t roduc t ion  

I n  t h e  preceding l e c t u r e ,  t h e  equat ion  of conserva t ion  of pseudo- 

p o t e n t i a l  v o r t i c i t y  was used t o  d e s c r i b e  t h e  c h a r a c t e r i s t i c s  of small-  

s c a l e ,  quasi-geostrophfc motions. We now d e r i v e  some consequences r e l e v a n t  

t o  an  understanding of t h e  dynamics of t h e  l a r g e r  d i s tu rbances  i n  ex t r a -  

t r o p i c a l  r eg ions ,  We in t roduce  t h e  phenomenon of  b a r o c l i n i c  i n s t a b i l i t y ,  

and d i s c u s s  i t s  d e s c r i p t i o n  of t h e  o r i g i n  of  t h e  t r a v e l l i n g  waves i n  mid- 

l a t i t u d e s ,  We then  i n v e s t i g a t e  t h e  v e r t i c a l  and h o r i z o n t a l  p ropagat ion  

of l a r g e - s c a l e  wave motions away from a r eg ion  of gene ra t ion ,  

The Linearized Equations 

The q u a l i t a t i v e  p i c t u r e  of  t h e  flow i n  t h e  mid- la t i t ude  t roposphere  

i s  one of a  circumpolar c u r r e n t  on which wave- like d i s tu rbances  a r e  super-  

imposed. Accordingly, we f i n d  s o l u t i o n s  of  t h e  pseudo- potent ia l  v o r t i c i t y  

equat ion  which t a k e  t h e  form: 



i k ( x -  ct) 
ur(r4yl"+)= Y ( y ) + Y  (7,t)e e 

t 

The zonal mean flow, U. , is given by Zi- l/$ , and the non-dimensional, 

linearized equation for the small disturbance, , is 

where 

Baroclinic Instability 

The classical baroclinic instability problem comprises a rigid 

horizontal boundary at the ground z = 0, with Qz=- *constant, which cor- 

responds to a constant horizontal temperature gradient, Then Ty s p c  Em,  

where m is a dimensionless vertical wind shear. This problem was studied 

independently by Charney and Eady, who found unstable solutions (9m (c) > O)J 
with the fastest growth rates occurring when f l  - 1 . Eady model has 

NU 

/3 = = 0, and a second horizontal boundary at z = D. It predicts a 
- 

short-wave cut-off independent of shear. Charneyts problem has 98 
as a positive constant, and an unbounded atmosphere. The flow is then un- 

stable at almost all wavelengths, but with only a weak instability in the 

low wave number range. 

We now discuss the energy source for the growing waves. Writing 

I 
y for the perturbation stream function, we can derive the following di- 
mensionless equation for the time-development of the perturbation energy 

between levels zl and z 
2 : 



- 93 - 

The first term on the right-hand side describes the conversion of 

zonal kinetic energy into the eddy kinetic form, and is zero for the clas- 

sical problem in which SO. The third term is the rate of increase of 3 
energy due to work done on the fluid by the pressure at the boundaries zl 

and z It vanishes if the region of interest is the whole atmosphere. 2 "  

The second term represents the conversion to the eddy potential form of 

the available potential energy associated with the mean horizontal temper- 

ature gradients, It is this process which describes the energetics of 

baroclinic instability. 

A necessary condition for a quasi-geostrophie instability is now 

derived, In order to avoid an explicit inclusion of surface integrals as- 

sociated with the ground at z = 0, we introduce the concept of a general- 

ized potential vorticity: 

a The statement that (=t f.0) $ ; 0 throughout the fluid includes both the 
conservation of q in the body of the flow, and the boundary condition 

A second horizontal boundary elsewhere in the flow, or a class of discon- 

tinuities in the mean flow, may be similarly included. We now consider the 

generalized form of the linearized equation (1). Multiplication by g / ~ - C  3 

and integration over the range of y and z gives 

If ~ M ( c ) #  0 inspection of the imaginary part shows 



As P  is everywhere non-negative, i t  i s  necessary  f o r  i n s t a b i l i t y  t h a t  
+ 

change s i g n ,  I n  add i t i on ,  it fol lows from t h e  r e a l  p a r t  t h a t  
Y 

We no te  t h a t  i n  t h e  l i m i t  of l a r g e  s t a b i l i t y  ( 6 - -?O) ,  v e r t i c a l  motions 

a r e  i n h i b i t e d ,  and t h e  necessary condi t ion  f o r  i n s t a b i l i t y  reduces t o  
- 

t h e  e a r l i e r  r e s u l t  f o r  ba ro t rop ic  flows, namely t h a t  13 -U should 18 
change s i g n ,  

The Appl ica t ion  of Mid-Latitude Cyclones 

Such cons idera t ions  a s  t h e  above g i v e  general  information,  b u t  t o  

proceed f u r t h e r  it i s  necessary t o  s o l v e  t h e  eigenvalue problem i n  d e t a i l .  

For parameters  app ropr i a t e  t o  mid- la t i t udes ,  it i s  found t h a t  t h e  f a s t e s t  

growing waves have wave lengths  around 5000 km, and have kinematics  s i m i l a r  

t o  t hose  of  t h e  observed d is turbances .  Growth r a t e s  a r e  sueh t h a t  t h e  per-  

t u r b a t i o n s  w i l l  double i n  two t o  t h r e e  days,  The i n c l u s i o n  of r e a l i s t i c  

h o r i z o n t a l  shears  does not  a l t e r  t h e  c h a r a c t e r i s t i c  s c a l e s  of t h e  i n s t a -  

b i l i t y .  The r e s u l t s  f u r t h e r  suggest  t h a t  t h e  eddies  a r e  sueh t h a t  they  

t r a n s p o r t  zonal momentum so  a s  t o  sharpen an  e x i s t i n g  h o r i z o n t a l  j e t .  A 

s tudy  of  t h e  mean-field equat ions i s  necessary  i n  o r d e r  t o  o b t a i n  t h e  e q u i l -  

ibrium s i t u a t i o n .  

The Propagat ion of P lane tary  Waves 

Equation (1) may a l s o  be used t o  s tudy  t h e  propagat ion  of  wave d i s -  

turbances away from t h e  r eg ion  of t h e i r  gene ra t ion ,  We i l l u s t r a t e  t h i s  

wi th  t h e  case  of  v e r t i c a l  propagat ion,  cons ider ing  t h e  simple c a s e  of a  

cons t an t  zonal flow, U , with  cons tan t  N ,  and cons t an t  d e n s i t y  s c a l e  h e i g h t ,  

H ,  Working i n  dimensional v a r i a b l e s ,  a  p e r t u r b a t i o n  s t ream f u n c t i o n  



s a t i s f i e s  

where 

and h = ~y 
2 The waves propagate  if m 7 0,  and t h i s  cannot occur i f  (c- c) 4 0 . 

I n  summer, t h e  mid- la t i t ude  s t r a t o s p h e r i c  winds a r e  e a s t e r l y ,  and t h e  

t roposphere d is turbances  a r e  thus  t rapped,  i n  good agreement wi th  t h e  sb-  

s e r v a t i o n s  of a  zonally-symmetric circumpolar flow a t  h igh  l e v e l s .  

For s t rong  wes t e r ly  winds, such a s  those  which occur i n  t h e  win te r  

s t r a t o s p h e r e ,  propagat ion is  favored f o r  small  va lues  of k The long 

waves forced i n  t h e  t roposphere by thermal and topographic asymmetries 

may thus  more e a s i l y  p e n e t r a t e  i n t o  t h e  upper atmosphere than  t h e  s h o r t e r  

waves a s soc i a t ed  wi th  b a r o e l i n i c  i n s t a b i l i t y ;  wave numbers 1 and 2 appear 

t o  be only margina l ly  t rapped ,  This  i s  confirmed by t h e  predominance of 

t hese  waves i n  t h e  observa t ions  of t h e  flow a t  t h e  10 mb l e v e l ,  

S imi la r  r e s u l t s  hold f o r  h o r i z o n t a l  propagat ion,  I n  p a r t i c u l a r ,  

waves a r e  t rapped by a  flow which i s  westward r e l a t i v e  t o  t h e i r  phase 

speed, and it seems u n l i k e l y  t h a t  mid- la t i t ude  d i s tu rbances  can  s i g n i f i -  

c a n t l y  p e n e t r a t e  i n t o  t h e  e a s t e r l i e s  which occur near  t h e  equator .  

