
. 

s. I. RASOOL 

, ' Goddard Space F l i g h t  Center ,  
I n s t i t u t e  f o r  Space S t u d i e s ,  NASA, 

N e w  York, New York 

and 

New York Un ive r s i ty ,  
Department of Meteorology and Oceanography, 

N e w  York, New York 

S. H. GROSS 

Airborne Instruments  Laboratory,  
Me lv i l l e ,  New York 

W. E. McGOVERN 

New York Un ive r s i ty ,  
Department of Meteorology and Oceanography, 

New York, New York 

. . 

GPO PRICE $ 

CFSTI PRICE(S) $ 

Hard copy (HC) 2- &G@ 

January 1966 i4bT ;fj273 
, 

/ 

Microfiche (MF) ,6s 
, .  

84 ff 663 July 65 s 
5 
P 

IACCLSSION NUMBER1 (THRUI 

3. t (PAGES1 

b 

3 

(NASA CR OR TMX OR AD NUMBER) 
ICATEOORYI 

4 



1. 

2. 

3 .  

4. 

CONTENTS 

INTRODUCTION 

ROTATION 

2 . 1  E a r l y  V i s u a l  O b s e r v a t i o n s  of t he  P l a n e t  

2 .2  R e c e n t  R a d a r  Measurements 

EVIDENCE FOR THE PRESENCE OF AN ATMOSPHERE ON 
MERCURY 

3 . 1  Polarimetric S t u d i e s  

3.2 Spectroscopic S t u d i e s  

TEMPERATURE MEASUREMENTS 

4 .1  Inf ra red  

--4.2 Microwaves 

5. 

6 .  

PROBLEM OF GRAVITATIONAL ESCAPE AND ACCUMULATION 
OF AN ATMOSPHERE 

5.1 Thermal E s c a p e  

5 .2  Solar Wind 

THERMAL STRUCTURE OF THE ATMOSPHERE 

6 .1  A t m o s p h e r i c  Models 

6.2 Lower  A t m o s p h e r e  and Mesopause 

6.3 Thermosphere and Exosphere 

6.4 D i s c u s s i o n  

ACKNOWLEDGMENTS 

\ 



* 
* I ,  

1. INTRODUCTION 

Mercury i s  t h e  smallest p l a n e t  of t he  solar  s < s t e m  

and i s  also n e a r e s t  t o  t h e  sun. The combination of t h e s e  

/ t w o  c i rcumstances makes i t  a h o t  and g r a v i t a t i o n a l l y  "weak" 

p l ane t .  I t  has  t h e r e f o r e  been a firm belief t h a t  any a t -  

mosphere which t h e  p l ane t  could have acquired dur ing  i ts  

formation and/or by t h e  subsequent ou tgass ing  processes  

would be d i f f i c u l t  t o  hold.  High thermal v e l o c i t i e s  of t h e  

p a r t i c l e s  i n  t h e  atmosphere would win over  t h e  r e l a t i v e l y  

s m a l l  e scape  v e l o c i t y  and t h e r e f o r e ,  s h o r t l y  a f t e r  i t s  

formation,  t h e  p l a n e t  would lose p r a c t i c a l l y  a l l  i t s  a t -  

mosphere t o  t h e  space.  

I n  t h e  l i t e r a t u r e  on p l a n e t s ,  t h e  d e s c r i p t i o n  of  t he  

atmosphere of Mercury has u s u a l l y  been very brief (e.g., 

Kuiper,  1952; Urey, 1959; Do l l fus ,  1961), and Mercury h a s  

i n v a r i a b l y  been compared wi th  t h e  moon, as a p l a n e t  wi thout  

an atmosphere. I n  t h e  l a s t  few y e a r s ,  however, evidence 

has  accumulated t h a t  t h e  atmosphere of Mercury may n o t  be, 

after a l l ,  as tenuous as t h a t  of t h e  moon, b u t  could have 

10 
a s u r f a c e  p r e s s u r e  of  as much as 1 - 1 0  m b ,  a t  least  1 0  

t i m e s  greater than a t  t h e  s u r f a c e  of t h e  moon. This  has 

been f u r t h e r  s u b s t a n t i a t e d  by t h e  r e c e n t  i d e n t i f i c a t i o n  of 
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, 

a s m a l l  amount of CO 

1963, 1965). 

i n  t h e  atmosphere o f  Mercury (Moroz, 2 

L 

A l s o ,  t h e  r e c e n t  r ada r  i n v e s t i g a t i o n s  of  t h e  p l a n e t  

( P e t t e n g i l l  and Dyce, 1965) have l e d  to  the remarkable d i s -  

covery t h a t  Mercury is not  i n  synchronous r o t a t i o n  b u t ,  i n -  

s t e a d ,  kotates much faster, with a per iod of 59 f 5 days.  

