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FOREWORD 

This f i n a l  r e p o r t  i s  based upon research c a r r i e d  out  during t h e  pas t  
yea r  on NASA c o n t r a c t  NASW-1227, Planetary Meteorology. During the  year ,  
s e v e r a l  i n v e s t i g a t i o n s  r e l a t e d  t o  t h e  meteorology of the  p lane ts  Mars and 
Venus were completed and the  r e s u l t s  a re  presented he re  i n  t h e  form of 
f o u r  s e p a r a t e  papers.  Abs t rac ts  f o r  these fou r  s t u d i e s  follow, and the  
papers themselves comprise Sect ions 1, 2, 3, and 4 of t h i s  r epor t .  
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7 W W S  ON THE STEADY SYMMETRICAL REGIME OF THE GENERAL ?-o;-+ e 

CIFXULATION OF THE MARTIAN ATMOSPHERE 

Wen Tang 

ABSTRACT 

mdel  sf t h e  genersl cZrculation Fnr L V L  UCL.U"J C + - . J A ~  s t a t e  and q m e t r i c a ?  
regime based upon Charney's development is modified by including the lateral 
eddy viscosity. The surface stress is also adjusted slightly. The resulting 
modified model is used to study the mean zonal and meridional winds, and the 
type of circulation regime on the planet Mars during the equinoctial seasons. 
With input parameters based on the recent occultation experiment from Mariner 
IV, the computed mean zonal wind at an isobaric surface of one quarter of the 
average surface pressure of Mars is about 36 m sec-l. This compares to a 
value of about 33 m sec-l computed for the Earth's atmosphere with the same 
modified model. Comparing the calculated magnitude of the atmospheric pole- 
to-equator temperature difference at the middle level of the atmosphere with 
the observed temperature difference a t  the same level, as deduced from the 
observational indications of surface temperatures, we conclude that the 
symmetrical regime cannot remain stable. Therefore, in the mean for the 
Martian year, a wave type circulation regime will prevail in the Martian 
a tmo s phe re. 
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5- i 
THE SEASONAL CLIMATOLOGY OF MARS 

Frederick B. House 

ABSTRACT 

A simple theoretical model is formulated to determine the latitudinal and 
seasonal variation of the surface and mean atmospheric temperatures of Mars. 
ine model assumes a singie-iayered, isothermai stationary atmosphere whose 
spectral properties are non-gray, and the temperature climate is computed 
from assumed conditions of radiative equilibrium. 

- 

The average annual temperature on Mars is computed for representative 
surface pressures and atmospheric compositions, based on recent telesccpic 
observations and the Mariner IV radio occultation measurements. Calculations 
indicate a surface temperature of 215'K and a mean atmospheric temperature of 
187'K. Little variation is noted in the calculated temperatures for the 
different pressures and compositions. Therefore, a representative atmosphere 
whose surface pressure is 10 mb consisting of 5 mb C02, 5 mb N2, plus an 
additional 30 microns of precipitable H20, was selected for the seasonal 
climatology study. 

Results indicate that the summer poleson Mars have the warmest average 
surface temperatures, the south pole temperature, 248'K,. being somewhat 
warmer than the north pole temperature, 230°K. 
winter season, the mean atmospheric temperature is higher than the surface 
temperature, which suggests a strong temperature inversion at the surface. 
The spring and fall seasons on Mars indicate a marked similarity of the 
temperature climate in both hemispheres. For the annual mean the surface 
and atmospheric temperatures at the equator are 226OK and 196 K, and at the 
poles are about 173'K and 160.5'K, respectively. The results also indicate 
the seasonal variation of the equatorward extension of the polar ice cap. 
The concluding remarks discuss the effect of the atmospheric transport of 
heat on the Martian temperature climate. 

At high latitudes during the 
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WATER VAPOR MIXING RATIOS NEAR THE CLOUD-TOPS O F  VENUS 

1 ST c R'." George Ohring 

ABSTRACT 

It has been argued t h a t  the observed amounts of water vapor i n  the  
Cyther ian  atmosphere a r e  incompatible w i t h  t h e  presence of an aqueous cloud. 
These arguments have been based upon a comparison of  t h e  water  mixing r a t i o s  
der ived  from the  observa t ions  and the requi red  s a t u r a t i o n  mixing r a t i o .  I n  
de r iv ing  the  water vapor mixing r a t i o s ,  i t  has  been assumed t h a t  t he  water  
vapor mixing r a t i o  i s  cons tan t  w i t h  a l t i t u d e  above the  Cytherian cloud-top.  
I n  the  p re sen t  paper, i t  i s  shown t h a t  i f  t h e  Cytherian water  vepor mixing 
r a t i o  decreases  wi th  a l t i t u d e  a t  r a t e s  comparable t o  those i n  the  Ea r th ' s  
upper t roposphere,  some of the observed amounts of water  vapor, a t  t h e  
p re sen t  s t a t e  of OUT knowledge, a r e  compatible wi th  t h e  presence of aqueous 
clouds on Venus. 
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INTERHEMISPHERIC TRANSPORT OF WATER VAPOR AND THE MARTIAN I C E  CAPS 

George Ohring and Joseph Mariano '-C 

ABSTRACT 

During the  course  of t he  Mart ian year ,  a s  one po la r  ice cap forms, t h e  
o t h e r  subl imates  and completely disappears .  The th ickness  of the  ice cap i s  
es t imated  to  be of t h e  o rde r  of 1000 t i m e s  the  t o t a l  amount of  water i n  t h e  

water vapor r e l eased  i n t o  the  atmosphere i s  quickly t ranspor ted  t o  the  oppo- 
s i t e  pole ,  where i t  condenses. I n  the present  s tudy  an  i n v e s t i g a t i o n  i s  
performed t o  determine whether l a r g e  s c a l e  atmospheric d i f f u s i o n  can exp la in  
such a t r a n s p o r t  and - i f  so  - what magnitude i s  requi red  f o r  t h e  d i f f u s i o n  
c o e f f i c i e n t .  A d i f f u s i o n  model i s  developed i n  which the  source of water  
vapor i s  a subl imat ing no r th  po la r  cap t h a t  i n i t i a l l y  i s  one cent imeter  t h i c k  
and extends from 60° l a t i t u d e  t o  t h e  pole.  
yea r  t h i s  cap subl imates  and the water vapor r e l eased  i n t o  the  atmosphere i s  
d i f f u s e d  southward by a l a r g e  scale eddy d i f f u s i o n  process  wi th  a cons tan t  
d i f f u s i o n  c o e f f i c i e n t .  Computations with t h i s  simple model sugg s t  t h a t  a 
l a r g e  scale eddy d i f f u s i o n  c o e f f i c i e n t  of a t  least  l o l o  cm2 sec-f is  requi red  
t o  accomplish the  necessary interhemispheric  t ranspor5  of water  vapor.  It 
i s  a l s o  noted t h a t  a d i f f u s i o n  c o e f f i c i e n t  of 1O1O cm 
i o n a l  s p e e d s d  water  vapor i s o p l e t h s  t h a t  a r e  i n  good agreement wi th  the  
observed meridional  speed of propagation of the  Martian wave of darkening. 

3 t-n L-v~phere. T ~ u s ,  it has been ~ i ; g g e ~ t e d  that ,  one ice caij iilelts, the 

Over a t i m e  per iod of % Martian 

sec-' leads t o  merid- 
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1. ON THE STEADY SYMMETRICAL REGIME OF THE GENERAL 
CIRCULATION O F  THE MARTIAN ATMOSPHERE 

Wen Tang 

1.1 In t roduct ion  

A numerical experiment appl ied  t o  the t e r r e s t r i a l  atmospheric l a rge  s c a l e  

(1959) modified the thermodynamic energy equat ion  such t h a t  a column of atmos- 
phere is hea ted  o r  cooled depending upon whether i t s  temperature i s  below o r  
above i t s  r a d i a t i v e  temperature a t  the l a t i t u d e  i n  ques t ion .  The present  
model i s  b a s i c a l l y  Charney’s development, bu t  the l a t e r a l  eddy v i s c o s i t y  i s  
included and the f r i c t i o n a l  s t ress  ac t ing  across  a h o r i z o n t a l  su r f ace  i s  as- 
sumed i n  a s l i g h t l y  d i f f e r e n t  form. There modi f ica t ions  a r e  important t o  
the magnitude and d i r e c t i o n  of the flow i n  the lower h a l f  of the atmosphere. 
To i n v e s t i g a t e  the  e f f e c t  of these parameters on the  computed wind v e l o c i t i e s  
i n  the Mart ian atmosphere, var ious  values  of l a t e r a l  eddy v i s c o s i t i e s  and 
c o e f f i c i e n t s  of  v e r t i c a l  eddy v i s c o s i t y  a r e  used i n  the computations. E s t i -  
mates of  the most probable wind v e l o c i t i e s  on Mars a r e  then made based upon 
t h e  magnitude of the f r i c t i o n a l  parameters commonly used i n  genera l  c i r c u l a -  
t i o n  models. 

circulaticn Xl38 perfcmed first L-* uy UL: L I u L l i p ~  1’1 - (1356). Fraffi this  u j d e i  Chartiey 

As a f i r s t  s t e p  i n  the inves t iga t ion  of the genera l  c i r c u l a t i o n  of the 
Mart ian atmosphere, w e  cons ider  h e r e  only the s teady  s t a t e ,  a x i a l l y  symmetric 
case  and so lve  the  c i r c u l a t i o n  problem a n a l y t i c a l l y  f o r  the  two-level model. 

1.2 D i f f e r e n t i a l  Equation and Boundary Conditions 

What i s  usua l ly  done f o r  the two-level model i s  the  following: The 
p res su re  levels atp‘O, ps/4, 2ps/4, 3p,/4, and ps a r e  designated by the  sub- 
s c r i p t s  0,  1, 2,  3 ,  and 4 r e spec t ive ly ,  where ps i s  the su r face  pressure .  A 
r e c t a n g u l a r  coord ina te  system i n  the h o r i z o n t a l  d i r e c t i o n  wi th  x and y toward 
east  and no r th  r e s p e c t i v e l y  is used. From the equat ions of motion and con- 
t i n u i t y ,  one can o b t a i n  the quasi-geostrophic  v o r t i c i t y  equat ion  f o r  l e v e l s  
1 and 3 as 
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a a ) (c3 + By)  + f - 2 = *v 2 c3 + k i  a, a (u1 - u3) + 

W 

(& + u3 a, + v3 27 O p2 

K & ( 2 - $ ul) 

dx 9 9 
d t ’  d t ’  d t  ’ where u,  v ,  w = -  

5 = the  r e l a t i v e  v o r t i c i t y ,  

f o  = the  mean C o r i o l i s  parameter,  
2 

L L  

p = dynamic c o e f f i c i e n t  of eddy v i s c o s i t y  i n  the v e r t i c a l  d i r e c t i o n ,  

- @1 - 43 

p2 a2 - 3 

p2 = pressure  a t  middle of atmosphere, 

v = Laplacian ope ra to r ,  

K = a propor t iona l  cons tan t  f o r  t he  f r - c t i o n a l  s t r e s s  near  s u r f a c e ,  

g = a c c e l e r a t i o n  of g r a v i t y ,  

(0 = geopo ten t i a l ,  

t = t i m e .  

The quas i -geos t rophic  assumption i n  the  v o r t i c i t y  equat ions i s  v a l i d  f o r  the  
Mart ian atmosphere s i n c e  the  est imated thermal Rossby number i s  about 0 .1  
(Tang, 1965). 

The f i rs t  l a w  of thermodynamics and the  equat ion  of s t a t e  can be w r i t t e n  
a s  

tg)]  
a Y 2  

2 

(3) 



and 

$3) 

r e s p e c t i v e l y ,  where 

h2 = q f O  (, 62 Q3) - a measure of s t a t i c  s t a b i l i t y ,  

6 = p o t e n t i a l  temperature,  

$ = @/fo = geos t rophic  s t ream funct ion ,  

T2 = temperature a t  the  middle of t h e  atmosphere, 

R = gas cons tan t  f o r  Martian atmosphere, 

c = s p e c i f i c  h e a t  a t  cons tan t  pressure f o r  Martian atmosphere, 
P 

r a d i a t i v e  r a t e  of hea t ing  per u n i t  mass. dQ2 - =  
d t  

A simple approach t o  compute t h e  r a d i a t i v e  r a t e  of hea t ing  pe r  u n i t  mass, 
dQ / d t , a s  a func t ion  of l a t i t u d e  is explained below. 2 

A prescr ibed  hea t ing  ra te  as a func t ion  of l a t i t u d e  i s  not  very adequate 
f o r  the l a r g e  scale c i r c u l a t i o n ,  a s  the atmosphere determines i ts  own hea t ing  
r a t e  as a func t ion  p r imar i ly  of i t s  temperature d i s t r i b u t i o n .  I n  o r d e r  t o  
have such a r a d i a t i v e  t r a n s f e r  mechanism t r a c t a b l e  the  fol lowing assumptions 
are  thus made. 

(1) The atmosphere i s  isothermal ,  i n  the  r a d i a t i v e  sense.  
(2) The atmosphere is  t ransparent  t o  s o l a r  r ad ia t ion .  
(3) The atmosphere i s  grey t o  long wave r a d i a t i o n .  
( 4 )  The su r face  of the p l ane t  Mars has no h e a t  capac i ty .  

The t o t a l  incoming s o l a r  f l u x  for a day a t  a given l a t i t u d e ,  cp, and s o l a r  
d e c l i n a t i o n ,  6,  i s  

1 s [ H1 s i n  rp s i n  6 + s i n  H cos 6 cos  'p 
Q = -  T 

l f o  1 

where 
T = the  dura t ion  of a day ( 2 4  h r s ) ,  

S = t he  s o l a r  cons t an t ,  

H1 = t he  hour angle  between sunr i se  and noon. 
0 

and 



For the equinox, 6 = 0, sin H = 1, and the mean flux is 1 

The assumption of zero heat capacity at the ground implies that the surface 
is in radiative equilibrium. Therefore, 

= o  4 4 (1 - €)SO cos cp 
+vuT2 - UT4 

7T 

where E = the albedo of Mars, 
v = the absorptivity, 
(T = Stefan-Boltzmann constant. 