Notes submit ted by 
Adrian J, Simmons 



STRUCTURAL AND COMPOSITIONAL MODELS FOR THE JOVIAN 

ATMOSPHERE AND CLOUDS (Abstract) 

Ronald G. Prinn 

Current interpretations of spectroscopic observations and the 

expected mode of acretion of Jupiter from the primative solar nebula 

would suggest that the planet is essentially of solar composition. 

There still exist problems however (McElroy, 1969). In such a solar 

composition model it is possible to compute approximate temperature pro- 

files. Important heating mechanisms are the absorption of solar UV 

radiation by H2 and He in the thermosphere and the absorption and re- 

radiation at longer wavelengths, of visible solar radiation. Absorption 

of this long wavelength radiation in the very broad pressure-induced 

dipole lines of H produces a greenhouse effect to heat the upper tropo- 
2 

sphere. Another heating mechanism not yet incorporated in current tem- 

perature profiles is the absorption of UV radiation by CH4 in the strato- 

sphere-mesosphere which may produce an ozone-type temperature inversion 

in the upper atmosphere. In addition we should also consider the fact 

that Jupiter radiates considerably more energy than it receives from the 

Sun. With this internal energy source, strong dipole absorption by NH3 

near the visible clouds may become important (Trafton and Munch, 1969). 

Lewis (1969) has computed the expected cloud layers in a wet adia- 

batic solar composition Jupiter and predicted the followfng principal 

layers: a dense liquid H20-NH3 cloud with a base at 310K, a thinner solid 

NH HS cloud above this with a base at 229K, and uppermost a thin solid 4 

NH3 cloud with a base at 168K. All these clouds would be colorlesso 



Af te r  t h e  discovery of enhanced 5 f i r a d i a t i o n  from J u p i t e r ,  Westphal (1969 

and l a t e r  unpublished work) c a r r i e d  ou t  high s p a t i a l  r e s o l u t i o n  s t u d i e s  

of  t h i s  emission and found it t o  be emanating p r i n c i p a l l y  from v i s u a l l y  

very dark  bands such a s  t h e  NEB and STB, i n  c o n t r a s t  t o  t h e  b r i g h t  whi te  

bands ac ros s  t h e  p l a n e t ,  The NEB and STB themselves vary  from very dark  

t o  l i g h t e r  co lo r s  and i t  appears t h a t  t h e  darker  t h e  band v i s u a l l y  t hen  

t h e  g r e a t e r  i s  i t s  5~ emission. Lewis and Pr inn  (1970) suggested t h a t  

t h e s e  dark bands a r e  reg ions  where t h e  upper NH3 c louds have been c l e a r e d  

away t o  expose t h e  warmer l a y e r s  below and hence exp la in  t h e  enhanced emis- 

s i o n  from such a r e a s .  I f  such a  c l e a r i n g  d id  e x i s t  then  c a l c u l a t i o n s  of  

t h e  t r a n s f e r  of UV r a d i a t i o n  (Prinn,  1970) i n d i c a t e  t h a t  UV r a d i a t i o n  from 

2300-2700A could p e n e t r a t e  down t o  t h e  reg ion  of t h e  next  lowest cloud 

l a y e r  i n  Lewis' model composed of s o l i d  NH4HS, The e f f e c t  of  t h i s  r a d i a t i o n  

on both s o l i d  NH HS and H S gas i t s e l f  i s  t o  r a p i d l y  produce yellow, r e d  
4 2 

and dark  brown hydrogen and ammonium polysulphides ,  Hence a  c l e a r i n g  o f  

t h e  upper clouds would r e s u l t  i n  a  v i s u a l  darkening of t h a t  r eg ion ,  The 

model appears c o n s i s t e n t  with observa t ion .  Westphal ls  observa t ions  sugges-  

t e d  temperatures i n  t h e  NEB were gene ra l ly  around 235K b u t  could range up 

t o  310K i n  very dark s p o t s .  Such very  h o t  s p o t s  a r e  i n t e r p r e t e d  a s  h o l e s  

i n  t h e  NH4HS clouds t o  expose t h e  H20-NH3 c louds ,  The temperatures  a r e  

c e r t a i n l y  concordant.  An a l t e r n a t i v e  explana t ion  f o r  t h e s e  high rempera- 

t u r e s  is  simply t h a t  t h e  uppermost l a y e r  has  many small  ho les  w i t h i n  t h e  a r e a  

of one a p e r t u r e ,  Such a  model however would g ive  cons iderable  limb darken- 

ing  t o  t h e  emission. Limb scans by Munch and Neugebauer (1970) ac ros s  t h e  

NEB a t  5,U ind ica t ed  very  l i t t l e  limb darkening and implied t h a t  t h e  l a y e r  



was very uniform wi th  a temperature around 230-250K, F i n a l l y  a comment on 

i n t e r p r e t i n g  s t r e n g t h s  of absorp t ion  l i n e s  over  var ious  r eg ions  of  J u p i t e r ' s  

d i s c  i s  i n  order .  McElroy (1969) has pointed out  t h e  inadequacy of t h e  

simple r e f l e c t i n g  l a y e r  model f o r  J u p i t e r .  Hence more abso rp t ion  over  a 

p a r t i c u l a r  a r e a  does not  imply i t  i s  lower i n  t h e  atmosphere. I n  f a c t ,  

s i n c e  t h e  NEB i s  s o  much darker  than  say  t h e  ad jacent  E Z  t hen  much l e s s  

mu l t ip l e  s c a t t e r i n g  i s  p o s s i b l e  w i th in  t h a t  l a y e r  which may l e a d  t o  l e s s  

absorp t ion  over t he  NEB than  t h e  EZ even i f  it i s  lower i n  t h e  atmosphere. 
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A MOIST MODEL OF JUPITER'S CLOUD BANDS (Abst rac t )  

Pe t e r  J .  Gierasch 

I n g e r s o l l  and Cuzzf (1969) showed t h a t  a c o n s i s t e n t  i n t e r p r e t a t i o n  

of  Jovian  motion observa t ions  is  t h a t  t h e  l i gh t- co lo red  zones a r e  warmer 

than  t h e  darker  b e l t s ,  and t h a t  a thermal wind i s  a s s o c i a t e d  wi th  t h e  tem- 

pe ra tu re  g r a d i e n t s ,  I n  t h e  p r e s e n t  paper ( abs t r ac t ed  from Barc i lon  and 

Gierasch, 1970) we suggest  t h a t  t h e  thermal wind i s  due t o  l a t e n t  h e a t  r e -  

l e a s e  wi th in  H 2 0  c louds deep i n  t h e  atmosphere, wi th  t h e  temperature v a r i a -  

t i o n s  being produced by h o r i z o n t a l l y  varying mois ture  abundance, 

Lewis (1969) cons t ruc ted  a chemical equi l ibr ium model of t h e  v e r t i c a l  



structure of Jupiter's clouds, based on an assumption of solar abundances 

of the elements, He found that the thickest clouds are probably below 

the visible cloud deck and are composed mainly of H20.  The present paper 

is motivated by the following interesting fact, If one assumes that the 

vertical temperature profile in Jupiter's atmosphere is given by a moist 

adiabat, and that the amount of H20 vapor in the atmosphere varies in the 

horizontal (by its own order of magnitude) from belts to zones, then the 

reaulting horizontal temperature variations near and above the H20 cloud 

deck are of the correct magnitude to cause the observed thermal winds, 

In order to study such a possibility, the equation describing con- 

servation of H20 must be added to the dynamical and thermodynamical equa- 

tions describing the atmosphere, We attempted to do this, in a steady, 

zonally symmetric model, A vertical eddy diffusivity for heat, momentum, 

and moisture was assumed. Horizontal variations of the csriolis parameter 

were neglected and the Rossby and Ekman numbers were assumed to be small, 

In the context of the model, a consistent solution, with adiabatic 

vertical structure, zonal winds of the observed magnitude, and a weak mer- 

idional circulation controlled by friction, is possible only if radiation 

warms the cloudy zones relative to the dark belts, This conclusion depends 

upon certain parameterization% of the latent heat release processes, however, 

which are not very well justified, and more work needs to be done, 

References 

Barcilon, A, and P o  J, Gierasch 1970 A moist Hadley cell model for Jupiter's 
cloud bands, J,Atmos.Sci, 27:  550-560, 

Ingersoll, A, P ,  and J. N ,  Cuzzi 1 9 6 T  Dynamics of Jupiter's cloud bands. 
J,Atrnos,Sci,, 26: 981-985, 