I t  i s  the  purpose of t h i s  paper to  review the  a v a i l -  

able informat ion  on t h e  temperature ,  composition, and sur -  

face p res su re  of Mercury's atmosphere, t o  d i s c u s s  t h e  i m -  

p l i c a t i o n s  of a non-synchronous.rotation of t h e  p l a n e t  on 

I t he  atmosphere. W e  c o n s t r u c t  s e v e r a l  models f o r  t h e  atmos- - . 
I 

t phere which are cons iskent  wi th  t h e  obse rva t ions  i n  an 

a t tempt  to  determine i f  they are stable a g a i n s t  d e p l e t i o n  

of t h e  atmosphere by g r a v i t a t i o n a l  escape. The r e s u l t s  are 

d iscussed  from t h e  s t andpo in t  o f  t he  surface of the atmosphere. i 
I 
1 2. ROTATION 
1 

- 2 . 1  Ea r lv  Visua l  Observations of t h e  P l a n e t  

The f i r s t  t e l e s c o p i c  obse rva t ions  of Mercury, l ead ing  

t o  t h e  d iscovery  of the  phases of  t h e  p l a n e t ,  w e r e  c a r r i e d  

o u t  by Zupus i n  1639. Because Mercury i s  s m a l l ,  d i s t a n t ,  

and is never more than  28 of  arc away from t h e  sun,  i t  i s  0 

! extremely d i f f i c u l t  to observe,  being on ly  v i s i b l e  low on 

- 2 -  



I 

i 

I 

t h e  ho r i zon  i n  the  v e r y  e a r l y  hours  of t w i l i g h t .  I t  is  

for  t h i s  reason  t h a t  i t  w a s  n o t  u n t i l  1882 t h a t  t h e  f i r s t  
4 

reliable map of t h e  p l ane ta ry  d i s k  w a s  drawn. S c h i a p a r e l l i  

had then conceived t h e  idea of observing t h e  p l a n e t  i n  the  

daytime. But because of t h i s  i n h e r e n t  d i f f i c u l t y  i n  ob- 

s e r v i n g  t h e  p l a n e t ,  the data on Mercury, even to  t h i s  day, 

remains extremely meager. 

The drawing of Mercury made by S c h i a p a r e l l i  (1889) showed 

i r r e g u l a r  dark markings on the surface of t h e  p l a n e t  which, 

after subsequent observa t ions ,  w e r e  found t o  be of a perma- 

nent  na tu re .  Antoniadi (1934), after an ex tens ive  series of 

obse rva t ions ,  produced the f irst  p lan i sphe re  of the day-side 

of the  p l ane t .  ' Lyot (1943) and Do l l fus  (1953) continued 

such obse rva t ions  of  Mercury and produced a series of drawings 

which have been d iscussed  i n  de ta i l  by Dol l fus  (1961).  

From t h e  f i r s t  obse rva t ions ,  i t  w a s  no t i ced  t h a t  when 

t h e  p l a n e t  w a s  c o n t i n u a l l y  observed over a per iod  of s e v e r a l  

hours ,  t h e  markings d id  n o t  s h i f t  across the d isk .  This  l e d  

S c h i a p a r e l l i  t o  conclude t h a t  Mercury must have a synchronous 

r o t a t i o n ,  sp inning  on its a x i s  i n  88 days which i s  also t h e  

t i m e  of i t s  o rb i t a l  revolu t ion .  When la te r  obse rva t ions  re- 

vealed a r ecu r rence  of t h e  markings,  even over long i n t e r v a l s  

of t i m e ,  i t  l e d  p r a c t i c a l l y  a l l  observers t o  conclude t h a t  

- 3 -  



Mercury had a r o t a t i o n  synchronous wi th  i t s  revo lu t ion .  

This  conclus ion  w a s  f u r t h e r  s u b s t a n t i a t e d  by t h e  theore-  L 

t i ca l  argument t h a t  because of t h e  nearness  of the  p l a n e t  

t o  t h e  sun, t he  solar t i d a l  f o r c e s  would be so s t r o n g  t h a t  

they  would s l o w  down the r o t a t i o n  of Mercury i n  t h e  very  

e a r l y  h i s t o r y  of the s o l a r  system. 

s p e c t  t o  t h e  e a r t h ,  Mercury would be "locked" i n  t h e  d i r e c -  

t i o n  of t h e  sun. 