The heating rate per unit mass of atmosph re can be writt n as 

Substituting T: from Equation (5) into the last equation yields 

The first term in the bracket of the last equation corresponds to the radia- 
tive equilibrium temperature (Tz*)~ at level 2. 
Taylor's series near 45' latitude where y = 0. 
series may be written as 

T2* may be expanded into a 
The first two terms of this 

where TR = T2*(yO) .  
to the observed mean temperature at yo, then we are able to linearize the 
heating rate per unit mass and to write 

If the radiative equilibrium temperature, TR, is close 

3 - -  dQ2 4gv (2- v) U Tu 
dt (T2* - T2) N 

2p2 
4gv (2- v) U Ti 

M 2p2 [TR (1 - 6) - k (,*l - *3) ] (7) 

4 



where i s  t h e  observed mean temperature a t  y=,O and 

From the r e c e n t  o c c u l t a t i o n  measurements from Mariner I V ,  the su r face  
p re s su re  i s  about 4.1 t o  5.7 mb and the mean temperature of t h e  atmosphere i s  
about  180 2 0 K  (Kliore  st al, 1955) f o r  an a s s w e d  100 percent  carbon dioxide.  
With the above information,  we can determine the a b s o r p t i v i t y  of the "grey" 
Mart ian atmosphere. The a b s o r p t i v i t y  computed by House (1965) is about 0.16. 
Since i n  a grey tenuous atmosphere, the a b s o r p t i v i t y  depends very  l i t t l e  on 
temperature ,  th is  va lue  may be adopted here. However, p a r t s  of the Martian 
s u r f a c e  are  probably covered by a l aye r  of f i n e  dus t .  "he ivwest liijier~ of 
the a t m s p h e r e  probably con ta in  a c e r t a i n  amount of d u s t  p a r t i c l e s ,  which 
w i l l  i nc rease  the a b s o r p t i v i t y  s l i g h t l y .  Therefore ,  the  a b s o r p t i v i t y  was 
increased  t o  0.18 i n  the  present  computations. With t h i s  assumption, the  
computed r a d i a t i v e  equi l ibr ium temperature a t  l e v e l  2 i s  about 179K which i s  
c l o s e  enough t o  the r e s u l t s  of the  o c c u l t a t i o n  measurements. Therefore ,  with- 
i n  t h e  l i m i t s  of a v a i l a b l e  knowledge, t he  a p p l i c a t i o n  of the  l i n e a r  approxi- 
mation t o  Equation (7) i s  j u s t i f i e d .  Now we de f ine  the  zona l ly  averaged means 
f o r  the quan t i ty  G(x,y, t )  by 

L 

and i t s  d is turbance  by 

In t roducing  these  opera tors  t o  Equations (1) t o  (3) and the  equat ion of con- 
t i n u i t y ,  and then  i n t e g r a t i n g  the equations wi th  r e spec t  t o  y ,  we have 



and 

- 2 -  - 
-f v = AD u1 - k i G l  - u3) 0 1  

-f 7 = AD2 - + ki(Cil - - us) - K (; c1 - G3) 
0 3  u3 

where 

From Equations ( 7 ) ,  (13),  and (16), w e  have 

,-l 

- f - 4 -  2 2 -  - 0 (ul - u3) = - 
4a AD ul- (k. 4- X A) D (ul - u3) +- 

1 RTm 

From (14) and (15) we a r r i v e  a t  

2 K  3 K  
(D + 2~ = - (D2 - 2~ )u3 

I n  the case  of a s teady  symmetrical regime, the  f i r s t  t h r e e  equat ions 
of t he  l a s t  s e t  can be s i m p l i f i e d  t o  

2 d2  D = - .  
dY 

Eliminat ing 
homogeneous d i f f e r e n t i a l  equat ion  

between (17) and (18) , we o b t a i n  a s i x t h  o r d e r ,  o rd inary ,  non- 

[ D 6 -  - -  
8aA2 

where 2 
K = k i + X A  
j 

2 4 
4x Rgv(2-v)rnm 

2 A =  
2f c p 

O P 2  6 



S i x  boundary condi t ions  a r e  needed, namely: 
- 
u1 = 0 sty=+-W 

- 
u3 = 0 a t y = + W  

- 
and v1 = 0 a t y = + W  

0 where y = 0 rep resen t s  the p o s i t i o n  a t + 4 5  l a t i t u d e ,  
y = rt W rep resen t s  the pos i t i ons  a t  the  pole  and the equator  r e spec t ive ly .  

From Equations (14), (20), (21), and (22), we o b t a i n  the  fo l lowing  con- 
d i t i o n s .  

(23) 
2 -  D u = O .  1 

By us ing  Equations (17), (18), (20), (21), and (23), we o b t a i n  

4 -  €Oh (AD )ul = 4a . 
F i n a l l y ,  the six boundary condi t ions f o r  u1 can be r e w r i t t e n  as 

(20) 

a t y = k W  (23) 

- 
u1 = 0 a t y = * W  

2 -  D u = O  1 

a t  y = ' W .  

1.3 Solu t ions  
3RTm 

8afo 
The p a r t i c u l a r  s o l u t i o n  f o r  Equation (19) i s  - and the complementary 

func t ion  of Equation (19) can be w r i t t e n  a s  

The complete s o l u t i o n  i s  then  



The quant i ty  @a can be obtained by, f i r s t ,  s u b s t i t u t i n g  exp(@Ry) i n t o  (19) 
and then solving the s ix-degree  a l g e b r a i c  equat ion  i n  p i .  
degree a lgeb ra i c  equat ion  can be reduced t o  a cubic  equat ion  and solved r a t h e r  
e a s i l y .  
boundary condi t ions (20), (23) , and (24) through 'a s i x  by s i x  ma t r ix  opera- 
t ion.  

However, t he  s i x -  

can be determined from the  When a l l  values  of pa a r e  determined, 

I f  the t h r e e  p a i r s  of BR a r e  one r e a l  and two complex conjugate  r o o t s ,  
one can prove t h a t  the  r e a l  p a r t  of t he  s o l u t i o n  of aR should be fou r  r e a l  
negat ive numbers. 
zero.  A l l  these  c h a r a c t e r i s t i c s  of the r o o t s  a r e  a t t r i b u t e d  t o  the  p r o p e r t i e s  
of t he  boundary condi t ions  and the s i x t h  o rde r  d i f f e r e n t i a l  equat ion .  These 
c h a r a c t e r i s t i c s  a r e  very use fu l  f o r  checking the  numerical  r e s u l t s .  

The imaginary p a r t  of the  s o l u t i o n  of aR should add t o  

Suppose 

p R = a R + b i  . e 
Then from (25), we have 

The r e a l  p a r t  of the s o l u t i o n  of i1 i s  

Subs t i t u t ing  the s o l u t i o n  (26) i n t o  Equation (18) we f i n d  the  p a r t i c u l a r  
s o l u t i o n  of U as  3 

and the complementary func t ion  a s  
where 

a exp(yly) + b exp(-yly) , 

8 



From the boundary cond i t ion  on we f i n d  3 

The r e a l  p a r t  of the s o l u t i o n  f o r i  is 3 

1 sinh ylW 

2 2 3 K 2  2 2 '  cosh yly + RTm RT 

8afo 4afo sinh 2rlw 
m - 

R e u  = - - -  
[ (ak?  -bk? - A) + 4a b 1 3 

a= 1 ik? 

(cosh (aQ+ rl)W * s i n  b W exp(7 y) - r 
L s i n h  2ylW a 1 

9 



- S u b s t i t u t i n g  (26) ,  (27),  and (28) i n t o  (14) we o b t a i n  t h e  r e a l  p a r t  of 

v1 as 
6 

2 2  Re = (- t )  1 { [ (aQl(aQ-ba 2 2  ) - 2a b a ) cos bQy - (aa2(aa-bQ) + 1 Q R 42 
a= 1 

Taking t h e  d e r i v a t i v e  o f  (29) wi th  respect t o  y and us ing  t h e  approximation 

we have 

6 
2 2 K  (a - b  +-) '  (a2-b2- s)2+ 4aibz i Q 2A 

1 

l=1 Q Q 2A 

w - 
R e w 2 Z  - -  = 

2 2  4aQbQK 1 [ ylcos b a W 
- ( a i - b i -  g) + 4agbQ ) +aR2 A J s i n h  2ylW ' 

4aQbQK + 
- (ae COS b Q y - bQ s i n  b a y) exp(aQy)] - [- all A 

2-b2+ x) (a2-b2- s) + 4a Q .  
(a,l k? 2A a Q 2A 

10 



- COS b a y - [ (- $- ( 
ki ”lRTm . + f (a E l  b .4! +a 4 a: 12 ) ] s i n  bey} exp(aey) + - f o  - 4afo 

- 0  

s i n h  ylW 

sinh 2ylw 

Equations (27) and (28) a r e  the  equations used f o r  computing the  mean 
zonal  v e l o c i t i e s  a t  l eve l s  1 and 3 as a func t ion  of l a t i t u d e .  Equation (29) 
i s  used t o  compute the  mean meridional v e l o c i t y  a t  l e v e l  1. Equation (30) i s  
the  express ion  f o r  t he  mean v e r t i c a l  v e l o c i t y  i n  pressure  u n i t s  a t  l e v e l  2. 

The symmetrical c i r c u l a t i o n  regime accomplishes a reduct ion  i n  the  r ad i -  
a t i v e  equi l ibr ium temperature d i f fe rence  between equator  and pole. The 
r educ t ion  i s  simply 

-W AT = (T2* - T2) 

-W f 1 

= [.- (1 - 2 )  - + 1 (G1- G3)dY j 
W 

A f t e r  eva lua t ing  the  i n t e g r a l ,  one obta ins  the  r e a l  p a r t  of AT as  

+ 4 a i b i  ) +  aa2( “ f a K > ]  [ ( s i n h  (ae+ yl)W + s i n h  (yl  - aQ)W) - 

+ ol,,(Cai-bi+ &) ( a i -b i -  E) + 
4aQbQK 

A cos b a W]-[-a,, 

‘ (cosh (aa+rl)W - cosh 

Q= 1 
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(sinh a W cos b W (a2-b2 - g) + 2aaba cosh a a W s i n  a a a a  

2 b2 3 K  - ba2aa-aalba) ((- 2aaba) s i n h  a a W cos b a W + (a  R- 1- 2A ' 

2 2 3K - -  - [ (aj2aj - allbe) (sinh aaW cos b a W (a  R - b J  2 A ) +  

+ 2a b cosh a W s i n  b W + C! a + Q: (- 2aaba) s i n h  a W * a a  Q a ) ( a l a  a 

2 2 3 K  
cos b W + (a - ba - z) cosh a W s i n  a a a 

2 s i n h  ylW 

s i n h  2ylW e 

Tm - -  

The r e s u l t s  of t he  computations are discussed i n  the next  s ec t ion .  
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1.4 Results and Discussion 

In order to compute the wind velocities and the reduction in the rad- 
iative temperature difference between equator and pole accomplished by the 
circulation, we have to know the factor X . The factor is a function of 
6 Le -8 )and is a measure of the static stability of the atmosphere. 
potential temperatures 6 
determined from estimates of the vertical temperature profile. With the 
convective-radiative equilibrium model of Ohring and Mariano (1965) and 
composition and pressure data from the results of the Martian IV occultation 

The following input parameters are assumed: 
g is 373 cm/sec2; cp is 0.203 cal gm-I deg''; cp/cv is 1.28; R is 1.89 x lo6 
cm2 sec'2 deg'l and an adiabatic lapse rate is assumed in troposphere. 
computed temperature profile is shown in Figure 1. 

2 
The 

02,and O3 at levels 1, 2, and 3 for Mars can be 2 1 . 3  
1' 

----..-i..q-t LYLC-LIC , che v e r t i c d  temperature profile can be estimated theoretically. 
surface temperature is 217%; 

The 

From this profile we corn Ute the quantity 8 -8 ),which is about 46. 

0 
The corresponding values of h s /ki and A/ki for f2 ok 039 x sec'l are 
shown in Table 1. 

TABLE 1 

2 Values of h /k. and A/ki for different p . 
1 

I (cm-2 sec) I 
50 

100 

200 

0.13 10-9 

0.65 x 

0.38 x 

21 

10.5 

5.3 
- 

In Table 1, the absorptivity v is assumed to be 0.18; the temperature Tm is 
assumed to be 185%. k. may be written as 

1 3 

in A The quantity A can be computed by multiplying k by the value - 
Table 1 and is i ki 

A = 10.01 x sec-l 

The quantity K can also be computed from the following formula if A 
j and p are given 

13 
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2 

A) 
K = ki + h A  2 = ki(l+-- PPfO O 2  

2 6 -8 w 1 3  
j 

= k i ( l  + 3.63 x 10 -9 -) A 
c1 

( 3 4 )  

The va lues  of K .  f o r  d i f f e r e n t  A and g are shown i n  Table 2. 
J 

TABLE 2 

T7 "al.des 1 of K* for different laterill - - - . - - - - - . L :  VLsCva LLles, 

and v e r t i c a l  J c o e f f i c i e n t s  of  dynamic eddy v i s c o s i t y  p. 

-1 
p(gm cm- l  sec-l) K (sec ) 

2 -1 (cm s e c  ) 
j 

lo9 50 0.81 

100 1.54 

200 2.99 

1o1O 50 

100 

200 

1.66 

2.38 

3 . 9 7  

l o l l  50 

100 

200 

10.08 x 

10.80 x 

13.8 

Anoth r cons tan t ,  K ~ i n  t he  expression of t h e  s u r f a c e  stress i s  adapted -% as 4 x 10 sec'l ( P h i l l i p s ,  1956). 

The computed mean v e l o c i t i e s  a t  d i f f e r e n t  levels based on t h e  above 
inpu t  d a t a  f o r  var ious  l a t e ra l  eddy v i s c o s i t i e s ,  A, and v e r t i c a l  c o e f f i c i e n t s  
of eddy v i s c o s i t y  p, are shown i n  Figures  2 t o  10. u 
mean zonal winds a t  levels 1, 2, and 3 .  - and i i  are computed from 

v1 , t h e  mean meridion- Equat ions 27 and 28 and va lues  of T i 2  are i n t e r p o l a t e d ;  - 
a1 wind a t  level 1, i s  computed from Equation 29. 

- -  
u2, and u are the  1' 3 

u1 3 
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OIGAS?-  IOF 

J 

VELOCITY (m sec-1) . 

Figure 2. Mean zonal  and mer id iona l  wind v e l o c i t i e s  f o r  t h e  
case  of A = lo9  cm2 sec'l and p = 50 gm cm'l s e c - l .  

OIGAS? - 40F 

-20 -10 0 IO 20 30 40 50 

VELOCITY (m sec-1) 

Figure 3 .  Mean zonal  and meridional  wind v e l o c i t i e s  f o r  t h e  
case o f  A = l o9  cm2 sec'l and p = 100 gm cm'l sec ' l .  

OlGLS? - 30F 

I 

il 

I 
-20 -10 0 IO 20 30 40 

VELOCITY (m sec-1) 

Figure 4.  Mean zonal  and mer id iona l  wind v e l o c i t i e s  f o r  t he  
case of A = l o 9  .xu2 sec'l and p = 200 gm cm'l sec-1. 
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1 W I 

t = 

. - w  1 .  

VELOCITY (rn sec-l) 

Figure  5. Mean zonal  and meridional  wind v e l o c i t i e s  f o r  t h e  
= 50 gm cm'l sec -1 case  of A = 1O1O cm2 sec'l and . 

a.*97-.0n 

VELOCITY (rn sec-1) 

Figure  6 .  Mean zonal  and meridional  wind v e l o c i t i e s  f o r  t h e  
case  of A = 1O1O cm2 sec-' and p = 100 gm cm-1 sec- l .  

VELOCITY (rn sec-I) 

Figure  7. Mean zonal  and meridional  wind v e l o c i t i e s  f o r  t h e  
case  of  A = 1O1O cm2 sec'l and p = 200 gm sec'l. 
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VELOCITY (m sac-9 

I 

Figure 8. Mean zonal  and mer id iona l  wind v e l o c i t i e s  f o r  t h e  
case  of A = 10" c m 2  sec' l  and p = 50 gm cm-l sec'l.  