Lewis, J, So 1969 0bse=ability of spectroscopica4ly active compounds in 
the atmosphere of Jupiter, Icarus, - 10: 393-409, 



MOTION OF JUPITER'S RED SPOT 

(OCEANOGRAPHY OF JUPITER) (Abs t rac t )  

George Veronis 

A thermodynamic j u s t i f i c a t i o n  can be made f o r  t h e  hypothes is  t h a t  

a l a y e r  of  hydrogen-rich s o l i d  can form a t  a l e v e l  of a few thousand k i l o -  

meters below t h e  v i s i b l e  s u r f a c e  of  J u p i t e r  and t h a t  t h e  s o l i d  i s  g r a v i t a -  

t i o n a l l y  s t a b l e  ( i n  t h e  dynamic sense)  a t  t h e  l e v e l  of formation.  If a 

topographic o r  o the r  such f e a t u r e  of t h e  s o l i d  s u r f a c e  of J u p i t e r  causes 

an accumulation of t h i s  ma te r i a l  i n t o  a massive o b j e c t  and i f  t h e  motion 

of t h i s  s t a b l e  Ca r t e s i an  d i v e r  i s  analyzed, t h e  observed motion of  t h e  Red 

Spot can be  r a t i o n a l i z e d  i n  terms of t h e  model. V e r t i c a l  o s c i l l a t i o n s  o f  

t h e  Ca r t e s i an  d i v e r  a r e  accompanied by long i tud ina l  changes of p o s i t i o n  

because of  t h e  a s soc i a t ed  changes i n  t h e  angular  momentum of t h e  o b j e c t .  

Specula t ion  about t h e  f l u i d  motions caused by t h e  motion of t h e  d i v e r  leads  

t o  p red ic t ed  changes i n  t h e  s i z e  and l o c a t i o n  of t h e  Red Spot which ag ree  

with observed changes. 

MARS: THE SMALL WHITE SPOTS (Abst rac t )  

Conway B. Leovy 

Ground-based observa t ions  of  Mars c o n s i s t e n t l y  show d i u r n a l l y  and 

seasona l ly  varying b r i g h t  spo t s  r ecu r r ing  i n  t h e  same l o c a t i o n s ,  Severa l  

of t h e s e  were seen by t h e  Mariner ' 6 9  t e l e v i s i o n  cameras, and a t  l e a s t  

t h r e e  such f e a t u r e s  i n  t h e  t r a p i c s  can be i d e n t i f i e d  wi th  r ing- shaped s t r u e  

t u r e s  with diameters  200-500 km, 

The d i u r n a l  and seasonal  v a r i a t i o n s  a r e  s t r o n g l y  sugges t ive  of a 

condensation phenomenon. One p o s s i b i l i t y  i s  t h a t  t h e  b r igh ten ings  a r e  due 



t o  condensed C 0 2  formed by overshoot a t  t h e  top  of an  i n t e n s e  convect ive 

l a y e r ,  The c o n s t r a i n t s  on such convect ive overshoot phenomena have been 

i n v e s t i g a t e d  by Gierasch,  

The p o s s i b i l i t y  t h a t  t hey  a r e  due t o  water i c e  condensing l o c a l l y  

because t h e  ring-shaped s t r u c t u r e s  a r e  r e l a t e d  t o  subsur face  moisture 

sources a l s o  can be  cons idered ,  The r a t h e r  high humidi t ies  sometimes ob- 

served  i n  t h e  Mars atmosphere suggest  abundant moisture sources  somewhere 

on t h e  p l a n e t ,  

The d i f f i c u l t y  with t r o p i c a l  subsur face  mois ture  sources  i s  t h a t  

moisture cannot e f f e c t i v e l y  escape from such a  source  f o r  more than  a  few 

hundred years  (probably a  n e g l i g i b l e  t ime span) un le s s  t h e  mois ture  f l u x  

i s  a l s o  dr iven  by a hea t  f l u x ,  A s t eady  moisture f l u x ,  Fm$ can be  d r iven  

by a  thermal f l u x ,  Fh, and can remain s t eady  over long pe r iods  of t ime. 

However, an abso lu t e  upper l i m i t  can be s e t  t o  such a  s t eady  mois ture  f l u x  

on s imple thermodynamic grounds: 

2 
where Fm i s  i n  gm/cm2-day, and Fh i s  i n  cal/cm -sec .  For example, with t h e  

- 6 2 t y p i c a l  t e r r e s t r i a l  va lue  of  F h U 1 0  cal/em -sec ,  we f i n d  a  moisture f l u x  

of two p r e c i p i t a b l e  microns pe r  day, S ince  t h i s  number i s  probably a  high 

upper l i m i t  f o r  t h e  given h e a t  f l u x ,  we conclude t h a t  t h e  b r igh ten ing  of t h e  

ring-shaped o b j e c t s  i s  no t  l i k e l y  t o  be due t o  l o c a l  moisture sources ,  If 

l o c a l  moisture sources a r e  involved,  t h e  ring-shaped f e a t u r e s  must be asso-  

c i a t e d  wi th  s t rong  thermal sources  a s  w e l l ,  
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"ABC 9 OF CONVECTIONM (Abs t rac t )  

Louis N o  Howard 

W ,  V .  R ,  Malkus and I have r e c e n t l y  been s tudying  a  v a r i a n t  of 

Welander's "Fluid loop" model of  convection, with which it seems t o  be 

p o s s i b l e  with a n a l y t i c a l  methods t o  o b t a i n  a  somewhat more d e t a i l e d  p i c -  

t u r e  of  t h e  motion than  has been found f o r  t h e  o r i g i n a l  model - even by 

s o  o r i g i n a l  a  mathematician a s  Joseph Ke l l e r .  We cons ide r  a  c i r c u l a r  

loop of " f lu id"  whose motion i s  cha rac t e r i zed  e n t i r e l y  by i t s  angular  

v e l o c i t y  c ( t ) ,  b u t  whose temperature i s  a l s o  a  f u n c t i o n  of  p o s i t i o n  on 

t h e  c i r c l e  T(  8,  t )  , As a  r e s u l t  o f  temperature v a r i a t i o n s  t h e  f l u i d  i s  

supposed t o  be s u b j e c t  t o  a  "buoyancy1f f o r c e  a s s o c i a t e d  wi th  a  g r a v i t a -  

t i o n a l  f i e l d  i n  t h e  p lane  of t h e  loop, though i t s  moment of i n e r t i a  i s  

f ixed .  Motion of t h e  f l u i d  may then  be d r iven  by t h e  n e t  to rque  asso-  

c i a t e d  wi th  t h e  weight d i s t r i b u t i o n ;  it i s  assumed t o  be r e s i s t e d  by a  

f r i c t i o n a l  to rque  p ropor t iona l  t o  t h e  angular  v e l o c i t y .  In  a d d i t i o n  t o  

being convected around by t h e  motion, t h e  temperature f i e l d  may be 

changed a s  a  r e s u l t  o f  a  h e a t  f l u x  p ropor t iona l  t o  t h e  d i f f e r e n c e  between 

T ( 8 , t )  and a  f i x e d  bu t  a r b i t r a r y  temperature To( -8 )  of  an e x t e r n a l l y  i m -  

posed h e a t  ba th .  For t h e  most p a r t  we have assumed t h a t  t h e  temperature 

d i s t r i b u t i o n  T s  T  has no n e t  to rque  a s soc i a t ed  wi th  it, so  t h a t  one s o l -  
o  

u t i o n  ( the  "conductive s t a t e " )  i s  c  = 0, T = To; t h i s  assumption i s  how- 

ever  not  an  e s s e n t i a l  one. 