I 

o i e ~ ~ r - 1  IOW 

1 I I 

I 1 I 

VELOCITY (m sec-1) 
Figure 9. Mean zonal  and meridional  wind v e l o c i t i e s  f o r  the  

case  of A = 10" cm2 sec' l  and p = 100 gm cm-' sec  -1 . 
OIGAW-  70r 

VELOCITY (m sec-1) 

Figure 10. Mean zonal  and meridional  wind v e l o c i t i e s  f o r  the  
case  of A = lo1' c m 2  sec' l  and p = 200 gm cm'l sec'l.  
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The mean meridional  wind v e l o c i t i e s , v 3 , a t l e v e l  3 are not  shown i n  t h e s e  
f i g u r e s ,  bu t  they have t h e  s a m e  magnitude as ?T and are of oppos i te  s ign .  1 

From the  mean zonal  winds a t  l e v e l s  1 and 3, we can estimate t h e  mean 
zonal  winds a t  l e v e l  4 by e x t r a p o l a t i o n  from an  assumed l i n e a r  p r o f i l e .  
r e s u l t s  are shown i n  F igure  11. 

The 

As can be seen from Figures  2 t o  11, t h e  d i f f e r e n t  va lues  of A and p 
produce d i f f e r e n t  wind p r o f i l e s .  
v e l o c i t i e s  a t  middle l a t i t u d e s  decrease. 
i s  small. 

mer id iona l  wind p r o f i l e s  are f l a t t e r  i n  middle l a t i t u d e s  than  those  f o r  
l a r g e r  A. 

As A i nc reases ,  t h e  maximum Z O M ~  wind 
For A < 1O1O cm2 sec'', t h e  change 

When A = lo9 cmL sec*L, t h e  
For A = lo1' cm2 sec-l, ghe Find vF loc i ty  a t  level 1 :educes t o  

about  one h a l f  the  va lue  f o r  A = loru cmL sec-L. 

The small dev ia t ions  of t h e  mean zonal  wind speeds between the cases 
A = 10 9 2  c m  / s e c  and A = 10" cm2/sec i s  due t o  the f a c t  t h a t  the magnitude 
of the  lateral f r i c t i o n  i s  assumed smaller than t h e  magnitude of the  v e r t i c a l  
f r i c t i o n .  Therefore, n e g l e c t  of t h e  l a t e r a l  f r i c t i o n  has  l i t t l e  in f luence  
on t h e  maximum magnitude of t h e  mean zonal wind. 
t h e  magnitude of lateral  f r i c t i o n  dominates over v e r t i c a l  f r i c t i o n .  As a con- 
sequence, no t  only i s  t h e  magnitude of t h e  mean zonal wind a t  l e v e l  1 sharp ly  
reduced, but a l s o  the  mean zonal  wind d i r e c t i o n  a t  l e v e l  3 changes from w e s t  
t o  east. For t h e  case  of ze ro  v e r t i c a l  f r i c t i o n a l  stress, an east wind must 
be found a t  t h e  level 3. This can be very e a s i l y  seen  from Equation (18). 
This  phenomenon w i l l  a l s o  be found i n  t h e  genera l  c i r c u l a t i o n  model developed 
from Bjerknes '  c i r c u l a t i o n  theorem when s u r f a c e  f r i c t i o n  i s  not  taken i n t o  
account. This may be explained phys ica l ly  as follows. When l a r g e  s c a l e  
geos t rophic  balance i s  reached i n  t h e  atmosphere, i n  which the  temperature 
i s  h ighe r  a t  t h e  equator  than  a t  t h e  pole, t h e  flows a t  l e v e l s  1 and 3 on a 
r o t a t i n g  p l ane t ,  a r e  w e s t  and east, r e spec t ive ly .  Since an e a s t  wind means 
t h a t  t h e  atmosphere i s  moving more slowly than the  t a n g e n t i a l  v e l o c i t y  of 
the  r o t a t i n g  p l ane t  a t  su r face  l e v e l ,  t h e  e a s t  wind would be reduced by t h e  
drag of the  p l ane ta ry  su r face .  The e a s t e r l y  component a t  h igher  l e v e l s  w i l l  
a l s o  be reduced due t o  i n t e r n a l  f r i c t i o n .  F i n a l l y ,  t h e  wind a t  l e v e l  3 may 
be e i t h e r  a weak e a s t e r l y  wind o r  a wes ter ly  wind. Thus, with the  i n c l u s i o n  
of v e r t i c a l  f r i c t i o n ,  t h e  wes te r ly  component of t h e  wind a t  level 3 i s  
increased .  

However, when A >> lo lo  cm2/sec, 

The meridional  wind speeds increase  when the  c o e f f i c i e n t  of v e r t i c a l  
eddy v i s c o s i t y ,  ki, i nc reases .  
Equation (14). From t h e  phys ica l  point of view, t h e  i n c r e a s e  of mer id iona l  
v e l o c i t y  with the corresponding increase  of v e r t i c a l  i n t e r n a l  f r i c t i o n  i s  
a t t r i b u t e d  t o  the  f a c t  t h a t  the  f r i c t i o n a l  fo rce  always causes  the  a c t u a l  . 

wind t o  flow ac ross  t h e  co- . taur  l i n e s  toward "low" areas and t o  d e v i a t e  
from t h e  geos t rophic  wind The f r i c t i o n a l  fo rce  w i l l  upse t  t h e  o r i g i n a l  
fo rce  of balance betwee? t h e  pressure  g r a d i e n t  f o r c e  and t h e  C o r i o l i s  
fo rce .  A new balance - f  f o r c e s  among t h e  f r i c t i o n a l  fo rce ,  the  p re s su re  
g r a d i e n t  fo rce ,  and t !e  C o r i o l i s  force must be reached i f  f r i c t i o n  i s  

Mathematically, t h i s  can be seen  from 
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in t roduced  o r  increased.  As a r e s u l t  of t h i s  new balance,  t h e  component of 
t h e  wind d i r e c t e d  toward lower pressures  w i l l  be increased .  I n  t h e  upper 
l a y e r  of t he  atmosphere, the  geopotent ia l  he igh t  i s  h ighe r  a t  lower l a t i t u d e s  
than  a t  h igh  l a t i t u d e s .  
i n c r e a s e  i f  t h e  v e r t i c a l  i n t e r n a l  f r i c t i o n  i s  h igher .  

Therefore ,  the northward component of wind w i l l  

For t he  co~pletzly 
equat ion ,  (19) , reduces 

f r i c t i o n l e s s  ease, p = ki = K = .A = 0, t h e  governing 
t o  

For numerical  va lues  of 
43  m/sec. 
t i m e s  tha  

- 
3 It may be worthwhile t o  mentfon he re  t h a t  t h i s  quan t i ty  i s  - 2 .t based on Charney's (1959) formula. The cause of t h i s  d i f f e r e n c e  

i s  due t o  t h e  somewhat d i f f e r e n t  form of the  su r face  stress used i n  our 
computations.  W e  assume t h e  su r face  s t r e s s  t o  be p ropor t iona l  t o  the  f i r s t  
power of t h e  su r face  wind, as a l s o  assumed by P h i l l i p s  (1956). To compute 
the  s u r f a c e  stress, a va lue  f o r  t he  sur face  wind i s  requi red .  Since s u r f a c e  
wind i s  n o t  d i r e c t l y  computed from the equat ions ,  a l i n e a r  e x t r a p o l a t i o n  i s  
made downward from l e v e l s  1 and 3, so  t h a t  u i s  w r i t t e n  as 

Tm, R, a, and f as shown before ,  u1 i s  about 

4 

- 
I n  Charney's approach however, u i s  f u r t h e r  s i m p l i f i e d  by assuming 4 

1 -  - -  - 
u4 - 2 u3 

This  approximation, when introduced i n t o  t h e  equat ion  of motion, l eads  t o  
a ze ro  wind v e l o c i t y  a t  l e v e l  3, which i s  no t  a realist ic v e l o c i t y .  

F igure  11 shows t h e  zonal  wind a t  l e v e l  4 ,  the  level near  t h e  sur face .  
For A = 10" cm2 sec'l o r  less, the  Z O M ~  wind has  a double peak, i n  con- 
trast  t o  t h e  case of A = 10" o r  t o  the h ighe r  l e v e l  winds, which a l l  have 
s i n g l e  mid - l a t i t ude  peaks. The values of t h e  wind f o r  t hese  eases are 
small, however, and the  double peak may be t h e  r e s u l t  of using a s imple 
l i n e a r  e x t r a p o l a t i o n  technique. 

The t h e o r e t i c a l  va lues  of zonal  and meridional  v e l o c i t i e s  a t  level 1 
f o r  t h e  e a r t h ,  computed by Charney (1959) without  cons ider ing  lateral  f r i c t i o n ,  
are about  24 m sec'l and 12 c m  sec'l, r e spec t ive ly .  A s i m i l a r  computation 
f o r  e a r t h  wi th  our  model, wi th  A = 0, y i e l d s  a maximum Z O M ~  wind v e l o c i t y  
a t  level 1 equal  t o  about 36 m sec''. 
taken i n t o  account,  the  est imated magnitude of t he  zonal  wind would be some- 
what reduced, depending upon t h e  magnitude of A chosen. The choice of t h e  
r i g h t  va lue  of A f o r  t h e  f r e e  atmosphere i s  d i f f i c u l t .  Based upon t h e  
empi r i ca l  and t h e o r e t i c a l  s t u d i e s  by Richardson and Oboukhov (see Gandii, 1955) 
on t h e  r e l a t i o n  between t h e  lateral eddy v i s c o s i t y  A, and t h e  scale of motion 

I f  t h e  lateral  eddy v i s c o s i t y  i s  
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of a system, t h e  q u a n t i t y  A may be w r i t t e n  as 

4 
-2 7 2 -1 A W 10 L m sec 

250 mb 

Summer Winter Yearly Mean 

Northern 
Hemisphere 13 17 15  

H e m i  sphere 22 26 24 
Southern 

Mean 20 

For t h e  s c a l e  of eddies  of t h e  genera l  c i r c u l a t i o n  i n  t h e  t e r r e s t r i a l  
atmosphere 

6 
L Z 2 x 1 0  m , 

750 mb 

Summer Winter Yearly Mean 

3 6 5 

8 10 9 

7 

10 2 -1 and, hence, A z 2 . 5  x 10 c m  sec . This  va lue  w a s  used by Adem (1962) 
with some success.  I f  A = lo1' cm2  sec'l i s  used i n  our model t o  compute 
t h e  wind v e l o c i t y  i n  t h e  e a r t h ' s  atmosphere, t h e  computed va lues  a t  l e v e l s  

1 1 and 3 are U = 10 m sec- . The mean zonal  v e l o c i t y ,  - 3 u a t  l eve l  1 i n  middle l a t i t u d e s  of t h e  Northern and Southern Hemisphere 
oA'Earth i n  summer and w i n t e r  (based upon Obasi, 1963) are  shown i n  Table 3. 

33 m sec'l and u = 

TABLE 3 

Mean zonal  wind v e l o c i t i e s  between 30' and 

c a l c u l a t e d  from t h e  r e s u l t s  repor ted  by Obasi (1963). 

0 60 l a t i t u d e  i n  t h e  terrestr ia l  atmosphere, 

The observed and computed values  are i n  reasonable  agreement. Therefore,  
A = 10'' cm2 s e c - l  i s  probably a proper va lue  f o r  t h e  e a r t h ' s  atmosphere. 

What i s  t h e  most probable va lue  of A f o r  Mars? No one r e a l l y  knows. 
A reasonable estimate m i  h t  be a v a l u e  s imi l a r  t o  t h a t  i n  t h e  e a r t h ' s  
atmosphere - A = 10" cm' sec''. 
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10 2 -1 -1 - 
For A = 10 cm sec and p = 100 gm ern sec ’, the Martian mean 

zonal and meridional velocities at middle latitude at different levels are 
shown in Table 4.  

level 

TABLE 4 

4 
Mean Zonal Velocities (m/sec) Meridional Velocities (m/sec) 

1 36 5 

2 24 0 

3 

The computed meridional wind velocities for Mars as shown in Table 4 
are on the average about one order of magnitude higher than those of the 
earth. Since the magnitude of the meridional wind velocity is almost linear- 
ly proportional to k and k. is inversely proportional to p as seen in 
Equation (33), the meridional wind velocity on a planet having a small sur- 
face pressure, will be larger. Thus, the large value of the meridional 
velocity on Mars may be attributed to the low surface pressure on the planet. 
The meridional velocities at levels 2 and 4 are obtained by linear inter- 
polation and extrapolation, respectively. The magnitude of the meridional 
velocity at the surface level is 10 m sec-l, which is several times the mean 
zonal velocity at the surface in the symmetrical regime. As shown later, a 
symmetrical circulation regime is not dominant on Mars and is replaced by a 
wave regime. We have no data here to show how the meridional velocities at 
different levels would change from symmetrical regime, when the wave regime 
is developed. However, it is highly probable that the high percentage of 
meridional cloud movements at low latitude on Mars (Gifford, 1965; Tang, 1965) 
is directly associated with the relatively strong mean meridional wind 
velocity and indirectly with the low value of the surface pressure on Mars. 

i’ 2’ 

10 -5 
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The radiative equilibrium pole-to-equator temperature difference in this 
model is about 74OC. 
reduced by an amount AT by the symmetrical circulation. 
equator temperature difference, T is then 

The temperature difference between pole and equator is 
The final pole-to- 

pey 

= 74OC - m ( 3 7 )  TPe 

where AT represents the reduction in the temperature difference that is pro- 
duced by the symmetrical circulation. 
for various A and p are shown in Table 5 .  

The calculated values of LSC and T 
Pe 

TABLE 5 

Tp e The calculated magnitude of the pole-to-equator temperature differences, 
at the middle of the Martian atmosphere of the symmetrical regime for various 
lateral eddy viscosities A, and vertical dynamic coefficients of eddy viscosity, p. 

2 A(cm /sec) T (OC> Pe 

lo9  50 

100 

200 

14 

18 

2 5  

6 0  

56 

4 9  

1o1O 50 2 1  

100 25  

200 30 

5 3  

4 9  

44 
~ ~~~~ 

50 50 

100 51 

200 54 

24  

2 3  

20 

Based upon observational inferences, the mean magnitude of pole-to- 
equator temperature difference at the surface is about 35OC to 4OoC 
(Ohring, Tang, and DeSanto, 1 9 6 2 ;  Mintz, 1 9 6 1 ) .  The mean magnitude of the 
pole-to-equator temperature difference at the middle of the atmosphere is 
probably less than this value - perhaps 
The computed magnitudes of the atmospheric pole-to-equator temperature 

having a value of 25OC to 3 O o C .  
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d i f f e r e n c e s  produced by the  symmetrical c i r c u l a t i o n  a r e  g r e a t e r  than  those 
i n f e r r e d  from observa t ions ,  except  when For our  b e s t  
estimate of A (= 1010 cm2 sec-1) and p (= 100 gm c m - l  s e c - I ) ,  the  computed 
temperature  d i f f e rence ,  Tpe, i s  about  5OoC, which is  a t  l e a s t  20°C t o  25OC 
h ighe r  than  the  observed value.  This means t h a t  the observed average temper-  
a t u r e  d i f f e r e n c e  cannot be explained by a symmetrical c i r c u l a t i o n  regime. 
symmetrical  regime is  not  e f f e c t i v e  i n  t r a n s p o r t i n g  h e a t ,  and i s  t h e r e f o r e  
rep laced  by a wave regime, which is more e f f i c i e n t  i n  t r anspor t ing  hea t .  
parameters  used i n  these  c a l c u l a t i o n s  a r e  f o r  the  Martian e q u i n o c t i a l  seasons,  
and, t h e r e f o r e ,  t hese  conclusions a r e  r e p r e s e n t a t i v e  of t h e  average Martian 
year .  

A = 1011 cm2 s e c - l .  

The 

The 

Although the  symmetrical regime i s  not  t he  p reva i l i ng  regime i n  the  Martian 
atmosphere, t he  v e l o c i t i e s  computed above should be f i r s t  approximations of 
t h e  average zonal  and merdional v e l o c i t i e s  of t he  atmosphere a t  middle l a t i -  
t u d e s .  

A s  a cont inua t ion  of t h i s  s tudy ,  a non-steady, assymmetric model  t h a t  
inc ludes  t i m e  v a r i a t i o n s  and eddy t r anspor t s  of zonal  momentum w i l l  be devel- 
oped and appl ied  t o  Mars. 
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2. THE SEASONAL CLIMATOLOGY OF MARS 

Freder ick  B. House 

2 .1  In t roduct ion  

The climate on Mars has been a sub jec t  of debate  s ince t h e  invent ion  of 
the te lescope .  The b a s i s  f o r  a s tudy of Martian cl imatology is  the welding 
toge the r  of a v a i l a b l e  observa t iona l  data and appropr i a t e  theory.  P r i o r  t o  
t h e  e a r l y  rad iometr ic  measurements of  Mars by Cobientz and Lamplatid (13??), 
es t ima tes  of Martian cl imatology used v i s u a l  and photographic observa t ions  i n  
o rde r  t o  c a l c u l a t e  su r face  and atmospheric temperatures ,  e.g. ,  Milankovitch 
(1920). Gifford (1956) has summarized rad iometr ic  measurements of Mars over  
the  yea r s  i n  a seasonal  c l imatology of the su r face  temperature d i s t r i b u t i o n .  
Measurements by S in ton  and Strong (1960), and by Kaplan, Munch, and Spinrad 
( l964) ,  have increased our  knowledge about t he  d i u r n a l  temperature v a r i a t i o n  
and composition of t h e  Martian sur face ,  and about t he  t o t a l  p ressure  and 
composition of the  atmosphere of Mars, r e spec t ive ly .  Resul t s  from the rad io  
o c c u l t a t i o n  experiment during the  Mariner I V  f ly -by  of Mars (Kliore ,  e t  a l ,  
1965) have added considerably t o  our  knowledge of the  Martian atmospheric 
pressure  and composition. I n  l i g h t  of t h e s e  new measurements, a s tudy  of the 
seasonal  v a r i a t i o n s  of t he  Martian climate seems appropr i a t e  a t  t h i s  t ime .  

Recent research  emphasis has centered around i n v e s t i g a t i o n s  of t he  temper- 
a t u r e  s t r u c t u r e  of t h e  Martian atmosphere, e.g. ,  Goody (1957), Arking (1963), 
Ohring (1963), and Prabhakara and Hogan (1965). The r e s u l t s  of t hese  i n v e s t i -  
ga t ions  are based on c a l c u l a t i o n s  using mul t i - layered  model  atmospheres which 
g e n e r a l l y  apply t o  t h e  average Martian l a t i t u d e  and cl imate .  

I n  this paper,  a s i m p l e  t h e o r e t i c a l  model i s  formulated t o  determine t h e  
l a t i t u d i n a l  and seasonal  v a r i a t i o n  of t h e  su r face  and mean atmospheric temper- 
a t u r e s  of Mars. I n  t h i s  model, the temperature climate i s  computed from 
condi t ions  of r a d i a t i v e  equi l ibr ium,  assuming the  atmosphere t o  be s t a t i o n a r y .  
The s p e c t r a l  p rope r t i e s  of the Martian atmosphere a r e  assumed t o  be non-gray, 
t h a t  i s ,  t h e  a b s o r p t i v i t y  and emiss iv i ty  of the atmosphere t o  thermal r a d i a t i o n  
a r e  a func t ion  of  t h e  su r face  and atmospheric temperatures ,  r e spec t ive ly .  The 
abso rp t ion  of s o l a r  r a d i a t i o n  by the atmosphere occurs  i n  the  r e a r  i n f r a r e d  
bands of carbon dioxide and water vapor, ‘and this absorp t ion  is  assumed t o  be 
independent of atmospheric temperature. Gray s p e c t r a l  p rope r t i e s  a r e  assumed 
t o  hold f o r  t he  absorp t ion  and emission of r a d i a t i o n  a t  the sur face .  

I n  a c l ima to log ica l  s tudy such a s  t h i s ,  t he  need f o r  a model atmosphere 
which c a l c u l a t e s  a d e t a i l e d  v e r t i c a l  temperature s t r u c t u r e  i s  of secondary 
importance t o  the i n f e r r e d  c l i m a t i c  v a r i a t i o n s .  Ins tead  of us ing  a s o p h i s t i -  
ca ted  mul t i - layered  model atmosphere, th i s  s tudy  incorpora tes  a s ing le- layered  
atmosphere i n  o rde r  t o  reduce the  computing t i m e  and t o  emphasize the  changes 
i n  climate. The l o s s  i n  accuracy when us ing  the s ingle- layered  model i s  
probably no g r e a t e r  than the  e r r o r  introduced by the  unce r t a in ty  i n  t o t a l  pres- 
s u r e  and composition of t h e  Martian atmosphere. 
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2.2 Radia t ive  Equi l ibr ium Model Atmosphere 

I n  any p l ane ta ry  h e a t  budget s tudy ,  the fundamental law of energy con- 
s e r v a t i o n  is a bas i c  assumption. This law s t a t e s  t h a t  t he  sources  of energy, 
p r i n c i p a l l y  s o l a r  o r  short-wave r a d i a t i o n  absorbed by the  su r face  and atmos- 
phere,  a r e  balanced by the  lo s ses  of energy, the emission of r a d i a t i o n  t o  
space.  

The r a d i a t i v e  equi l ibr ium temperatures of the su r face  and atmosphere 
depend on the magnitude of the incoming s o l a r  energy and on the  absorbing 
and emi t t ing  p rope r t i e s  of the  su r face  and atmosphere. 
energy between the  sun, Mars and space can be descr ibed by two energy balance 
equat ions ,  one f o r  the su r face  and the o t h e r  f o r  the atmosphere. F i r s t ,  l e t  
us examine t h e  important r a d i a t i o n  components of the u n i t  atmospheric column 
shown i n  Figure 1, and then develop the balance equat ions from these  components. 

Of the short-wave r a d i a t i o n  inc iden t  a t  the top of t he  atmosphere @ , 

The i n t e r p l a y  of 

a small  por t ion  i s  absorbed by the atmosphere before  reaching the  su r face .  
A major por t ion  of the s o l a r  r a d i a t i o n  i s  by the  
remaining energy i s  d i f f u s e l y  r e f l e c t e d  back t o  the 
space @ . I n  t h i s  model, atmospheric s c a t t e r i n g  
the  atmosphere i s  assumed f r e e  of c louds.  The p l ane ta ry  albedo of Mars i s  
c o n t r o l l e d  mostly by the assumed su r face  r e f l e c t i v i t y  and t o  a l e s s e r  degree 
by atmospheric absorp t ion .  

0 and t o  space @ . The atmosphere emits r a d i a t i o n  t o  space d i r e c t l y  

t i o n  from the atmosphere i s  absorb a t  t he  su r face  

I n  turn  the su r face  emits long-wave r a d i a t i o n  @ back t o  the 

and emits r a d i a t i o n  back t o  the su r face .  A major po r t ion  of t h i s  
10 ; a  small por t ion  i s  

r e f l e c t e d  back t o  the atmosphere 6 and t o  space 0. 0 
I n  order  to  s a t i s f y  the condi t ions  of r a d i a t i v e  equi l ibr ium,  the ga ins  

and l o s s e s  of energy a t  the  top of the  atmosphere, w i th in  the atmosphere and 
a t  t he  sur face  must a l l  be q u a l ;  i . e .  , the  ne t  r a d i a t i o n  i s  zero .  The exchange 
of s e n s i b l e  h e a t  a t  t he  surface-atmosphere i n t e r f a c e  and the  s to rage  of h e a t  
i n  the sur face  and atmosphere a r e  neglected i n  t h i s  model. The equat ion  which 
expresses  the balance of energy ga ins  and lo s ses  f o r  the su r face  i s  given by 

where Rs = the  su r face  r e f l e c t i v i t y  t o  short-wave r a d i a t i o n ,  

= the  inc iden t  short-wave r a d i a t i o n  a t  t he  su r face ,  
0 

0 

0 

FS 

E = t he  su r face  emis s iv i ty  t o  long-wave r a d i a t i o n ,  

E (T ) = the  atmospheric emis s iv i ty  t o  long-wave r a d i a t i o n ,  a func- a a  
a’  t i o n  of the  atmospheric temperature T 
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Figure 1. Radiation components of a unit atmospheric column. 
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0- = S t e f a n - ~ o l t z m a n n ' s  cons tan t ,  
T = the  su r face  temperature i n  O K .  

0 

The ga ins  of energy t o  the  l e f t  of Equation ( l ) ,  r e s p e c t i v e l y ,  a r e  the  ab- 
sorbed short-wave r a d i a t i o n  and the  absorbed long-wave r a d i a t i o n  emit ted by 
the  atmosphere. Both of t hese  terms a r e  balanced by the  su r face  r a d i a n t  
energy loss .  

A s imi l a r  equat ion f o r  the  energy balance of the  atmosphere i s  given by 

(2) 
- 1 . 6 6 ~  4 

Fs - Fs [1-Rs (1-e 11 -I- foaa(To)mo = [ ~ - ( ~ - E ~ ) E ~ ( T ~ ) ] E ~ ( T ~ ) ~ ~  
t 0 0 

where Fst  = the  i n s o l a t i o n  a t  the top  of t he  atmosphere, 

T = t he  o p t i c a l  thickness  of the  atmosphere t o  short-wave 

e = the  t ransmi t tance  of the  atmosphere t o  d i f f u s e  short-wave 

r a d i a t i o n  , 

r a d i a t i o n ,  assuming e -T  i s  the v e r t i c a l  beam t ransmi t tance  
of t he  atmosphere to  d i r e c t  short-wave r a d i a t i o n ,  

a: (T ) = the  a b s o r p t i v i t y  of the abnosphere t o  long-wave r a d i a t i o n  
from the sur face .  

- 1 . 6 6 ~  

a o  

The f i r s t  two terms t o  the l e f t  of Equation (2)  a r e  the  s o l a r  energy absorbed 
by the  atmosphere, both the d i r e c t  component and d i f f u s e l y  r e f l e c t e d  component 
from the  surface,  and the  t h i r d  term i s  the  absorbed long-wave r a d i a t i o n  from 
the  sur face .  These energy ga ins  a r e  balanced by the  r a d i a n t  energy l o s s  by 
the atmosphere t o  the su r face  and space. The term (1-c0) i s  the  r e f l e c t i v i t y  
of t he  su r face  t o  long-wave r a d i a t i o n  from the  atmosphere. 

The so lu t ion  f o r  the  mean atmospheric temperature ,  based on Equation (1) 
and (2), i s  

and t h e  s o l u t i o n  f o r  the  su r face  temperature using Equation (1) and the  va lue  
of Ta from Equation ( 3 )  i s  

The c a l c u l a t i o n  of atmospheric and su r face  temperatures using Equations 
( 3 )  and ( 4 )  i s  complicated by the  f a c t  t h a t  t he  atmospheric a b s o r p t i v i t y  and 
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e m i s s i v i t y  are  dependent v a r i a b l e s ,  and a r e  func t ions ,  themselves, of the 
temperatures t o  be c a l c u l a t e d .  Thus, for example, the a l g e b r a i c  s o l u t i o n  t o  
determine the atmospheric temperature is not  r e a d i l y  apparent f o r  given va lues  
of s o l a r  energy inpu t ,  and cannot be determined from a s i n g l e  c a l c u l a t i o n  
us ing  the energy balance equations.  

-- 

However, an e x a c t  s o l u t i o n  t o  the  equat ions  can be found, us ing  the method 
of success ive  approximations i n  the  computer ( t r i a l  and e r r o r  method). The 
process o f  i t e r a t i o n  is  as follows: Values of atmospheric a b s o r p t i v i t y  and 
e m i s s i v i t y  are assumed a s  an  approximation t o  the exac t  va lues .  
s u r f a c e  and atmospheric temperatures a re  cmpu ted  us ing  the energy balance 
equat ions .  
and e m i s s i v i t y ,  which, i n  t u r n ,  y i e l d  b e t t e r  approximations t o  the equ i l ib r ium 
tempera tures ,  etc.  This i t e r a t i o n  process converges r a p i d l y  t o  the exac t  
s o l u t i o n  of the energy balance equations.  
accu ra t e  t o  w i t h i n  one degree of the exact s o l u t i o n  a f t e r  f o u r  o r  f i v e  i t e r a -  
t i o n s  i n  the computer. 

Then the 

These computed temperatures e s t a b l i s h  new va lues  of a b s o r p t i v i t y  

For  example, the temperatures a r e  

2 . 3  Method of Calcu la t ing  Model Parameters 

The p r i n c i p a l  i npu t  parameters needed f o r  the c a l c u l a t i o n s  inc lude  the  
t r a n s m i s s i v i t y  of the atmosphere t o  a normal beam of s o l a r  r a d i a t i o n ,  e-T, o r  
the a b s o r p t i v i t y ,  l-e-T, and the e f f e c t i v e  a b s o r p t i v i t y  and emiss iv i ty  of the 
atmosphere t o  long-wave r a d i a t i o n ,  aa and Ea r e s p e c t i v e l y .  Of the gases  that  
a r e  assumed i n  the atmospheric compositions, n i t rogen ,  carbon d ioxide  and 
water  vapor,  the  l a t t e r  two gases are  o p t i c a l l y  a c t i v e  i n  both the shor t -  and 
long-wave reg ions  of the spectrum. 

Atmospheric  abso rp t ion  of s o l a r  r a d i a t i o n  by the  near  i n f r a r e d  bands of 
carbon d ioxide  and water  vapor i s  computed us ing  t h e  method of Roach (1961) 
which is  based on the  experimental  data of Howard, e t  a l . ,  (1955). Following 
the  n o t a t i o n  of Roach (1961), t he  amount of s o l a r  energy absorbed from a 
p re s su re  l e v e l  t o  the top  of the atmosphere, E ,  i s  g iven  by 

i 

where Ioi i s  the  i n t e n s i t y  of s o l a r  r a d i a t i o n  per  wave number a t  the t o p  of 
t h e  atmosphere i n  the i t h  abso rp t ion  band, JI is the s o l a r  z e n i t h  ang le ,  A i  i s  
the band a r e a  i n  wave numbers ( c m - 1 ) .  
a r e  conta ined  i n  Roach's a r t i c l e .  The a b s o r p t i v i t y  of the atmosphere ( 1 - e ? )  
t o  a normal beam of s o l a r  r a d i a t i o n  \Ir= Oo, i s  given by 

D e t a i l s  of the method t o  c a l c u l a t e  A i  
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where S i s  the t o t a l  i nc iden t  s o l a r  r a d i a t i o n ,  summed over  a l l  wave numbers. 
Therefore ,  the t r ansmiss iv i ty  of the atmosphere t o  normal s o l a r  r a d i a t i o n  i s  

The method ou t l ined  by E l sas se r  and Culbertson (1960) i s  used t o  compute 
the  e f f e c t i v e  a b s o r p t i v i t y  and emiss iv i ty  of the atmosphere t o  long-wave 
r a d i a t i o n .  

where a ( v )  
a t  a given 
the  Planck 
manner the  

The a b s o r p t i v i t y  t o  su r face  r a d i a t i o n  i s  given by the  express ion  

(8) 

i s  the s p e c t r a l  a b s o r p t i v i t y  of the atmosphere a t  wave number v 
atmospheric temperature,  and Io (v )  i s  t he  emission i n t e n s i t y  of 
func t ion  a t  the  p reva i l i ng  su r face  temperature To. I n  a s i m i l a r  
e f f e c t i v e  emis s iv i ty  of the  atmosphere i s  

03 

0 
Ea(Ta) = 4 

Ta 
(9) 

where I a (v )  i s  the emission i n t e n s i t y  of the  Planck func t ion  a t  the  p r e v a i l i n g  
atmospheric temperature.  The values  of the  s p e c t r a l  emis s iv i ty  ( a b s o r p t i v i t y )  
a r e  computed using E l s a s s e r ' s  method. 