The mathematical model desc r ib ing  t h i s  s i t u a t i o n  c o n s i s t s  then  of 



a  coupled system of  a  p a r t i a l  d i f f e r e n t i a l  equat ion i n  T  and an  o rd ina ry  

one i n  c ,  We can show however t h a t  t h e  complete s o l u t i o n  t o  t h e  i n i t i a l  

va lue  problem f o r  t h i s  system can be w r i t t e n  down e x p l i c i t l y  i n  terms of 

t h e  s o l u t i o n  t o  a  t h i r d  o rde r  autonomous system of ord inary  d i f f e r e n t i a l  

equat ions  which i s  s a t i s f i e d  by t h e  c o s o  and s i n e  c o e f f i c i e n t s  (a ,b)  of t h e  

Four ie r  expansion of T, and t h e  angular  v e l o c i t y  e, This  system has i n  

f a c t  been s tud ied  somewhat, both a n a l y t i c a l l y  and numerical ly ,  by Edward 

Lorenz, who a l s o  a r r i v e d  a t  it i n  connect ion with convect ion though from 

a  d i f f e r e n t  p o i n t  of  view, 

I n  dimensionless form it con ta ins  two parameters which can reason-  . 
a b l y  be  i d e n t i f i e d  wi th  a  "Prandt l  numbertf 6 and a  "Rayleigh number" R ,  

One f i n d s  t h a t  i f  R i s  below a  c r i t i c a l  va lue  every s o l u t i o n  tends  t o  t h e  

conduct ive s t a t e ,  b u t  t h a t  i f  R exceeds t h e  c r i t i c a l  va lue  t h e  conduct ive 

s t a t e  i s  uns t ab le  t o  i n f i n i t e s i m a l  p e r t u r b a t i o n s ,  However i n  t h i s  c a s e  

t h e r e  a l s o  a r e  two o t h e r  s teady  [non-l inear)  s o l u t i o n s ,  very  e a s i l y  ca l cu-  

l a t e d  f o r  any R above c r i t i c a l ,  corresponding t o  s t eady  convect ion i n  

e i t h e r  d i r e c t i o n ,  Under some condi t ions  one can show t h a t  almost every 

s o l u t i o n  tends t o  one o r  t h e  o the r  of  t hese ;  bu t  i f  r > 2  and R exceeds a  

second c r i t i c a l  va lue  (which depends on 0- , bu t  can be obta ined  e x p l i c i t l y )  

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

no s t a b l e  s teady  s o l u t i o n  e x i s t s ,  Experiments wi th  an e l e c t r o n i c  analogue 

a s  we l l  a s  wi th  a f l u i d  mechanical model approximately descr ibed  by t h e  same 

equat ions i n d i c a t e  t h a t  under t h e s e  circumstances a number of  t h ings  can 

occur,  depending both on t h e  parameters  and on t h e  i n i t i a l  cond i t i ons ,  Some- 

t imes a  s t a b l e  s t a t e  is  approached which i s  p e r i o d i c  i n  t ime - it may be  a  



u n i d i r e c t i o n a l  motion wi th  p u l s a t i n g  speed, o r  a  back-and- forth o s c i l l a -  

t i o n  i n  which t h e  angular  displacement of a  f l u i d  p a r t i c l e  v a r i e s  p e r i o d i -  

c a l l y  over  an i n t e r v a l  of  l e s s  than  2 7 ,  o r  a  s o r t  o f  combination of  t h e s e  

i n  which a  f l u i d  p a r t i c l e  goes s e v e r a l  t imes around t h e  loop i n  one d i r e c -  

t i o n ,  then  r eve r se s  and goes s e v e r a l  times around i n  t h e  o t h e r  d i r e c t i o n ,  

fol lowing t h i s  wi th  a  r e p e a t  of t h e  f i r s t  motion, I n  some cases  t h e  r e v e r s e  
I 

phase may be a  mir ror  image of  t h e  d i r e c t  one, b u t  t h i s  i s  n o t  always t h e  

case ,  even i n  t h e  simple back-and-forth o s c i l l a t i o n  - i n  such cases  of 

course t h e r e  i s  a l s o  another  s t a b l e  p e r i o d i c  s o l u t i o n  which a s  a  whole i s  

a  r e v e r s a l  of t h e  f i r s t  one. I t  appears t h a t  more than  one such p e r i o d i c  

motion can e x i s t  and be s t a b l e  i f  t h e  Rayleigh and P rand t l  numbers a r e  i n  

t h e  r i g h t  range,  and indeed t h e r e  appears  t o  be a  range - below t h e  second 

c r i t i c a l  Rayleigh number i n  which a  p e r i o d i c  bu t  no t  s t eady  motion i s  s t a b l e ,  

i n  a d d i t i o n  t o  t h e  two s t eady  ones,  In  t h e s e  cases  of  course  t h e  s e l e c t i o n  

of t h e  f i n a l  s t a b l e  s t a t e  depends on t h e  i n i t i a l  cond i t i ons ,  While ana l-  

ogous h y s t e r e s i s  phenomena t o  t h e s e  have perhaps n o t  been c l e a r l y  observed 

i n  convect ion experiments, something r a t h e r  s i m i l a r  has  been seen  by Donald 

Coles wi th  c i r c u l a r  Couet te  f low,  I n  o the r  ranges of  t h e  parameters  it 

seems t h a t  no t  only i s  t h e r e  no s t a b l e  s t eady  s o l u t i o n  - t h e r e  is  no 

s t a b l e  p e r i o d i c  s o l u t i o n  e i t h e r ,  The motion j u s t  goes on and on i n  an e r -  

r a t i c  manner, c e r t a i n l y  reminiscent  of some f e a t u r e s  o f  t u rbu lence ,  though 

of course t h e r e  i s  nothing l i k e  vo r t ex  s t r e t c h i n g  i n  t h i s  model, 

To o b t a i n  a  c l e a r  o v e r a l l  p i c t u r e  of t h i s  somewhat bewi lder ing  com- 

p l e x i t y  i s  a  cha l lenging  t h e o r e t i c a l  goal  which we have no t  y e t  reached,  HOW- 

ever ,  i n  t h e  case  of very  l a r g e  va lues  of  t h e  Rayleigh number asymptot ic  



methods become available and we have been able in this way to form a fairly - 
clear picture of this asymptotic case, The motion is found to be essen- 

tially a periodic oscillation on a short time scale, described by the non- 

linear pendulum equation and characterized by a phase and two other para- 

meters, which may be thought of as the length of the pendulun and the energy 

of ~ t s  motion, These two parameters vary on a long time scale in accordance 

with a certain - two-dimensional autonomous system. By studying its critical 

points we can identify candidates for final states of motion, and from their 

stability properties see which of these final states can be regarded as 

stable. The results depend on the Prandtl number, but a typical situation 

is that beside the two steady convective and the conductive states, there 

are two periodic motions which can go on forever without further long-time- 

scale evolution, one corresponding to a unidirectional pulsation, the other 

to back-and-forth oscillations, Typically only the last is stable, and almost 

all solutions tend to it; in some cases the steady convections are also stable 

and some [but not all) solutions tend to one or the other of them, Thus in 

this asymptotic theory we can see in analytic detail some of the features 

(e,g, hysteresis) which have been seen in numerical or analogue experiments, 

We have not however found, say, a limit cycle in the long-time-scale motion 

which might correspond to a continuously changing, non-periodic motion, But 

we are hopeful that extensions of the asymptotic methods, which are called 

for in a certain singular region of the plane of the long-time-scale motion, 

will reveal such structure as well, 



THE PARAMETERIZATION OF CONVECTION IN TROPICAL DISTURBANCES 
(Abstract) 

Katsuyuki Ooyama 

Although various parameterization methods to formulate effects of 

cumulus convection for the use in large-scale numerical models have been 

proposed and shown to be reasonably suceessful, there is need of deriving 

the parameterization on a more general basis. The theory presented here is 

one possible approach to the problem. The basic hypothesis of the theory 

is that cumulus convection may be represented by an ensemble of independent 

buoyant elements. The beharior of a buoyant element, or a "bubbleff, is to 

be calculated with the use of a semi-empirical convection model. The ef- 

fects of convection on the large-scale field are expressed in terms of the 

total effects of bubbles integrated over a distribution (the "dispatcher" 

function) of initial states of the bubbles, although little discussion on 

specifics of the dispatcher function is given except a greatly simplified 

one in a special application, 

Results of the special application, expressed in terms of the noni 

dimensional heating distribution, 7 (p), are employed in a linear stability 

analysis of tropical wave disturbances. The model for this analysis is 

based on the quasi-geostrophic vorticity equation on the /? -plane with the 

zonal basic flow, U(p), and the thermodynamic equation with the convective 

heating characterized by? (p). Conclusions of this study are as follows: 