Both e f f e c t i v e  a b s o r p t i v i t y  and emiss iv i ty  have a temperature dependence, 
owing t o  the change of the  weighting d i s t r i b u t i o n  of the  Planck func t ion  wi th  
wave number a t  d i f f e r e n t  temperatures.  This po in t  w i l l  be discussed f u r t h e r  
i n  the  next s e c t i o n ,  and then the  ca l cu la t ed  r e s u l t s  of the annual mean 
temperature c l ima te  f o r  d i f f e r e n t  Martian atmospheres w i l l  follow. 

2.4 Calculated Model Parameters f o r  
D i f f e ren t  Martian Atmospheres 

Four l i k e l y  atmospheric compositions and su r face  pressures  on Mars a r e  
considered i n  t h i s  s tudy.  Two o f  these  atmospheres, l i s t e d  i n  Table 1, fo l low 
from the radio o c c u l t a t i o n  experiment on Mariner I V  (Kl iore ,  e t  a l ,  1965), 
and the second p a i r  of atmospheres a r e  based on the  measurements of Kaplan, 
e t  a l ,  (1964). 
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Table 1 

'co2 
Reference Surface Pressure  c02 N2 

Model No. (mb) (mb) (mb) (m atm) 

5 

6 

10 

25 

5 0 68.6 Kl iore  (1965) 

3 3 41.1 Kliore (1965) 

6 4 82.2 Kaplan (1964) 

4 19 54.8 Kaplan (1964) 
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Concerning the  amount of water  vapor on Mars, Spinrad pointed out  a t  
the  r e c e n t  Lunar and Plane tary  Conference i n  C a l i f o r n i a  t h a t  t he  amount of 
p r e c i p i t a b l e  water  vapor on Mars i s  v a r i a b l e  w i t h  l a t i t u d e .  He suggested an  
average value of about 15 p H20 cm-2. 
a t  t he  same conference i n d i c a t e  values  around 45 IJ- H20 cm-2. 
average of t hese  two f i g u r e s  was adopted f o r  t h i s  s tudy ,  30p H20 cm-2. 

Revised e s t ima tes  presented by Dol l fus  
Therefore ,  an 

I n  the f a r  i n f r a r e d ,  th ree  absorp t ion  bands a t  d i f f e r e n t  wavelength 
reg ions  of t he  spectrum a f f e c t  the  absorp t ion  and emission of r a d i a t i o n .  
bands a r e  the 15p C02 band, the 6 . 3 ~  water  vapor band and the r o t a t i o n a l  water  
vapor band, To g e t  an  idea of t he  r e l a t i v e  s t r e n g t h s  of t hese  bands f o r  the  
Martian atmospheres, the s p e c t r a l  e m i s s i v i t y  of C02 and H20 f o r  Model No. 3 
i s  p l o t t e d  a s  a func t ion  of wave number, i n  F igure  2. These va lues  a r e  based 
on an atmospheric temperature of 190°K. The 15p band i s  by f a r  t he  s t r o n g e s t  
of t he  three bands owing t o  the  l a rge  o p t i c a l  depth of C02 i n  t h e  Mart ian 
atmosphere . 

These 

Spec t ra l  emis s iv i ty  c a l c u l a t i o n s  for a l l  models were computed a t  a v a r i e t y  
of temperatures.  These r e s u l t s  i n d i c a t e  a s l i g h t  v a r i a t i o n  of s p e c t r a l  emis- 
s i v i t y  i n  the wings of t he  C 0 2  band f o r  va r ious  o p t i c a l  depths .  More of a 
v a r i a t i o n  in  emis s iv i ty  was noted wi th  changing temperature.  On the o t h e r  
hand, t he  centers  and wings of the  H20 bands show a g r e a t e r  s e n s i t i v i t y  t o  
both pressure and temperature than i s  ind ica t ed  by the C 0 2  band. 

When computing the  e f f e c t i v e  emis s iv i ty  of the atmosphere, the  temperature  
dependence on the Planck func t ion  i s  g r e a t e r  than the  v a r i a t i o n s  of s p e c t r a l  
e m i s s i v i t y  wi th  temperature.  A s  the  temperature inc reases ,  the  wave number 
of maximum emission a l s o  increases  i n  magnitude and s h i f t s  toward longer  wave 
numbers. This change wi th  temperature i s  shown q u a l i t a t i v e l y  i n  Figure 2 by 
the  dashed l i n e s .  

Computed v a r i a t i o n s  of e f f e c t i v e  emis s iv i ty  wi th  temperature f o r  carbon 
dioxide and water  vapor,  a r e  shown i n  Figure 3 .  The e f f e c t i v e  emis s iv i ty  f o r  
carbon dioxide,  EC02 , increases  s t e a d i l y  wi th  temperature ,  and then reaches 
a maximum value,  corresponding t o  the  s h i f t  of t he  Planck func t ion  maxima t o  
wave numbers i n  the  C02 absorp t ion  band. I n  the  case  of the e f f e c t i v e  emis- 
s i v i t y  f o r  water vapor ‘H20, t he  values  increase  and then decrease,  cor re-  
sponding t o  t he  s h i f t  of the  Planck func t ion  maxima from wave numbers i n  the  
r o t a t i o n a l  band t o  h ighe r  wave numbers between the  r o t a t i o n a l  and 6 . 3 ~  bands. 
The e f f e c t i v e  emis s iv i ty  f o r  the  atmosphere, i n  Figure 3,  i s  the  s u m  of 
the  curves f o r  ‘H20 and ‘C02 , s i n c e  t h e r e  i s  no over lap  of the absorp t ion  
bands f o r  the low atmospheric pressures  found on Mars. 

A curve s i m i l a r  t o  the  one f o r  ca(Ta) holds  f o r  the  e f f e c t i v e  absorp t iv-  
i t y ,  aa(To),  of the  atmosphere t o  long-wave r a d i a t i o n  from the  sur face .  
a given temperature i n  Figure 3 ,  aa would equal  t o  ca. It must be remembered, 
however, t ha t  aa i s  a func t ion  of the  su r face  temperature and Ea i s  a func t ion  
of the atmospheric temperature.  
c a l c u l a t i o n  of the r a d i a t i v e  h e a t  budget. 

For 

Normally aa i s  not  equal  t o  Ea f o r  a given 
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Calcula ted  r e s u l t s  of the  short-wave a b s o r p t i v i t i e s ,  the long-wave 
a b s o r p t i v i t i e s  ( a t  215'K) and the  long-wave e m i s s i v i t i e s  ( a t  190°K) a r e  shown 
i n  Table  2. The t a b l e  i s  f u r t h e r  pa r t i t i oned  i n t o  t h e  r e l a t i v e  con t r ibu t ions  
of C02 and H20 t o  each t o t a l  value.  A s  w u l d  be expected, the con t r ibu t ion  
by C02 i s  g r e a t e r  than t h a t  f o r  H20, about t h r e e  times g r e a t e r  i n  a l l  ca te -  
g o r i e s  of  the t a b l e .  There i s  a small v a r i a t i o n  i n  the  CO2 emiss iv i ty  f o r  t he  
d i f f e r e n t  models of 5.011, whereas, a l a r g e r  pressure  dependence i s  noted i n  
the H20 e m i s s i v i t i e s  of 5.016. The temperature dependence of t he  e m i s s i v i t y  
due t o  the weight ing of the Planck func t ion  mentioned e a r l i e r  i s  ev iden t  when 
comparing the t o t a l  a b s o r p t i v i t y  and emiss iv i ty  columns f o r  each model. 

2.5 Average Surface and Atmospheric Temperatures 

Ca lcu la t ion  of the average sur face  and atmospheric temperatures on Mars 
i s  now poss ib l e  us ing  Equations (3) and (4) .  I n  a d d i t i o n  t o  the parameters 
l i s t e d  i n  Table 2,  values  of t he  su r face  r e f l e c t i v i t y  t o  short-wave r a d i a t i o n ,  
the s u r f a c e  emis s iv i ty  t o  long-wave r a d i a t i o n  and the s o l a r  cons tan t  a r e  
r equ i r ed  f o r  the c a l c u l a t i o n s .  

D e  Vaucouleurs (1964) has made an ex tens ive  r e a p p r a i s a l  of the p lane ta ry  
albedo of Mars. 
of 50.02. A s u r f a c e  r e f l e c t i v i t y  of 0.310 i n  the  equat ions is s u f f i c i e n t  t o  
account  f o r  th is  p lane tary  albedo. 

He suggests  a value of 0.295 w i t h  a n  est imated probable e r r o r  

Measurements of the i n f r a r e d  emissivities of sandy su r faces  by Buet tner  
and Kern (1965) i n d i c a t e  t h a t  the  emis s iv i ty  of qua r t z  sand v a r i e s  between 
.914 and .928 depending on t h e  g ra in  s i z e .  
dependence of l una r  emis s iv i ty  by Murcray (1965) i n d i c a t e  values  from 0.91 a t  
1 0 . 3 ~  t o  0.98 a t  8 . 5 ~ .  
t h e  Mart ian su r face ,  a n  emis s iv i ty  of 0.925 was adopted f o r  the c a l c u l a t i o n s .  

Measurements of  the s p e c t r a l  

Assuming t h a t  t hese  su r faces  a r e  r e p r e s e n t a t i v e  of  

- 2  -1  Based on a s o l a r  cons tan t  of 2.00 c a l  cm min (Johnson, 1954) and de 
Vaucouleurs '  a lbedo,  the  average r a t e  of absorbed r a d i a t i o n  on Mars is  0.152 
c a l  cm-2 min-l  which corresponds t o  an e f f e c t i v e  temperature of 207.7'K f o r  
the p l a n e t  i n  the  absence of a n  atmosphere. 
a c t s  a s  a greenhouse, the  average sur face  temperature w i l l  be somewhat warmer 
than  207.7"K, and the  average atmospheric temperature w i l l  be somewhat coo le r  
than  this  temperature.  

Since the atmosphere on Mars 

The r e s u l t s  of the s u r f a c e  and atmospheric temperature c a l c u l a t i o n s  a r e  
presented  i n  Table 3. Inspec t ion  of these va lues  i n d i c a t e s  t h a t  the t e m p e r a -  
t u r e  climate on Mars i s  r a t h e r  i n s e n s i t i v e  t o  t h e  choice  of atmospheric com- 
p o s i t i o n  and su r face  pressure .  The su r face  temperature range is  +0.70K and 
t h e  atmospheric temperature range i s  fl.5oK. Ohring and Mariano's (1965) 
c a l c u l a t i o n s  of the average temperature s t r u c t u r e  of the  Martian a t m s p h e r e  
f o r  a v a r i e t y  of models i n d i c a t e  the same i n s e n s i t i v e n e s s  of atmospheric 
temperature t o  the  choice of composition and su r face  pressure .  
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Table 3 

Average Surface and Atmospheric 
Temperatures on Mars 

Model NO. Surface Temperature Atmospheric Temperature 

214.7'K 

214.7 

215.3 

187.7'K 

185.3 

188.3 

4 216.0 188.2 
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Based on t h i s  evidence, a s i n g l e  a tmospheric  composition and p res su re ,  
r ep resen ta t ive  of the  models discussed i n  t h i s  r e p o r t ,  i s  s u i t a b l e  f o r  the 
s tudy of the seasonal  c l imatology of Mars. A su r face  pressure  of 10 mb con- 
s i s t i n g  of 5 mb C02 and 5 mb N2 seems t o  be a reasonable  choice.  
ing o p t i c a l  depth of C02 would be 68.6 m atm; the 10 mb su r face  pressure  would 
produce a broadening of the H20 bands which i s  r e p r e s e n t a t i v e  of the  H20 
a b s o r p t i v i t i e s  and e m i s s i v i t i e s  l i s t e d  i n  Table 2. 

The r e s u l t -  

2.6 Seasonal Climatology Resul t s  

Calcu la t ion  of the l a t i t u d i n a l  d i s t r i b u t i o n  of su r face  and atmospheric 
temperatures was c a r r i e d  out  a t  ten-day i n t e r v a l s  f o r  the  e n t i r e  Martian year .  
These r e s u l t s  g ive  some i n d i c a t i o n  of t he  v a r i a t i o n s  of temperatures w i t h i n  
a seasonal  per iod .  I n  a d d i t i o n  t o  the  temperature c a l c u l a t i o n s  a t  ten-day 
i n t e r v a l s ,  the  average input  of s o l a r  energy a t  the  top  of  the atmosphere and 
a t  t he  sur face  was computed f o r  each season and f o r  the annual mean. From 
these  r e s u l t s  i t  i s  poss ib l e  to  compute r e p r e s e n t a t i v e ,  seasonal  average 
su r face  and atmospheric temperatures a s  w e l l  a s  the  mean annual temperatures .  

The graphs i n  F igure  4 show the l a t i t u d i n a l  v a r i a t i o n  of t he  average 
d a i l y  i n s o l a t i o n  on Mars a t  the top of the atmosphere f o r  the d i f f e r e n t  seasons 
and f o r  the annual mean. Units  a r e  i n  c a l  cm-2 day-l  where a day r ep resen t s  
one Martian day, 1477 minutes.  I n  these  c a l c u l a t i o n s ,  the seasons r ep resen t  
time periods of t he  Martian year  which a r e  centered about the  equinoxes and 
s o l s t i c e s .  Thus, Summer i s  the  warm season,  Winter i s  the  cold season,  and 
Spring and F a l l  r ep resen t  the  t r a n s i t i o n a l  seasons between the  extremes. Such 
a d i v i s i o n  of seasons has more meaning i n  a meteorological  and c l imologica l  
sense than  the  astronomical  d i v i s i o n  of the  seasons which i s  taken t o  be the 
per iods between the  s o l s t i c e s  and equinoxes.  

Curves f o r  t he  v a r i a t i o n  of i n s o l a t i o n  a t  the su r face  of Mars a r e  s i m i l a r  
t o  those shown i n  Figure 4 except  t h a t  they a r e  s l i g h t l y  reduced i n  magnitude. 
On the  average f o r  the annual mean, about 2.0 percent  of the  s o l a r  r a d i a t i o n  
i s  absorbed by the  atmosphere before  reaching the  su r face .  
v a r i e s  wi th  l a t i t u d e ,  being about 1 . 7  percent  a t  the equator  and 3 . 8  percent  
a t  the  poles.  For long s l a n t  paths through the  atmosphere, the absorp t ion  of 
s o l a r  r a d i a t i o n  by the  atmosphere can be a s  much a s  13 percent  of the inc i -  
dent  energy. 

This absorp t ion  

The graphs i n  F igures  5 ,  6 ,  and 7 summarize the ca l cu la t ed  r e s u l t s  of 
the  seasonal  c l imatology on Mars using the  r a d i a t i v e  equi l ibr ium model. The 
c o n t r a s t i n g  seasons of Winter and Summer a r e  compared i n  F igure  5,  the l a t i -  
t u d i n a l  v a r i a t i o n  of su r face  and atmospheric temperatures f o r  the  Spring and 
F a l l  seasons a r e  shown i n  Figure 6 ,  and the  summary of the mean annual temper- 
a t u r e s  i s  ind ica ted  i n  F igure  7 .  

Each s e t  of curves f o r  the seasons has  a d i s c o n t i n u i t y  a t  l a t i t u d e s  
ranging from 20° t o  600. These d i s c o n t i n u i t i e s  r ep resen t  t he  equatorward 
ex tens ion  of the po la r  i c e  caps and a r e  based on the dew po in t  temperature 
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of the  atmosphere a t  t h e  su r face .  
t a b l e  water  vapor i n  the atmosphere a re  evenly mixed, t h e  dew po in t  a t  the 
s u r f a c e  f o r  a 10 mb su r face  p re s su re  is 202'K. Thus, i n  t he  c a l c u l a t i o n s ,  
i f  the computed s u r f a c e  temperature was below 202OK, i t  was assumed t h a t  the 
ice cap had formed and t h a t  t h e  albedo o f  the s u r f a c e  increased from 31 per -  
c e n t  t o  45 pe rcen t ,  t h e  approximate albedo of d i r t y  snow. As a r e s u l t ,  the 
computed values of s u r f a c e  and atmospheric temperatures decrease w i t h  t h e  
albedo inc rease ,  thus ,  producing a d i s c o n t i n u i t y  i n  the  temperature p r o f i l e s .  

Assuming t h a t  the 30 microns of p rec ip i -  

Some of the s a l i e n t  f e a t u r e s  o f  the seasona l  c l imato logy  on Mars a r e  
ev iden t  from an a n a l y s i s  of the temperature p r o f i l e s .  I n  F igure  5 ,  i t  i s  
ev iden t  t h a t  the summer poles  i n  '00th Leiiiiapherss have t h e  bighest average 
s u r f a c e  temperature,  the south  pole temperature (248'K) being somewhat warmer 
than  the n o r t h  pole temperature (23OOK). The mean atmospheric temperatures 
dur ing  a summer run  about 3OoC c o l d e r  than  t h e  computed su r face  temperatures,  
and the pole  t o  equator  temperature d i f f e rence  i n  each hemisphere i s  q u i t e  
smal l  dur ing  sunnner, about 12 t o  14OC.  

I n  c o n t r a s t  t o  t h e  summer seasons,  t he  win te r  seasons show a marked de- 
c r e a s e  i n  temperatures a t  l a t i t u d e s  poleward of t he  equator.  The curves i n  
F igure  5 i n d i c a t e  t h a t  t h e  d i f f e r e n c e  between the  s u r f a c e  and atmospheric 
temperatures decreases  w i t h  increas ing  l a t i t u d e ,  and, a t  l a t i t u d e s  g r e a t e r  
than  5 8 O ,  t he  mean atmospheric temperature i s  l a r g e r  t han  the su r face  temper-  
a t u r e .  Such a temperature conf igu ra t ion  a s  this  sugges tsa  s t r o n g  temperature 
i n v e r s i o n  a t  the su r face  which i s  indeed the case on Ea r th  a t  h igh  l a t i t u d e s  
dur ing  win te r .  Two f a c t o r s  con t r ibu te  t o  these warmer atmospheric tempera- 
t u r e s  a t  h i g h  l a t i t u d e s :  1) g r e a t e r  abso rp t ion  of s o l a r  r a d i a t i o n  by the 
atmosphere r e l a t i v e  t o  su r face  abso rp t ion  because of the long s l a n t  pa th  
through the atmosphere, and 2) t h e  e f f e c t i v e  emis s iv i ty  of the  atmosphere 
d e c r e a s g  w i t h  temperature.  

I n  F igure  6 ,  t he  Spring and F a l l  seasons i n  both hemispheres i n d i c a t e  
s i m i l a r  temperature p r o f i l e s .  As i n  the case  of t he  Sunmer seasons,  the 
temperature d i f f e r e n c e  between the  su r face  and a t m s p h e r e  i s  about 3OoC a t  the 
equator .  This d i f f e r e n c e  decreases  with inc reas ing  l a t i t u d e ,  diminishing t o  
about 6.5OC a t  t h e  poles.  The temperature p r o f i l e s  i n d i c a t i n g  Spring i n  the 
sou the rn  hemisphere and F a l l  i n  the nor thern  hemisphere a r e  somewhat warmer 
than  the p r o f i l e s  f o r  t h e  opposing seasons,  because the p l ane t  i s  c l o s e r  t o  
t h e  sun  a t  this t i m e .  

The p r o f i l e s  i n  F igure  7 i n d i c a t e  the mean annual temperature c l ima te  on 
Mars. Probably the most pronounced f e a t u r e  of t hese  r e s u l t s  is the  symmetry 
of temperatures about the e q u a t o r i a l  reg ion ,  t h e  no r the rn  hemisphere being 
s l i g h t l y  warmer due t o  the  g r e a t e r  amount of i n s o l a t i o n  received the re  i n  the 
annual mean. Surface and atmospheric temperatures a t  t h e  equator  a r e  226.1°K 
and 196.3OK, r e s p e c t i v e l y ,  and decrease t o  about 173.3'K and 160.5'K a t  the 
poles .  

The e f f e c t  of the atmospheric t r a n s p o r t  o f  heat on the temperature climate, 
computed from t h e  r a d i a t i v e  equi l ibr ium model, would be a decrease  i n  the 
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temperature g rad ien t s  w i th  l a t i t u d e ,  e s p e c i a l l y  the  atmospheric temperature 
g r a d i e n t .  This e f f e c t  would be q u i t e  ev ident  dur ing  t h e  win te r  seasons a t  
h igh  l a t i t u d e s  during t h e  po la r  n igh t .  When us ing  the  r a d i a t i v e  equi l ibr ium 
model, the  computed temperatures a r e  zero  because t h e r e  i s  no s o l a r  i npu t  of 
energy. With hea t  t r a n s p o r t  i n t o  these  l a t i t u d e s ,  the  temperature w i l l  
i nc rease  t o  between 12.5'~ and 1500K,depending on the  l a t i t u d e .  
of the  Summer seasons,  the  e f f e c t  of h e a t  t r a n s p o r t  w i l l  have ha rd ly  any 
e f f e c t  on the pole t o  equator  temperature g rad ien t  and w i l l  cause only  a 
smal l  lowering of t he  temperature magnitudes. The e f f e c t  produced by h e a t  
t r a n s p o r t  f o r  t he  Spring and F a l l  seasons w i l l  be somewhat l a r g e r  than would 
be expected f o r  the  Summer season. 

I n  the  case  
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3. WATER VAPOR MIXING RATIOS NEAR THE CLOUD-TOPS OF VENUS 

George Ohring 

3.1 In t roduc t ion  

From an  a n a l y s i s  of the  n e a r  i n f r a r e d  r e f l e c t i o n  spectrum of t h e  Cytherian 
C ~ G U ~ S ,  Bn+-tenai e t  a1 (1964) have concluded t h a t  t h e  clouds are composed o f  
ice c r y s t a l s .  Arguments a g a i n s t  ice (or  water) clouds on Venus have been 
g iven  by Sagan and Kellogg (1963) and, more r e c e n t l y ,  by Chamberlain (1965). 
These arguments a r e  based upon a comparison of t he  water  vapor mixing r a t i o  
der ived  from t h e  observa t ions  of water vapor amounts above t h e  Cytherian 
clouds and t h e  requi red  s a t u r a t i o n  mixing r a t i o  f o r  condensation a t  t h e  ob- 
se rved  cloud-top temperatures.  Such a comparison i n d i c a t e s  t h a t  t he  water  
vapor mixing r a t i o s  a r e  much below those requi red  f o r  condensation. However, 
t h e  computations by Sagan and Kellogg, and Chamberlain, a r e  based upon t h e  
assumption t h a t  t h e  water  vapor mixing r a t i o  i s  cons t an t  wi th  a l t i t u d e  above 
t h e  clouds.  This i s  not n e c e s s a r i l y  the case .  I n  the  Ea r th ' s  atmosphere, f o r  
example, t he  water  vapor mixing r a t i o  gene ra l ly  decreases  wi th  a l t i t u d e .  I n  
t h i s  paper,  we i n v e s t i g a t e  whether condensation can occur a t  t h e  cloud-tops,  
i f  t h e  water vapor mixing r a t i o  decreases wi th  a l t i t u d e  a t  rates comparable 
t o  those  i n  t h e  Ea r th ' s  atmosphere. 

3.2 Discuss ion  

The water vapor mixing r a t i o  i s  defined a s  the  r a t i o  of the  d e n s i t y  of 
wa te r  vapor t o  t h e  dens i ty  of t h e  d ry  atmosphere conta in ing  t h e  water  vapor. 
However, t o  a h igh  degree of approximation, it can be represented  a s  

where w i s  t h e  mixing r a t i o ,  pv is the water  vapor dens i ty ,  and p is  t h e  t o t a l  
d e n s i t y  of t h e  atmosphere. Spectroscopic Observations y i e l d  t h e  t o t a l  amount 
of wa te r  vapor above a g iven  r e f l e c t i n g  level, which is  equ iva len t  t o  

z 

- 2  
with  u n i t s  of g cm . The r e s u l t s  of s e v e r a l  such observa t ions  a r e  shown i n  
Table 1. It may be noted t h a t  Bottema, e t  a 1  (1965) g ive  two d i f f e r e n t  va lues  
based upon two d i f f e r e n t  r e f l e c t i n g  l eve l s .  These r e f l e c t i n g  l e v e l s  a r e  based 
upon t h e  e s t ima tes  of t h e  cloud-top pressure  g iven  by Sagan and Kellogg (1963): 
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TABLE 1 

OBSERVATIONS OF WATER VAPOR ON VENUS 

Investigators 
n 

Pre s ume d 
Ref le c t ing 

Leve 1 
(mb 1 

-~~ ~ 

Spinrad (1962) 

Dollfus (1963) 

Bottema, et a1 (1965) 

< i'x10-~ 

1x10- 

1.23~10- 

2.9 x10- 3 

8,000 

90 

600 

90 

600 
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90 mb t o  600 mb. Spinrad (1962) gives only  an upper l i m i t  t o  t h e  poss ib l e  
amount of water vapor. Furthermore, Spinrad's obse rva t ion  r e f e r s  t o  t h e  t o t a l  
amount of water  vapor above a l e v e l  deep i n  the  atmosphere. Do l l fus '  (1963) 
e s t i m a t e  of 1 x 10-2 g cm-2 i s  based upon an assumed r e f l e c t i n g  l e v e l  somewhat 
lower than  1 atmosphere. For  purposes of t hese  computations, w e  have assigned 
va lues  of 90 mb and 600 mb t o  a s s o c i a t e  w i th  Do l l fus '  observa t ions .  There i s  
SOme u n c e r t a i n t y  i n  the  r e f l e c t i n g  l eve l s  assumed by Dol l fus  and by Bottema, 
e t  a l ;  t h e i r  observa t ions  may r e f e r  t o  r e f l e c t i n g  l e v e l s  somewhat deeper i n  t h e  
atmosphere than t h e  level o f  t h e  cloud-top. 

I f  i t  i s  assumed t h a t  t h e  water  mixing r a t i o  is cons t an t  w i th  a l t i t u d e ,  
i t s  va iue  can be obtained as follows. Frcz the  d e f i n i t i o n  of mixing r a t i o  

I n t e g r a t i n g  both s i d e s  wi th  r e s p e c t  t o  h e i g h t ,  and us ing  t h e  h y d r o s t a t i c  equa- 
t i o n ,  we have 

m OD 

W 
p d z = -  s g pz 

1 pvdz = w (3) 
z z 

where p, i s  t h e  p re s su re  a t  t h e  r e f l e c t i n g  level, and g i s  t h e  g r a v i t a t i o n a l  
a c c e l e r a t i o n .  The mixing r a t i o  can then be w r i t t e n  a s  

I n  F igu res  1 and 2, t h e  r e s u l t s  of such computations f o r  t h e  da ta  of Bottema, 
e t  a 1  (1965) and Dol l fus  (1963) a r e  shown wi th  the  l a b e l  k = 0.  Spinrad ' s  
own estimate of t h e  maximum water vapor mixing r a t i o  - 10-5 - i s  a l s o  shown. 

These va lues  a r e  t o  be compared wi th  t h e  s a t u r a t i o n  mixing r a t i o  a t  t h e  
temperature of t h e  cloud-top. The s a t u r a t i o n  mixing r a t i o  i s  

m 

s m  

where %/m i s  the  r a t i o  of t h e  molecular weight of water  vapor t o  the molecu- 
l a r  weight of the Cytherian atmosphere, and es i s  the s a t u r a t i o n  vapor p re s su re ,  
which depends upon t h e  temperature of t h e  cloud-top. 
molecular weight of the Cytherian atmosphere i s  equal  t o  t h a t  of n i t rogen ,  
q / m  = 0.64. The 8-13p thermal emission observa t ions  of S in ton  and Strong 
(1960) sugges t  a cloud-top temperature of about 235K. Chamberlain (1965), 
a f t e r  applying a c o r r e c t i o n  f o r  s c a t t e r i n g ,  sugges ts  an upper l i m i t  of about 

I f  we assume t h a t  the 
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Figure 1. Water vapor mixing ratios at the Cytherian cloud-top for a 
cloud-top pressure of 90 mb. Solid line represents mixing 
ratios required for saturation; points represent mixing 
ratios computed from observations. 
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Figure  2. Water vapor mixing r a t i o s  a t  t h e  Cytherian cloud-top f o r  a 
cloud-top p res su re  of 600 mb. 
r a t i o s  requi red  f o r  s a t u r a t i o n ;  p o i n t s  r ep resen t  mixing 
r a t i o s  computed f r o m  observations.  