1) Under the normal condftions of the tropical easterlies, the CISK mech- 

anism is subcritical, or, at best, marginal, 2) The disturbance of wave- 

length less than 1000 km (the tropical cyclone scale) may become unstable 

if the lower troposphere is much more humid than it is in the normal 



cond i t i ons .  3)  Barocl infc  i n s t a b i l f t y  (which may be combined wi th  baro-  

t r o p i c  i n s t a b i l i t y )  g ives  uns t ab le  waves wi th  a "cold core" i n  a wave- 

length  range of 2000 - 4000 km ( the  e a s t e r l y  wave). 4)  A t  l a r g e  wave- 

l eng ths ,  c e r t a i n  i n t e r n a l  modes of Rossby wave may become u n s t a b l e  under 

convect ive hea t ing ,  However, t h e  growth r a t e  of t h e s e  long waves i s  very  

small  ( t he -e- fo ld ing  time of  more than  two weeks) when t h e  t y p i c a l  hea t ing  

and a moderate v e r t i c a l  shea r  of  t h e  zonal flow a r e  assumed. 
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NON-PERIODIC CONVECTION AND REVERSING DYNAMOS (Abstract)  

Willem V ,  R ,  Malkus 

I t  i s  shown t h a t  a homopolar dynamo with both an i n t e r n a l  and a shunt  

load can e x h i b i t  nsn- per iodic  r e v e r s a l s  of  magnetic p o l a r i t y  when d r iven  by 

a cons tan t  to rque ,  E ,  Bul lard was t h e  f i r s t  t o  s tudy  t h i s  s imp les t  of dy- 

namo systems, He expressed t h e  view t h a t  an  understanding of  t h e  i n s t a b i l i -  

t i e s  i n  t h e  mechanical dynamo csu ld  be of  va lue  i n  t h e  f n t e r p s e t a t i o n  o f  

a s t rophys i ca l  magnetic f i e l d s  and t h e  g e o d p m o ,  However, Bul la rd  d i d  n o t  

cons ider  i n t e r n a l  impedance i n  h i s  mathematical model and concluded t h a t  

homopolar dynamos can not  r e v e r s e  p o l a r i t y  through i n s t a b i l i t y ,  Following 

t h a t  work T o  R ik i t ake  devised  a two-rotor dynamo system which d i d  r e v e r s e  

i t s  magnetic f i e l d  i n  c e r t a i n  ranges s f  i t s  de f in ing  parameters ,  This more 

complex dynamo was be l ieved  t o  be t h e  very  s imples t  system capable of r e -  

v e r s a l ,  The s e v e r a l  l engthy  s t u d i e s  o f  t h e  Rik i take  dynamo have depended 

upon numerical computations t o  determine i t s  behavior  when r e v e r s i n g ,  I n  



this study of the homopolar dynamo a non-linear asymptotic theory, valid 

in the inertial limit, permits a detailed exploration of the stability of 

the oscillation and reversal modes. For a particular choice of the para- 

meters (when the parallel load is purely resistive) it is shown that the 

homopolar dynamo problem reduces to the problem of convection in a circu- 

Par tube heated from below, P o  Welander first proposed the tube convec- 

tion problem and, with J. Keller, has written on several of its interest- 

ing properties, L. Howard has reformulated and extended that work to in- 

clude solutions at arbitrarily large Rayleigh numbers. Here, the relation 

of those solutions to the homopolar dynamo is given. Also, a working model 

is exhibited which demonstrates the steady, the oscillatory, and the non- 

periodic reversing types of solutions. 

GENERATION OF A LARGE-SCALE MAGNETIC FIELD 

BY RANDOM FLUID MOTION (Abstract) 

H, Keith Moffatt 

A statistically homogeneous random velocity field u(x,t) in an elec- 
-4 N 

trically conducting fluid can give rise to dynamo action (i,e, sustained 

transfer of energy to magnetic modes) provided the statistical properties of 

the velocity field lack reflexional symmetry. The dynamo mechanism was an- 

ticipated through physical reasoning by Parker (1955); it was given mathemat- 

ical substance by Steenbeck, Krause and ~Bdler (1966 and subsequent papers); 

and it has been elucidated and systematized by Moffatt (1970). The treat- 

ment involves investigation of the development of Fourier components of the 

magnetic field whose wave number is small compared with those characteristic 

of the velocity field, 



The lack of reflexional symmetry, that is crucial for dynamo action, 

can occur under two idealized circumstances in which it is supposed that 

the motion is generated by a random force field (g(x,t); - (i) the statis- 

tical properties of the f-field may thefiselves lack reflexional symmetry 

and this property will be directly imprinted on the 2-field, or (ii) the 

whole system may rotate with angular velocity & , and the statistical pro- 
perties of the ;-field need then only lack symmetry about planes perpendicu- 

lar to A (e.g, they may drive a flux of energy parallel to f i  ) ,  The 
Y 

former possibility is artificial, but useful conceptually; the latter is 

more relevant as far as geophysical (or astrophysical) applications are 

concerned. 

When circumstances are such that dynamo action occurs, the large- 

scale components of the magnetic field grow exponentially until they begin 

to react back upon the statistical properties of the velocity field through 

the Lorentz force. This back-reaction can be simply analyzed, for a par- 

ticularly simple choice of forcing field consisting of a single helical 

wave at the resonance ~lfve/n frequency. If attention is focussed on a single 

growing magnetic mode (which also has a helfcal, force-free structure) it 

turns out that the exponential growth predicted on the linear theory ulti- 

mately levels off due to a progressive modification of the phase relatfon- 

ships between the perturbation magnetic field and the %-field, Under the 

statistically steady conditions that ultimately develop, the magnetic energy 

density is an order of magnitude greater than the kinetic energy density in 

the random 5-fi eld, 
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DYNAMICS OF TROPICAL CYCLONES (Abstract) 

Katsuyuki Ooyama 

Among various problems associated with the dynamics of tropical 

cyclones, the mechanism of the development from an incipient vortex to 

a mature cyclone is presently one of the best understood. The mechanism 

is explained as a cooperative process between the cumulus convection and 

the cyclone-scale circulation. The former acts as vertically distributed 

heat sources to drive the cyclone-scale circulation, and the latter, 

through the frictionally induced inflow in the Ekman layer, organizes and 

maintains the convective activity around the center of the storm, 

Because of a great difference in scales of individual cumuli and 

of the cyclone, it is impractical if not impossible to formulate the 

above mechanism on first principles of fluid dynamics and thermodynamics, 

which should apply to all scales of atmospheric motions, On the basics of 

empirical facts that the latent heat release in the tropical cyclone is 

mostly due to tall cumulonimbi in the eye wall and that the convection 

is supported mainly by convergence of the warm and moist air in the Ekman 

boundary layer, the effect of convection may be parametrized in terms by 

large-scale variables without explicit calculation of individual cumuli, 

Although various formulas of parametrization have been proposed, the sim- 

plest method is to assume the rate of convective heating, Q, in the form 



where ob is the vertical motion due to the Ekman pumping and the non- 

dimensional factor, is the ratio of the convective mass flux at any 

level to that at the top of the boundary layer. For a two-layer model of 

the tropical cyclone, in which only one degree of freedom is allowed to Q 

in the unit vertical column, the value of may be determined from the 

thermodynamical energy budget of the column, If the equivalent potential 

temperature of the boundary layer is sufficiently large so that free con- 

vection can reach the upper layer while entraining the air of the lower 

layer into the convective updraft (tha.t is, >I), the stability analysis 72 
of a linear model shows that the cyclone-scale circulation will intensify, 

To explain the structure and the energetics of a mature tropical 

cyclone, non-linear effects such as the variation of , the vertical 

transport of angular momentum by clouds, and the evaporation from the under- 

lying ocean, are necessary to be taken into account. Numerical models of 

the axispetric tropical cyclone have been built incorporating these ef- 

fects and shown to be quite successful in simulating many observed aspects 

of the tropical cyclone. 
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PREDICTABILITY OF FULLY-DEVELOPED TURBULENCE 

IN TWO AND THREE DIMENSIONS (Abstract) 

Robert H. Kraichnan 

Although instability is perhaps the most fundamental characteris- 

tic of turbulence, it is only in the past few years that much theoretical 

effort has been devoted to quantitative study of instability, and the 

associated lack of predictability, in fully-developed turbulence. The 

impetus for this work has come from meteorologists seeking theoretical 

limits on weather predictability. One of the crucial questions, origin- 

ally raised by Robinson and Lorenz, is whether perturbations in the small 

scales of turbulence (either actual perturbations or equivalents of un- 

certainties in measurement) infect successively larger scales and lead, 

eventually, to unpredictability of the entire inertial range of the tur- 

bulence. 