Sol id  l i n e  r e p r e s e n t s  mixing 
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255 K f o r  the cloud-top temperature.  The 8-14p thermal emission observa t ions  
of Murray, e t  a 1  (1963) i n d i c a t e  a c loud-top temperature  of 208K, bu t  they  
s t a t e  t h a t  their  observed temperatures a r e  s y s t e m a t i c a l l y  too low because of 
u n c e r t a i n  te lescope t ransmiss ion  lo s ses .  
uated i n  d e t a i l  s e v e r a l  models of the atmosphere and clouds i n  a n  a t tempt  t o  
exp la in  the observed limb darkening of Venus i n  the 8-13p i n t e r v a l .  
sugges t  a convective cloud model, i n  which the limb darkening i s  caused by 
abso rp t ion  and s c a t t e r i n g  wi th in  the c louds ,  a s  the most l i k e l y  exp lana t ion  
of the observed limb darkening. For  reasonable  va lues  of  the parameters i n  
this  model, and based upon an  o v e r a l l  d i s c  temperature  a t  8-13p as measured 
by Sin ton  and Strong (1960), c loud-top temperatures  of  about 210K a r e  obta ined .  
Thus, a s  the above d i scuss ion  i n d i c a t e s ,  there i s , a t  p re sen t ,  some u n c e r t a i n t y  
i n  the value of  t he  cloud-top temperature .  The l i n e s  i n  F igures  1 and 2 show 
the v a r i a t i o n  of s a t u r a t i o n  mixing r a t i o  w i t h  temperatures  a s  the cloud-top 
temperature v a r i e s  from 210K t o  235K. The cons t an t  mixing r a t i o s  (k  = 0)  a r e  
c l e a r l y  a t  least  an  o rde r  of magnitude less than the s a t u r a t i o n  mixing r a t i o  
a t  a c loud-top temperature of  235K, and a l s o  less  than  the s a t u r a t i o n  va lues  
a t  cloud-top temperatures as  low a s  215K. On the  b a s i s  of  s i m i l a r  computa- 
t i o n s ,  Sagan and Kellogg (1964) and Chamberlain (1965) have quest ioned the 
aqueous na ture  of the Cytherian clouds.  

Po l l ack  and Sagan (1965) have eva l -  

They 

Gutnick (1962) has analyzed the v a r i a t i o n  of wa te r  vapor mixing r a t i o  
w i t h  a l t i t u d e  a t  middle l a t i t u d e s  i n  the E a r t h ' s  atmosphere. I n  the tropos- 
phere,  the average mixing r a t i o  decreases  loga r i thmica l ly  w i t h  a l t i t u d e .  Such 
a decrease  can be represented  by 

-1 Gutnick's data  ind ica t e  t h a t  the  average va lue  o f  k i s  about 0.375 km between 
the s u r f a c e  and 7 km, and about 0.56 km-1 between 7 and 14 km. 

I f  w e  assume s i m i l a r  v a r i a t i o n s  of mixing r a t i o  with a l t i t u d e  above the 
Cytherian clouds,  keeping the t o t a l  water  vapor amount c o n s i s t e n t  w i t h  the 
observa t ions ,  what mixing r a t i o s  would w e  o b t a i n  a t  the cloud-top? We have 

- kz w = w  e 
0 (7) 

f o r  the v a r i a t i o n  of mixing r a t i o  above the clouds.  
r a t i o ,  k = 0.) The v a r i a t i o n  o f  water vapor dens i ty  w i t h  a l t i t u d e  can then be 
w r i t t e n  as  

(For cons tan t  mixing 

56 



where the s u b s c r i p t  z e r o  r e f e r s  t o  the cloud-top. The v a r i a t i o n  of atmospheric 
d e n s i t y  w i t h  a l t i t u d e  i s  

- z/H 
P = P o e  ( 9 )  

where H i s  the scale he i  ht .  For a n i t rogen  atmosphere w i t h  a temperature of 
235K and g = 880 cm/sec-9, H = 7.9 km. S u b s t i t u t i n g  Equation (9) i n t o  Equation 
(8), we have 

- (0. i27-i-k)z 
Pv = (Pv) e 

0 

The i n t e g r a l  of Equation (10) w i t h  respect t o  h e i g h t  must be equal  t o  the ob- 
served  t o t a l  amount of water vapor above the cloud, 

m m 

0 0 

I n t e g r a t i n g  the r i g h t  hand s i d e  of Equation (11) and so lv ing  f o r  (p,),, we  
f i n d  

OD 

( P , ) ~  = (0.127 + k) 1 Pv dz - 
0 

0 
The mixing r a t i o  a t  the cloud top  can then be obta ined  from (pV/p),, where p 
i s  computed from 

= m p  
R T  Po * 

where p and T a r e  the p res su re  (90 mb and 600 mb) and approximate temperature 
(235K) a t  the cloud top ,  and R* i s  the u n i v e r s a l  gas cons t an t .  
mixing r a t i o s  computed i n  this  manner f o r  the da ta  of Bottema, e t  a1 (1965) 
and Dol l fus  (1963) a r e  shown i n  Figures 1 and 2, where they are l abe led  k = 
0.375 and k = 0.56. Spinrad ' s  d a t a  a re  n o t  t r e a t e d  i n  this way s i n c e  i f  one 
were t o  assume an  exponent ia l  decrease of water  vapor mixing r a t i o  above h i s  
presumed r e f l e c t i n g  l e v e l  of 8,000 mb, the  computed water  vapor mixing r a t i o s  
a t  90 mb o r  600 mb would be l e s s  than t h a t  computed f o r  the assumption of 
cons t an t  mixing r a t i o ,  and, hence, would depa r t  f u r t h e r  from t h e  r equ i r ed  
s a t u r a t i o n  mixing r a t i o .  
v a r i a t i o n  of water  vapor w i t h  a l t i t u d e ,  Spinrad's da t a  appear t o  be incompat- 
i b l e  w i t h  an aqueous cloud. 
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It i s  apparent  from Figures  1 and 2 t h a t  t hese  mixing r a t i o s  a r e  much 
c l o s e r  than the  cons tan t  mixing r a t i o s  t o  the  requi red  s a t u r a t i o n  mixing r a t i o s  
a t  a c loud-top temperature of 2 3 5 K .  And i f  the  a c t u a l  c loud-top temperature 
were j u s t  5 - 1 O C  lower, s a t u r a t i o n  would a c t u a l l y  occur  f o r  some of these  cases .  
Thus, a t  l e a s t  f o r  the  observa t ions  of Bottema, e t  a 1  (1965) and Dollfus  (1963), 
t he  observed water  vapor amounts a r e  compatible w i t h  an i c e  c r y s t a l  cloud i f  
t he  cloud-top temperature is  2 2 5 K  t o  230K o r  l e s s ,  and the  water  vapor mixing 
r a t i o  decreases  wi th  a l t i t u d e  a t  a r a t e  comparable t o  t h a t  i n  the  Ea r th ' s  upper 
t r o  po s phere . 

3.3  Conclusions 

There is no reason t o  be l i eve  t h a t  t h e  assumption of a cons t an t  mixing 
r a t i o  above the Cytherian cloud i s  b e t t e r  than the assumption of  a logar i thmic  
decrease.  In  f a c t ,  a b e t t e r  case can be made f o r  t he  assumption of a l o g a r i t h -  
mic decrease s i n c e ,  if t h e  clouds a r e  composed of water  subs tance ,  t he  v a r i a t i o n  
of mixing r a t i o  wi th  a l t i t u d e  might be s i m i l a r  t o  t h a t  observed above t e r r e s -  
t r i a l  clouds.  A reasonable  e s t ima te  of such a v a r i a t i o n  i s  the  average va lue  
of the upper atmospheric v a r i a t i o n  of mixing r a t i o  i n  the Ea r th ' s  atmosphere. 
A s  ind ica ted  above, t h i s  va lue  leads ,  unde r  c e r t a i n  cond i t ions ,  t o  cloud- top 
mixing r a t i o s  compatible w i t h  the  presence of clouds composed of water  sub- 
s t ance .  Thus ,  w e  may conclude t h a t  compa t ib i l i t y  between the  observed water  
vapor amounts and the  presence of water  clouds on Venus can be achieved under 
c e r t a i n  condi t ions .  O r ,  p u t  another  way, the  observed water  vapor amounts, a t  
t he  present  s t a t e  of our knowledge, a r e  not  incompatible wi th  the  presence of 
water  clouds on Venus. 
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4. INTERHEMISPHERIC TRANSPORT OF WATER VAPOR AND THE MARTIAN I C E  CAPS 

George Ohring and Joseph Mariano 

4.1 In t roduct ion  

One of t h e  fundamental problems of t he  meteorology of Mars concerns i t s  
i c e  caps.  The armiint of vater vapor i~ the Martian atmosphere i s  about 10- 3 
g cm-2 (Kaplan e t  a l ,  1964). 
of 1 cm (de Vaucouleurs, 1961). During the  course of t he  Martian year,  a s  
one po la r  i c e  cap forms, t he  o t h e r  sublimates and completely disappears .  The 
amount of water  vapor i n  the  atmosphere, even i f  i t  were a l l  t o  condense, 
could no t  account f o r  t he  formation of t he  i c e  caps.  Thus, i t  has been sug- 
ges ted  t h a t ,  a s  one i c e  cap mel t s ,  the water  vapor re leased  i n t o  the  atmos- 
phere i s  t ranspor ted  t o  the  oppos i te  pole, where i t  condenses. A t  any one 
time, then, most of t he  Martian water  vapor i s  located i n  the  po la r  caps. 
During each Martian year,  t h e r e  i s  an atmospheric s h u t t l i n g  of water  vapor 
from one pole t o  the  o ther .  

The thickness  of t he  i c e  caps i s  of the  o rde r  

There a r e  two poss ib l e  atmospheric mechanisms t h a t  might accomplish t h e  
requi red  t r anspor t :  a mean meridional v e l o c i t y  and l a rge - sca l e  atmospheric 
d i f fus ion .  The r a t e  of t r a n s p o r t  from one pole  t o  the  o t h e r  i s  probably 
g r e a t e s t  during the  equ inoc t i a l  seasons, when one cap i s  melt ing and the  
o t h e r  i s  forming. During these  seasons, t he  Martian temperatures a r e  probably 
h ighes t  a t  t he  equator  and lowest a t  t he  poles .  With such a temperature d i s -  
t r i b u t i o n ,  a meridional  c i r c u l a t i o n  system would be cha rac t e r i zed  by equator- 
ward motion a t  t he  su r face  and poleward motion a l o f t .  The mean meridional  
v e l o c i t y  p a t t e r n  required t o  expla in  the  i c e  cap formation i s  cha rac t e r i zed  
by a s u r f a c e  flow from t h e  melt ing polar  cap t o  the forming po la r  cap. 
Obviously, t he  required flow i s  not  compatible wi th  the  probable flow p a t t e r n  
during t h e  equ inoc t i a l  seasons.  A s  the  s o l s t i c e  approaches, the summer pole  
h e a t s  up and may become the  h o t t e s t  point  on the  p lane t .  A meridional  c i rcu-  
l a t i o n  system a t  t h i s  time would be charac te r ized  by flow from summer pole  
t o  the  win ter  pole  a t  upper l e v e l s  and the  reverse  near  the  sur face .  Again, 
t he  requi red  flow - from summer t o  winter  pole near  the  su r face  - is  not 
compatible wi th  the probable Martian flow pa t t e rn .  Thus, a mean meridional  
v e l o c i t y  does not  appear t o  be a s a t i s f a c t o r y  explana t ion  of t he  i n t e r -  
hemispheric t r a n s p o r t  of water  vapor. I n  t h i s  paper w e  i n v e s t i g a t e  whether 
t h e  o t h e r  poss ib l e  explana t ion  - l a rge-sca le  atmospheric d i f f u s i o n  - i s  
reasonable,  and at tempt  t o  determine t h e  values  of t he  l a rge - sca l e  d i f f u s i o n  
c o e f f i c i e n t s  requi red  t o  accomplish the  required t r a n s p o r t s  of water  vapor. 

I n  the  Ear th ' s  atmosphere, l a rge - sca l e  l a t i t u d i n a l  t r a n s p o r t s  of h e a t ,  
momentum, and t r a c e  substances,  such a s  water  vapor, a r e  accomplished by 
l a rge - sca l e  eddy d i f f u s i o n  processes.  There a r e  ind ica t ions  t h a t  w i th in  an 
ind iv idua l  hemisphere thorough m i x i n g  of a t r a c e  c o n s t i t u e n t  can occur over  
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t i m e  periods of t h e  o r d e r  of months (Junge, 1962). In te rhemispher ic  mixing 
t i m e s ,  on t h e  o t h e r  hand, have v a r i o u s l y  been est imated t o  be from 0 .9  years  
t o  4 years  (Junge, 1963). For t h e  Mart ian i c e  cap c y c l e ,  a n  in te rhemispher ic  
mixing time o f  t h e  o r d e r  o f  one Ear th  y e a r  i s  requi red ,  s i n c e  a complete i c e  
cap c y c l e  is completed i n  about two Ear th  yea r s .  Such a mixing t i m e  does no t  
seem improbable when compared wi th  t h e  above va lues  f o r  Earth.  

I n  the fol lowing d iscuss ion ,  w e  d e s c r i b e  a s imple g l o b a l  d i f f u s i o n  model, 
i n  which water  vapor i s  re leased  i n t o  t h e  atmosphere by t h e  mel t ing  of a nor th  
p o l a r  ice cap on Mars. With reasonable  v a l u e s  f o r  a l a r g e - s c a l e  d i f f u s i o n  
c o e f f i c i e n t ,  we c a l c u l a t e  t h e  l a t i t u d i n a l  v a r i a t i o n  of water  vapor a s  a 
func t ion  of t i m e  t o  s ee  how r a p i d l y  t h e  water  vapor can proceed from one pole  
t o  t h e  o the r .  

4.2 Discussion 

I t  i s  assumed t h a t  t h e  t r a n s p o r t  o f  water  vapor i s  e n t i r e l y  due t o  large-  
s c a l e  meridional d i f f u s i o n ,  w i t h  a d i f f u s i o n  c o e f f i c i e n t ,  K, independent of 
l a t i t u d e  and t i m e .  
where p = s i n  8 ,  6 being t h e  angle  of l a t i t u d e ,  and t h e  sources  and s i n k s ,  
Q (p, t )  

The concent ra t ion  o f  water  vapor, q(p.,t) (grams/cm2), 

(grams/cm2/sec), a r e  r e l a t e d  by t h e  fol lowing equation: 

where a i s  t h e  r a d i u s  of t h e  p l ane t .  

Since t h e  s e t  o f  Legendre polynomicals, P (p) s a t i s f i e s  t h e  equat ion  n 

q ( p , t ) ,  and Q(p.,t) a r e  expanded i n  Legendre polynomials: 

00 
rl 

u 
n= 0 

6 2  



where t h e  c o e f f i c i e n t s ,  qn and Qnr a r e  func t ions  of time. 
t ransform of q ( p , t ) ,  Q ( p , t ) ,  and 

Taking t h e  Laplace 
aq /a t ,  w e  g e t  

U 

n=O 
m 

IF0 
m 

I n  (7)  the se t ,  {qn(O)}, a r e  the  c o e f f i c i e n t s  i n  the  expansion of q(p,O), t h e  
i n i t i a l  concen t r a t ion  of water  vapor. 
i n t o  Equat ion (l), w e  g e t  

I n s e r t i n g  Equat ions(5) ,  ( 6 ) ,  and (7) 

which g ives  t h e  fo l lowing  equat ion  r e l a t i n g  (z n and n : 

To o b t a i n  the inve r se  t ransform,  w e  use t h e  convolut ion theorm, 
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Thus, t he  equat ion r e l a t i n g  the  source c o e f f i c i e n t s  and the concen t r a t ion  
c o e f f i c i e n t s  i s  : 

We assume a no r th  po la r  cap one cent imeter  t h i c k  extending from 60' 
l a t i t u d e  t o  t h e  no r th  pole .  
phere;  therefore ,  the  second term on the  r i g h t  hand s i d e  of Equation (11) i s  
zero .  The polar  cap subl imates  a t  a cons tan t  r a t e  per  u n i t  a r ea  f o r  12 
t e r r e s t r i a l  months (- 1/2 Martian y e a r ) .  Sublimation occurs  only  a long  the  
per imeter  of the  cap, and, thus ,  t h e  cap recedes toward t h e  pole  and disap-  
pears  a t  the end of the  t w e l f t h  month. 