The predictability problem may be studied theoretically by con- 

sidering a double ensemble of flows and examining the fate of the dif- 

ference-velocity field between pairs of flows. This leads to closed 

equations, like those for the ordinary energy spectrum function, which 

describe approximately the evolution of the wavenumber spectrum function 

of the difference velocity. Such approximate equations have been studied 

analytically and numerically for the "-5/3" inertial range of three-dimen- 

sional turbulence, and for the "-5/3" and "-311 inertial ranges that have 

been hypothesized for two-dimensional turbulence, In all three cases, 

studies to date suggest that unpredictability does indeed travel through 

the spectrum from large to small wavenumbers, a result in qualitative 



accord with computer experiments on two-dimensional atmospheric models. 

However, the theoretical predictions here are fundamentally less relia- 

ble than for the ordinary energy spectrum, and novel approaches are 

badly needed. 

Leith, C, E. 1971 Atmospheric predictability and two-dimensional 
turbulence. J,Atmos,Sci., 28: 145-161. 

Leith, C. E. and R. H. Kraichnan. predictability of turbulent flows, 
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DYNAMICS OF ISOTROPIC TURBULENCE, I and I1 (Abstract) 

Robert H. Kraichnan 

Turbulence in an incompressible Navier-Stokes or Boussinesq fluid 

is characterized by essential nonlinearity of dynamics, anomalously large 

transport of momentum and heat, and, perhaps most important, an hierarchy 

of instabilities whereby large-scale eddying motions give up their energy , 

to smaller-scale motions. The rich variety of instabilities make impossible 

the detailed prediction of a turbulent velocity field from gross initial 

and boundary conditions and lead to the use of statistics in theoretical 

description, The statistical distribution of the velocity at a single 

point is found experimentally to be very nearly normal, but joint probabil- 

ity distributions of velocity at several points are significantly non-normal, 

In particular, the statistics of the small scales show strong intermittency, 

Isotropic turbulence is kinematically the kind with the simplest statistics 

in the sense of maximum symmetry. However, it emphasizes the role of non- 

linear interaction of velocity fluctuations and thereby is very hard to 

handle dynamically, 



The i n i t i a l  goa ls  of  i s o t r o p i c  turbulence  theory ,  as posed by Taylor  

and o t h e r s  i n  t h e  19301s,  were t o  ob ta in  c losed  equat ions  p r e d i c t i n g  t h e  

evolu t ion  of t h e  wavenumber energy spectrum. S u b s t a n t i a l  p rog res s  has  been 

made toward these  g o a l s ,  Simple exact  c losed  equat ions f o r  t h e  spectrum 

func t ion  do not  e x i s t ,  because t h e  n o n l i n e a r i t y  makes i n i t i a l  h ighe r  s t a t i s -  

t i c s  important  i n  t h e  evolu t ion  of s impler  s t a t i s t i c s .  However, c losed  

approximate equat ions have been obtained which g ive  a c c u r a t e  agreement wi th  

computer and l abo ra to ry  turbulence  experiments and which can  be used a s  a  

s t a r t i n g  p o i n t  f o r  sys t ema t i ca l ly  improved h igher  approximations.  

The problems of  h igher  s t a t i s t i c s ,  i n t e rmi t t ency  i n  t h e  small  s c a l e s ,  

and t h e  p r e c i s e  asymptot ic  form of t h e  i n e r t i a l  range of wavenumbers a r e  

another  ma t t e r .  I t  i s  unc lear  a t  t h e  p re sen t  t ime how t o  a t t a c k  them sue-  

c e s s f u l l y .  One hopeful  avenue i s  sys temat ic  bounding a n a l y s i s  l i k e  t h a t  of 

Malkus, Howard, and Busse f o r  thermal convect ion.  
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EQUATORIAL WAVE DISTURBANCES (Par t  I and 11) (Abstract)  

James R .  Holton 

P a r t  I :  I n  t h i s  l e c t u r e  I  develop t h e  l i n e a r  theory  f o r  p l a n e t a r y  s c a l e  

waves on t h e  e q u a t o r i a l  be ta- plane ,  Assuming a  cons t an t  b a s i c  s t a t e  zonal 

wind and s o l u t i o n s  i n  t h e  form of zonal ly  propagat ing waves, t h e  h o r i z o n t a l  

and v e r t i c a l  dependencies of t h e  p e r t u r b a t i o n  f i e l d s  a r e  s epa rab le .  The 

v e r t i c a l  dependence i s  governed by t h e  v e r t i c a l  s t r u c t u r e  equat ion  o f  



atmospheric t i d a l  theory ,  The h o r i z o n t a l  modes a r e  i n  t h e  form of  Hermite 

func t ions .  The ho r i zon ta l  and v e r t i c a l  s t r u c t u r e s  a r e  r e l a t e d  through a  

s e p a r a t i o n  cons tan t ,  c a l l e d  t h e  equiva len t  depth,  which depends on t h e  f r e -  

quency, t h e  zonal wavenumber and t h e  meridional  mode, Depending on t h e  

equ iva l en t  depth waves may be  e i t h e r  evanescent ( i . e .  exponent ia l ly  decay- 

ing  i n  t h e  v e r t i e a l )  o r  v e r t i c a l l y  propagat ing.  I t  t u r n s  ou t  t h a t  a l l  

f r e e  o s c i l l a t i o n s  a r e  evanescent i n  t h e  e a r t h ' s  atmosphere. But f o r  ce r-  

t a i n  wavenumber and frequency combinations forced  o s c i l l a t i o n s  may propa- 

g a t e  v e r t i c a l l y  e i t h e r  as  i n t e r n a l  g r a v i t y  waves of  s h o r t  v e r t i c a l  wave- 

l eng ths ,  o r  Rossby waves of long v e r t i c a l  wavelengths.  

P a r t  11: In  t h i s  l e c t u r e  I d iscuss  t h e  observed s t r u c t u r e  of  forced  p lan-  

e t a r y  s c a l e  waves i n  t h e  e q u a t o r i a l  r eg ion .  We assume t h a t  t h e  waves a r e  

forced  by t h e  h e a t  r e l ea sed  i n  cumulonimbus convect ion,  Most of t h e  i n -  

t e r n a l  g r a v i t y  wave modes have very  s h o r t  v e r t i e a l  wave l eng ths  ( 5  1 km) 

f o r  synopt ic  t ime s c a l e  and a r e  thus ,  n o t  very e f f e c t i v e l y  e x c i t e d .  How- 

ever  t h e  lowest modes f o r  which t h e  zonal wind f i e l d  i s  symmetric and a n t i -  

symmetric about t h e  equator  ( t he  Kelvin wave and t h e  mixed Rossby g r a v i t y  

wave, r e s p e c t i v e l y )  have f a i r l y  long v e r t i c a l  wavelengths and appear t o  be  

t h e  most e n e r g e t i c  d i s turbances  i n  t h e  t r o p i c a l  s t r a t o s p h e r e .  The Kelvin 

wave i s  an eastward propagat ing wave which behaves l i k e  an i n t e r n a l  g r a v i t y  

wave i n  t h e  he ight- longi tude  plane,  b u t  i s  i n  geos t rophic  equi l ibr ium i n  

t h e  h e i g h t - l a t i t u d e  p l ane ,  The mixed Rossby g r a v i t y  wave, on t h e  o t h e r  

hand, propagates westward and resembles a  Rossby wave i n  t h e  h o r i z o n t a l  

p lane  and a  g r a v i t y  wave i n  t h e  v e r t i c a l ,  The observed Kelvin waves have 

per iods  of about 15 days, zonal wave number 1, and v e r t i c a l  wavelength of 



-10 km, The observed mixed Rossby-gravity waves have pe r iods  i n  t h e  

f o u r  - f ive-day range,  zonal wavenumber -4 and v e r t i c a l  w a v e l e n g t h ~ 6  km. 

I n  a d d i t i o n  t o  t hese  propagat ing modes t h e r e  a r e  evanescent  Rossby modes 

which appear t o  account f o r  most of t h e  d i s tu rbed  weather i n  t h e  ITCZ, 

These modes have per iods  of fou r  - f i v e  days, wavelengths of  about  2,000 - 
4,000 km and propagate  westward with phase speeds of - 8 - 10 m set,-'. 

I t  i s  probably more proper t o  view t h e  ITCZ a s  t h e  Zocus of t h e s e  west- 

ward propagat ing wave d i s tu rbances  r a t h e r  than  a  zonal ly  symmetric Hadley 

type  c i r c u l a t i o n ,  
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THE DYNAMICS OF THE POLAR-NIGHT JET (Abst rac t )  

Adrian J .  Simmons 

The ques t ion  of b a r o c l i n i c  i n s t a b i l i t y  i n  t h e  win te r  s t r a t o s p h e r e  

has been re-examined fo l lowing  t h e  r e c e n t  f i nd ing  of  McIntyre (1971) t h a t  

t h e  continuous model of t h e  po la r- n igh t  j e t  considered by Murray (1960) 

i s  uns t ab le  i n  t h e  short-wave l i m f t ,  The model i s  found t o  be  u n s t a b l e  a t  

a l l  b u t  a f i n i t e  number o f  wavelengths, which d i v i d e  r eg ions  of r e l a t i v e l y  

s t r o n g  and weak i n s t a b i l i t y .  The f a s t e s t  growth r a t e s  occur  f o r  wave 

numbers 5 t o  9, wfth no sha rp  s e l e c t i v i t y ,  and g ive  doubling t imes of t h e  

o rde r  of  a week, The v e r t i c a l  s c a l e  o f  t h e  d i s tu rbances  i s  only  a  few 

k i lometers ,  



The removal of t h e  d i s c o n t i n u i t i e s  i n  shea r  and s t a t i c  s t a b i l i t y  

a t  t h e  model tropopause is  found t o  g ive  r i s e  t o  increased  growth r a t e s  

i n  some cases ;  i n  genera l  t h e  r e s u l t s  a r e  h i g h l y  dependent on t h e  d e t a i l e d  

s t r u c t u r e  of  t h e  b a s i c  flow, The t y p i c a l  l eng th  s c a l e s  a r e ,  however, un- 

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

desc r ibe  t h e  long waves which extend throughout t h e  win ter  s t r a t o s p h e r e .  

The p red ic t ed  i n s t a b i l i t i e s  w i l l  be  d i f f i c u l t  t o  d i s t i n g u i s h  observat ion-  

a l l y  from t h e  upward ex tens ion  of  t ropospher ic  d i s tu rbances .  

The techniques developed f o r  Murray's problem have been adapted t o  

i n v e s t i g a t e  a  s i n p l e  model of t h e  decrease  i n  s t a t i c  s t a b i l i t y  a t  t h e  

s t r a topause .  I n  t h e  presence o f  an  eastward shea r  such a s  occurs  i n  win- 

t e r ,  quas i- geos t rophic  theory ,  wi th  t h e  i n c l u s i o n  of  a Newtonian cool ing  

mechanism, p r e d i c t s  i n s t a b i l i t i e s  wi th  doubling times of t h e  o rde r  of  

t h r e e  days.  The length  s c a l e s  a r e  much a s  found f o r  t h e  lower s t r a t o s p h e r e ,  

and a r e  probably too  small  t o  be reso lved  by p r e s e n t  obse rva t iona l  tech-  

niques . 
Matsuno (1970) has s u c c e s s f u l l y  reproduced t h e  mean s t r u c t u r e  of 

t h e  long-wave d i s tu rbances  i n  a  numerical c a l c u l a t i o n  of t h e  s teady  response 

t o  fo rc ing  by waves exc i t ed  i n  t h e  t roposphere by thermal and topographic 

asymmetries, The l i n e a r  time-dependent problem has been s t u d i e d  by means 

of  a  s imple a n a l y t i c a l  model, and g ives  a  reasonable  agreement with obser-  

va t ion .  The resonances p red ic t ed  by Matsuno a r e  found, b u t  appear of l i t t l e  

s i g n i f i c a n c e  a s  t h e  r e s u l t i n g  wave d i s tu rbances  do no t  d i f f e r  much from t h e  

genera l  ca se  when the  t ime s c a l e  of t h e  f o r c i n g  i s  around two weeks, The 

growing waves a r e  maintained no t  only by t h e  energy input  by t h e  f o r c i n g ,  



but also by the conversion of zonal available potential energy into the 

eddy form, The associated northward transport of heat provides a mech- 

anism which can compensate for radiational cooling in polar regions. 
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NttMER-fCAt SIMULATION OF THE TROPICAL CIRCULATION (Abstract) 

Joseph Smagorinsky 

An updated picture will be given of the numerically simulated beha- 

vior in the tropics in global calculations. The climatic equilibrium will 

be discussed, as well as the structure of the individual phenomenological 

instabilities and their energetic properties. Some examples will be shown 

of actual prediction experiments involving the tropics as a measure of 

the practical level of predictability now obtainable in very limited tests. 

A SIMPLE NUMERICAL GENERAL CIRCULATION MODEL (Abstract) 

R. Terry Williams 

The quasi-geostrophic equations are employed in a two-level model of 

the atmosphere. The model includes friction, and heating which is a linear 

function of y, The model is further simplified by restricting the distur- 

bance to one wave in the x-direction, The wave amplitude and phase, and 

the x-averaged wind velocity are functions of y and t. The motion is con- 

fined between walls at y = iw/2. The equations are solved numerically with 

a D y  which is sufficiently small to resolve the barotropic damping or 



ba ro t roph ic  i n s t a b i l i t y  which may a r i s e  from t h e  mean wind p r o f i l e .  The 

wave number i s  taken a s  t h e  wave number from t h e  l i n e a r  b a r o c l i n i c  i n s t a -  

b i l i t y  theory  which g ives  t h e  h ighes t  growth r a t e .  The i n i t i a l  mean wind 

f i e l d  conta ins  a  s inuso ida l  j e t  a t  t h e  upper l e v e l  and zero speed a t  t h e  

lower l e v e l ,  The i n i t i a l  d i s tu rbance  is  s inuso ida l  i n  y  and independent 

o f  he igh t .  

Each numerical experiment i s  extended t o  300 days and a l l  o f  t h e  

experiments a t t a i n  approximate s t a t i s t i c a l  equi l ibr ium a f t e r  about 100 

days. The experiment wi th  w = 8000 km showed l a r g e  f l u c t u a t i o n s  i n  d i s -  

turbance energy. One per iod  of very  r a p i d  growth i s  a t t r i b u t e d  t o  baro-  

t r o p i c  i n s t a b i l i t y  of  a  double j e t  s t r u c t u r e  i n  t h e  mean wind. The ex- 

periment with w = 4000 km. produces a  cons tan t  amplitude propagat ing a  

b a r o c l i n i c  wave. This work was c a r r i e d  out  by Frank H. Taylor .  

AN EPISODE FROM THE STUDY OF THE SOLAR SPIN-DOWN PROBLEM (Abstract)  

Takeo Sakurai  

A c h a r a c t e r i s t i c  proper ty  of  t h e  s o l a r  i n t e r i o r  i s  i t s  h igh  degree 

of  s t r a t i f i c a t i o n .  I n  t h e s e  circumstances,  t h e  e f f e c t  of t h e  Ekmanfs 

pumping mechanism i s  r e s t r i c t e d  t o  a  t h i n  l a y e r  near  t h e  i n t e r f a c e  between 

t h e  r a d i a t i v e  and t h e  convect ive reg ion .  The s p i n  down of  t h e  r a d i a t i v e  

reg ion  i s  brought about by t h e  Eddington-Sweet c i r c u l a t i o n  i n  a  t ime long 

compared wi th  t h e  usua l  spin-down time, b u t  s h o r t  compared with t h e  viscous 

d i f f u s i o n  t ime,  

We f i r s t  examined t h i s  s i t u a t i o n  i n  c y l i n d r i c a l  geometry, us ing  

t h e  l i n e a r i z e d  Boussinesq equat ions  t o  desc r ibe  t h e  r o t a t i n g  s t r a t i f i e d  



fluid, We obtained an estimate of the Eddington-Sweet time, determined 

the parameter range for which this Eddington-Sweet mechanism is relevant, 

and discussed the quasi-steady asymptotic state. We also examined the 

case of a non-Boussinesq fluid for the same geometry, and discovered the 

existence of a thermal wind effect. 

We next considered the effect of the Eddington-Sweet circulation 

on the evolution of the rotation of the sun's deep interior under the 

influence both of the solar wind torque and a molecular weight gradient. 

We obtained the rather paradoxical result that, because of the inward 

transport of angular momentum by the Eddington-Sweet circulation, the 

surface angular velocity decays faster when this circulation is present 

than is the case when the convective region alone is spun down. 