I n i t i a l l y ,  t h e r e  i s  no water vapor i n  t h e  atmos- 

A s  the  t o t a l  amount of water  r e l eased  by the source func t ion  i s  equal  t o  
t h e  t o t a l  amount of  water  i n  the  cap p r i o r  t o  subl imat ion,  t h e  fol lowing 
equat ion must hold,  

where T i s  the time when subl imat ion  ends,  h (1 cm) i s  
i c e  cap, and dS i s  a d i f f e r e n t i a l  u n i t  of a r ea  equal  t o  

The source func t ion  c o n s i s t s  of a s t e p  func t ion  of 
( see  ske tch  below). 

he t h i  kness of t he  
2rra2dp. 

width L$ and he igh t  A 
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A t  t i m e  t = 0, the  l e f t  hand s i d e  of the above s t e p  func t ion  i s  a t  p,, where po= 
s i n  60'; 
t e r r e s t r i a l  months t h e  source has crossed the  boundary p = 1, v = 4 . 5 ~ 1 0 ' ~  
sec'l; t h e  width of the  source,  4, was chosen t o  be as small  a s  p r a c t i c a l ,  
s i n c e  subl imat ion  i s  tak ing  p lace  only  a t  t he  per imeter  of t he  ice  cap  - t he  
computer program cons t ruc ted  f o r  t h i s  model allowed a va lue ,  = .03; and t h e  
anipli tude,  A, i s  obtained from Equation (12) .  

t he  v e l o c i t y  of r eces s ion  of the cap i s  such t h a t  a t  t h e  end of 12 

The l e f t  hand s i d e  of Equation (12) i s  

0 0 

where Ap = -03  , 

T1 

6 

6 
T = 24.439~10 s e c ( t h e  i n s t a n t  t h e  source func t ion  reaches t h e  N.P.) 

T = 31.104~10 s e c ( t h e  i n s t a n t  t h e  source func t ion  passes  t h e  N.P.) 
1 

= .866 , 
9 -1 Po 

v = 4 .50~10-  sec . 
And, wi th  an  i c e  cap th ickness  of  1 c m  (h = l), we o b t a i n  from Equations (12) 
and (13) t h e  amplitude of t h e  source  func t ion  

6 2 A =.168 x 10- grams/cm sec . 

This source func t ion  Q(p,t)  is expanded i n  Legendre polynomials t o  
o b t a i n  the c o e f f i c i e n t s  Q n ( t )  f o r  Equation ( 4 ) .  
i n s e r t e d  i n t o  Equation (11) t o  o b t a i n  q n ( t ) .  The c o e f f i c i e n t s  q n ( t )  a r e  then  
i n s e r t e d  i n t o  Equation (3) t o  o b t a i n  q(p , t ) ,  t h e  concent ra t ion  of water  vapor 
a s  a f u n c t i o n  of l a t i t u d e  and t i m e .  Computations were performed f o r  s e v e r a l  
d i f f e r e n t  va lues  of K, the l a r g e  s c a l e  eddy d i f f u s i o n  c o e f f i c i e n t .  

These c o e f f i c i e n t s  a r e  then  

4.3 Resul ts  

F igures  1 t o  4 show t h e  d i s t r i b u t i o n  of water  vapor concen t r a t ion  a s  a 
func t ion  of l a t i t u d e  and t i m e  f o r  l a r  e s c a l e  eddy d i f f u s i o n  c o e f f i c i e n t s  

l imat ing  a t  t i m e  t = 0 and completely disappears  a t  time t = 12 months. T i m e s  
a r e  i n  t e r r e s t r i a l  months, so t h a t  12 months corresponds t o  approximately 1 /2  
Martian year .  To exp la in  t h e  formation of  t he  south po la r  cap by l a rge  s c a l e  
mer id iona l  d i f f u s i o n  of water  vapor from t h e  subl imat ing no r th  p o l a r  cap t o  

ranging from lo9 cm2 sec'l t o  10l1 c m  9 sec-l. The no r th  pole  cap s t a r t s  sub- 
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t he  opposi te  hemisphere, a l l  o r  most of t h e  water  vapor r e l eased  by t h e  no r th  
po la r  cap must be t ranspor ted  t o  t h e  south  po la r  reg ions  during a per iod of 
1 /2  Martian year  - s i n c e  the  south  po la r  cap i s  observed t o  grow t o  maximum 
s i z e  d u r i n g  t h e  same per iod of time t h a t  t he  no r th  po la r  cap i s  subl imat ing .  

Since,  i n  t h e  present  model, t he re  i s  no s i n k  f o r  water  vapor i n  the  south  
po la r  regions,  t h e  maximum amount of water  vapor t h a t  can be t r anspor t ed  by the  
d i f f u s i o n  mechanism t o  the  southern  hemisphere i s  1 /2  of t he  t o t a l  water  i n  the  
no r th  polar  cap. A t  t he  time when t h i s  l i m i t  i s  reached, t he  concen t r a t ion  of 
water  vapor would be cons t an t  wi th  l a t i t u d e  over  the  e n t i r e  p l ane t  a t  a va lue  
of about 0.07 g cm-2. 
1 2  months f o r  each of t he  va lues  of l a rge  s c a l e  d i f f u s i o n  c o e f f i c i e n t  - 
occurr ing  e a r l i e s t  f o r  the  h ighes t  d i f f u s i o n  c o e f f i c i e n t .  For example, w i th  
K = 10l1 cm2 sec' l ,  t h e  d i s t r i b u t i o n  of water  vapor wi th  l a t i t u d e  i s  a l r eady  
almost cons tan t  a t  t = 12 months, whereas, w i t h  K = lo9  cm2 sec' l ,  most of 
t he  water  vapor i s  s t i l l  i n  the  nor thern  hemisphere a t  t = 24 months. With 
the  knowledge t h a t ,  f o r  t h i s  model, equi l ibr ium i s  a t t a i n e d  a t  0.07 g cm-2,  
we can examine how c l o s e  the  south pole  water  vapor concent ra t ions  a r e  t o  
equi l ibr ium a t  t = 12 months f o r  the va r ious  d i f f u s i o n  c o e f f i c i e n t s .  For 
K = l o9  cm2 s e c - l  and K = 5x109 cm2 s e c - l ,  t he  south pole  concent ra t ions  a r e  
s o  f a r  from equi l ibr ium t h a t  they can probably be considered too  smal l  t o  
produce the requi red  in te rhemispher ic  t r a n s p o r t  of water  vapor. For K = 10 
and K = l o l l ,  the  south pole  water  vapor concent ra t ions  a t  t = 12 months a r e  
very c l o s e  t o  equi l ibr ium. Therefore ,  t h i s  model sugges ts  t h a t  the minimum 
value  of the d i f f u s i o n  c o e f f i c i e n t  requi red  t o  accomplish t h e  in te rhemispher ic  
t r a n s p o r t  of water  vapor is  about 1010 cm2 s e c - l .  

This equi l ibr ium cond i t ion  i s  reached sometime a f t e r  

10 

Figure 5 shows the  f r a c t i o n a l  amount of water  vapor i n  the  southern  
hemisphere a s  a func t ion  of time f o r  t he  va r ious  d i f f u s i o n  c o e f f i c i e n t s .  This 
f r a c t i o n  i s  t h e  t o t a l  amount of water  vapor i n  the southern  hemisphere d iv ided  
by t h e  t o t a l  amount of water  vapor o r i g i n a l l y  contained i n  the  nor th  p o l a r  i c e  
cap. As ind ica ted  above, t h i s  f r a c t i o n  has  a maximum value  of 0 .5  f o r  the  
present  d i f f u s i o n  model. A t  t = 12 months 98 percent  of t h e  maximum value  i s  
a t t a i n e d  f o r  K = 10l1 cm2 sec' l ;  almost 90 percent  of the maximum value  i s  
a t t a i n e d  f o r  K = 1010 cm2 sec ' l ;  about 60 percent  of the  maximum value  i s  
a t t a i n e d  f o r  K = 5x109 cm2 s e c - l ;  and only  10 percent  of the  maximum value  i s  
a t t a i n e d  f o r  K = 109 cm2 sec-1.  
c o e f f i c i e n t  of a t  l e a s t  1010 cm2 sec' l  i s  requi red  t o  accomplish the  necessary  
interhemispheric  water  vapor t r a n s p o r t .  

These r e s u l t s  aga in  suggest  t h a t  a d i f f u s i o n  

It i s  of i n t e r e s t  t o  compare the  speeds of meridional  propagat ion of iso-  
p l e t h s  of water vapor concent ra t ions  wi th  the  observed meridional  speed of prop- 
aga t ion  of the Martian wave of darkening t h a t  proceeds toward the  equator  a s  the  
po la r  cap sublimates.  
(Dollfus ,  1961). 
a r e  t r a v e l l i n g  from the  nor th  pole  t o  t h e  equator .  The computed meridional  velo-  
c i t i e s  of these water  vapor i s o p l e t h s  a s  a func t ion  of time f o r  t he  d i f f e r e n t  
d i f f u s i o n  c o e f f i c i e n t s  a r e  shown i n  Tables 1 t o  3 .  For Kz 109cm2 s e c - l ,  t he  
average meridional speed of propagat ion of  an i s o p l e t h .  V-is 6 km/day; f o r  K = 

The wave of darkening has  an average speed of 30 km/day 
The v e l o c i t e s  of t he  i s o p l e t h s  a r e  computed a s  the  i s o p l e t h s  

5x10' cm 2 s e c - l ,  7 i s  22 km/day; f o r  K = 1O1O cm2 s e c - I ,  V i s  33 km/day; and, 
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TABLE 1 

Meridional velocity (km/day) of water vapor isopleths 
(grams/cm ) for 3, 5, 7, 9, and 11 terrestrial months. 

K = 109 cm2 sec. 
2 

t 

(Terrestrial Months) 

3 

5 

7 

9 

11 

- v 

Water Vapor Isopleths 

q(grams/cm ) 
.02 .04 .06 .08 .10 

2 

12 6 

7 7 

7 6 

4 4 

11 4 4 

5 

1 

4 

3 

4 3 

5 3 

11 13 

4 5 

3 4 

8 5 5 5 5 
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TABLE 2 

Meridional velocity (km/day) of water vapor isopleths 
(grams/cm2) for 3, 5, 7, and 9 terrestrial months. 

K = 5x10 cm /sec. 9 2  

t 
(Terrestrial Months) 

Water Vapor Isopleths 

q(grams/cm 1 2 

.o 1 .02 .03 .04  .05 

35 24 19 15 10 

21 18 16 15 

13 

13 

35 22 19 15 13 

- 
V = 22 km/day. 
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TABLE 3 

Meridional v e l o c i t y  (ladday) of  water  vapor i s o p l e t h s  
(grams/cm2) f o r  3, 5, 7, and 9 t e r r e s t r i a l  months. 

2 
K = l o l o  cm /sec. 

t 
( T e r r e s t r i a l  Months: 

Water Vapor I s o p l e t h s  

q(grams/cm 1 
.01  .02 .03 .04 .05 

2 

51 33 28 14 11 

33 23 15 

22 23 

30 

51 33 31 30 20 

- v = 33 lan/day. 
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2 -  
f o r  K = 10l1 cm 
(no t a b l e  i s  presented f o r  t h i s  l a s t  case because a time period of two months 
d i d  no t  provide s u f f i c i e n t  r e s o l u t i o n  f o r  accu ra t e ly  computing these  speeds) .  
From t h e s e  da t a ,  it appears t h a t  a d i f fus ion  c o e f f i c i e n t  of K = lo1' cm2 sec-1 
produces i s o p l e t h  v e l o c i t i e s  t h a t  match the  observed meridional  speed of 
propagat ion of t he  Martian wave of darkening. 
aga t ion  of  t he  wave of darkening is  a mani fes ta t ion  of a meridional  t r a n s p o r t  
of water  vapor, a d i f f u s i o n  c o e f f i c i e n t  equal  t o  1010 cm2 s e c - l  i s  the  proba- 
b l e  va lue  f o r  the l a rge  s c a l e  eddy d i f f u s i o n  c o e f f i c i e n t  i n  the  Martian 
atmosphere. 

sec  ', d i f f u s i o n  i s  so rap id  t h a t  5 i s  a t  l e a s t  170 lan/day 

Thus, i f  t he  meridional  prop- 

4 . 4  Conclusions 

A s i m p l e  d i f f u s i o n  model t o  explain t h e  interhemispheric  t r anspor t  of 
water  vapor on Mars has been developed. I n  the  model, it i s  assumed t h a t  
i n i t i a l l y  t h e r e  i s  a polar  i c e  cap one cent imeter  t h i c k  extending from 60° 
l a t i t u d e  t o  t h e  pole and no i n i t i a l  d i s t r i b u t i o n  of water  vapor i n  the  atmos- 
phere. A t  time t = 0 t h i s  i c e  cap begins t o  recede toward the  pole a t  a 
cons t an t  r a t e  and a t  time t = 12 t e r r e s t r i a l  months i t  has completely d i s -  
appeared. The water  vapor re leased  i n t o  the  atmosphere by the  subl imat ing 
i c e  cap i s  d i f fused  southward by a la rge  s c a l e  eddy d i f f u s i o n  process wi th  
a cons t an t  d i f f u s i o n  c o e f f i c i e n t .  Computations of l a t i t u d i n a l  d i s t r i b u t i o n s  
of water  vapor concent ra t ion  a s  a func t ion  of t i m e  wi th  t h i s  model suggest  
t h a t  a d i f f u s i o n  c o e f f i c i e n t  of a t  l e a s t  l o l o  cm2 s e c - l  i s  requi red  t o  
accomplish the interhemispheric  t r anspor t  of water  vapor t h a t  i s  necessary 
t o  form the  south  po la r  cap a t  t he  expense of the  water  o r i g i n a l l y  i n  the  
no r th  p o l a r  cap. It i s  a l s o  noted t h a t  a d i f f u s i o n  c o e f f i c i e n t  of K = 1O1O 
cm2 sec" leads  t o  a meridional  ve loc i ty  of water  vapor i s o p l e t h s  equal t o  
33 km/day, which i s  i n  good agreement wi th  the observed meridional  speed of 
propagat ion of the  Martian wave of darkening (30 ladday).  On the  b a s i s  of 
t hese  computations, i t  i s  suggested t h a t  l a r g e  s c a l e  eddy d i f f u s i o n  of water  
vapor from t h e  subl imat ing po la r  cap to  the  forming po la r  cap can exp la in  
the  seasonal  ice cap cyc le  on Mars. The requi red  l a r g e  s c a l e  eddy d i f f u s i o n  
c o e f f i c i e n t  i s  about 101O cm2 sec-'. 
magnitude a s  t h e  l a r g e  s c a l e  eddy d i f f u s i o n  c o e f f i c i e n t  i n  the  Ea r th ' s  atmos- 
phere (Bolin and Keeling, 1963). 

Such a value i s  of t he  same o rde r  of 

A more r e a l i s t i c  model would include t h e  e f f e c t  of a s i n k  (forming polar  
cap) a s  w e l l  a s  a source (subl imat ing po la r  cap) on t h e  water  vapor d i s t r i -  
but ions.  Development of such a model i s  planned. 
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