The main part of the above study was finished while I was at the 

National Center for Atmospheric Research* as a Long Term Visitor of the 

Advanced Study Program; 

*The National Center for Atmospheric Research is sponsored by the 
National Science Foundation. 

FRONTOGENESIS (Abstract) 

R. Terry Williams 

A front is a sloping zone of rapid potential temperature change. 

The tangential horizontal wind component also displays a rapid change 

through the frontal zone in the sense that the vertical component of the 

vorticity is large and positive, The frontal scale is about 100 km, 

whereas baroclinfc instability injects disturbance energy into the at- 

mosphere on scales of about 1000 km, The explanation of frontogenesis 



r e q u i r e s  a mechanism which can produce a smal l- sca le  zone from a n  i n i -  

t i a l l y  smooth l a rge- sca l e  temperature f i e l d ,  

The opera t ion  of h o r i z o n t a l  wind deformation f i e l d s  can cause 

temperature g rad ien t  i nc reases  a t  l e a s t  near  t h e  s u r f a c e  where t h e  ver-  

t i c a l  motion i s  zero. We s h a l l  cons ider  t h e  s t r e t c h i n g  deformation f i e l d  

which was proposed by Bergeron (1928). Shearing deformation i s  a l s o  i m -  

p o r t a n t  b u t  i t  w i l l  no t  be considered he re ,  Stone (1966) c a r r i e d  o u t  t h e  

f i r s t  a n a l y s i s  of t h i s  e f f e c t  wi th  t h e  quas i- geos t rophic  equat ions .  A 

s i m i l a r  problem was solved by Williams and P l o t k i n  (1969), I n  both  

s t u d i e s  t h e  deformation f i e l d s  remain cons tan t  i n  t ime,  and t h e  quas i -  

geos t rophic  equat ions become l i n e a r .  These s t u d i e s  used t h e  Boussinesq 

approximation and confined t h e  motion between two r i g i d  h o r i z o n t a l  p l anes ,  

Williams and P l o t k i n  showed t h a t  t h e  s o l u t i o n  can be  obta ined  a t  

any time i f  t h e  p r i n c i p l e  of conserva t ion  of  quas i- geos t rophic  p o t e n t i a l  

v o r t i c i t y  i s  used. The p o t e n t i a l  v o r t i c i t y  i s  known a t  a l l  p o i n t s  a s  a 

func t ion  o f  t h e  i n i t i a l  f i e l d s ,  and t h i s  leads  t o  Poisson ' s  equat ion  f o r  

t h e  p re s su re  f i e l d ,  The boundary condi t ions  a r e  obta ined  from t h e  csnser -  

v a t i o n  of temperature along t h e  upper and lower boundaries .  The s o l u t i o n s  

show temperature d i s c o n t i n u i t i e s  a t  t h e  upper and lower boundaries  which 

occur i n  t h e  l i m i t  of l a r g e  time. Except f o r  t h e s e  two p o i n t s  t h e  tem- 

p e r a t u r e  i s  everywhere cont inuous,  and s c a l e  of t h e  temperature v a r i a t i o n  

away from t h e  boundaries i s  equal  t o  t h e  Rossby deformation l eng th  d iv ided  

by . The reg ion  of maximum temperature g r a d i e n t  has no tilt i n  t h e  

v e r t i c a l  and t h e  t a n g e n t i a l  v e l o c i t y  has  logar i thmic  s i n g u l a r i t i e s  a t  t h e  

two po in t s  where t h e  temperature i s  d iscont inuouso  C e r t a i n  f e a t u r e s  of 



t h i s  quas i- geos t rophic  f r o n t a l  zone a r e  not  r e a l i s t i c .  Th i s  f r o n t a l  zone 

does not  tilt wi th  he igh t  a s  atmospheric f r o n t s  do. The t a n g e n t i a l  ve lo-  

c i t y  is  such t h a t  t h e  v o r t i c i t y  i n  t h e  cen te r  of  t h e  f r o n t a l  zone i s  zero,  

wi th  l a r g e  p o s i t i v e  and nega t ive  va lues  on each s i d e .  Atmospheric f r o n t s  

a r e  found i n  reg ions  of  l a r g e  p o s i t i v e  v o r r i c i t y ,  The quas i- geos t rophic  

equat ions cannot desc r ibe  t h e  e n t i r e  f rontogenes is  process  because a s  t h e  

f r o n t a l  s c a l e  becomes smal l  t h e  l o c a l  Rossby number becomes l a r g e .  

Hoskins and Berrherton (1971) and Williams (1971) have shown t h a t  

t h e  u n r e a l i s t i c  f e a t u r e s  o f  t h e  quas i- geos t rophic  f r o n t a l  zones can be  

removed i f  more complete equat ions a r e  used. Hoskins and Bre ther ton  a s-  

sumed geos t rophic  ba lance  f o r  t h e  t a n g e n t i a l  wind component and they  a l s o  

assumed t h a t  t h e  i n i t i a l  temperature g rad ien t s  were very  small. They 

transformed t h e  equat ions us ing  a  quasi-Lagrangian h o r i z o n t a l  coo rd ina t e  

which i s  p ropor t iona l  t o  t h e  abso lu t e  momentum, Thei r  t ransformed poten-  

t i a l  v o r t i s i t y  equat ion has exac t ly  t h e  same form a s  wi th  t h e  quasi-geo- 

s t r o p h i c  equat ion and t h e  boundary condi t ions  a r e  a l s o  i d e n t i c a l .  Thus 

t h e  exac t  s o l u t i o n  can be obtained by t ransforming t h e  quas i- geos t rophie  

s o l u t i o n  from t h e  Lagrangian coord ina tes  back t o  t h e  o r i g i n a l  c a r t e s i a n  

coord ina tes .  The t ransformat ion  depends on t h e  t a n g e n t i a l  wind component 

p red ic t ed  by t h e  quas i- geos t rophic  t heo ry ,  The non-geostrophic s o l u t i o n s  

show t h e  formation of d i s c o n t i n u i t i e s  i n  temperature a t  t h e  upper and 

lower boundaries w i th in  a  f i n i t e  per iod  of t ime,  and i n  gene ra l  a  more 

r a p i d  f rontogenes is  than  i n  t h e  quas i- geos t rophic  ca se .  The f r o n t a l  zone 

develops a  tilt i n  t h e  proper  sense ,  and l a r g e  p o s i t i v e  v o r t i c i t i e s  occur  

i n  t h e  f r o n t a l  zone, These f r o n t a l  zones a r e  q u i t e  r e a l i s t i c  up t o  t h e  



time when turbulent diffusions of heat and momentum would limit the 

frontal scale. Williams (1971) performed numerical calculations which 

gave the same results without the assumptions which Hoskins and Brether- 

ton used. 
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THE PROBLEM OF OXYGEN IN THE EARTH'S ATMOSPHERE (Abstract) 

Saiyed I. Rasool 

The presence of free O2 in the atmosphere of the Earth, as much as 

20%, is unique in the Solar System, This relatively large abundance of 

free oxygen in the atmosphere is all the more intriguing because not only 

the whole Earth but even the upper crust is in a partially reducing state. 

It is well-known that the major source of present-day oxygen in 

the atmosphere is the photosynthetic conversion of C02 and H 2 0  into carbo- 

hydrates and oxygen. The oxygen thus produced is almost immediately used 

up in respiration, However, a small residual amount, which can be ac- 

counted for by the total organic carbon buried in the crust, has slowly 

accumulated at the surface and in the atmosphere of the Earth. Another 

source of free 0 is the photodissociation of H 0 and the subsequent es- 2 2 

cape of H2. At the present time, this rate of dissociation is small 



8 2 7 2 d l 0  /cm /sec and the rate of H2 even smaller 10 /cm /set, However, in 

the early history of the Earth before the commencement of photosynthesis, 

this rate of photodissociation should have been much higher, at the rate 

2 of 1011 particles/cm /sec as has been suggested by Brinkman. This is so 

because of the absence of free 0 in the Earth which now screens the 2 

solar ultraviolet from penetrating into the lower atmosphere. If this 

were true, free O2 would have accumulated quickly and oxidized the early 

- 6 atmosphere. In the present study, it is shown that 10 mixing ratio of 

ammonia would inhibit photodissociation of H20 and accumulation of 02. A 

balance sheet for the sources and sinks of O2 both in the early atmosphere 

and the present-day atmosphere is presented. 
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