Like. t h e  moon wi th  re- 

2.2 Recent Radar  Measurements 

During the  i n f e r i o r  conjunct ion  of  Mercury i n  A p r i l ,  

1965, P e t t e n g i l l  and Dyce (1965) made r a d a r  obse rva t ions  of 

t h e  p l a n e t  and de r ived  a va lue  fo r  t h e  r o t a t i o n  per iod of  

59 f 5 days. 

l i m b  doppler  spread  as a f u n c t i o n  of  t i m e  f o r  four  measure- 

ments taken dur ing  the months of March and A p r i l ,  1965. 

The best f i t  curve  i n d i c a t e s  d i r e c t  r o t a t i o n  wi th  t h e  s i d e r e a l  

per iod  of  59 f 5 days. 

t h a t  t h e  d i r e c t i o n  of t h e  po le  may be normal t o  t h e  p l a n e t a r y  

orbi t .  

F igure  1 shows t h e i r  r e s u l t s  of  t h e  limb-to- 

The a u t h o r s  have a lso pointed o u t  

This  new r e s u l t  i s  i n  complete disagreement wi th  t h e  

h i t h e r t o  widely accepted va lue  of 88 days,  der ived  from t h e  

v i s u a l  obse rva t ions  as d i scussed  i n  t h e  previous section. 

- 4 -  



McGovern, Gross and Rasool (1965) have investigated the 
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reasons for this apparent inconsistency between the results 

of the early visual observations and the recent radar 

4 

measurements. Nearly 50 drawings of Mercury published by 

Lowell (1902), Antoniadi (19341, Lyot (1943), Dollfus (1961) 

and Baum (see Sandner, 1963 and Moore, 1960) were examined. 

Of thesetsix pairs of drawings showed near duplication of 

markings and phase. These pairs are listed in Table I. 

TABLE I 

Time interval T 
(in days) 

1. Antoniadi (Aug. 11,1924) and Antoniadi (June 21,1927) 1044 

2. Antoniadi (Aug, 23,1927) and Antoniadi (Aug. 6,1928) 349 

3. Antoniadi (Oct. 4,1927) and Antoniadi (Aug. 23,1929) 690 

4. Antoniadi (Aug. 6,1928) and Antoniadi (July 20,1929) 340 

5. Lyot (July 22,1942) and Dollfus (Oct. 12,1950) 3 004 

6. Baum (March 15,1952) and Baum (March 1,1953) 351 

The authors pointed out that duplication of markings and 

phase for any single pair of drawings of Mercury does not 

necessarily indicate that synchronous rotation of the planet 

is the only possible solution. A number of other periods of 

rotation are possible as given by the following equation: 
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T 
8 (1) P =  

360 n +  

where P i s  the  per iod of r o t a t i o n  of  Mercury i n  days,  T t h e  

t i m e  in te rva l ,  between t h e  t w o  obse rva t ions  made a t  t h e  same 
/ 

phase,  n t h e  number of complete r o t a t i o n s  of the  p l a n e t  during 

t h i s  t i m e  i n t e r v a l  and 8 t h e  average angular  displacement  of 

the  e a r t h  and Mercury i n  t h e i r  o rb i t s .  F igure  2 shows a l l  

' p o s s i b l e  va lues  of P between 40 and 90 days as c a l c u l a t e d  f o r  

each p a i r  of drawings.  I t  i s  noted t h a t  i n  a d d i t i o n  to  an 88- 

day per iod ,  t h e r e  are a t  least  four  more va lues  of P8 v i z . ,  

43.6, 50.1, 58.4 and 70.2 days which w i l l  be c o n s i s t e n t  with 

a l l  t h e  s i x  p a i r s  of drawings. H o w e v e r ,  on ly  one of these  

va lues  i s  w i t h i n  the  allowed l i m i t s  of 59 f 5 days determined 

by rada r .  ' Therefore  t h e  r o t a t i o n  per iod of  58.4 f 0.5 days 

i s  c o n s i s t e n t  w i th  both  the v i s u a l  and t h e  r a d a r  obse rva t ions  

of Mercury. 

I 

I 

I f ,  however, w e  take o n l y  the  p a i r  number 5, which has  

t h e  longeAt t i m e  i n t e r v a l  and also t h e  m o s t  convincing dup l i -  

c a t i o n  of markings,  we can narrow down t h e  accuracy l i m i t s  t o  

a va lue  of  58.65 f 0.10 days. 

a 

Peale and Gold (1965) have made an i n t e r e s t i n g  a n a l y s i s  

of t h e  problem and have e x p l a i n e d ' t h e  non-synchronous rota- 

. t i o n  of  Mercury  by t h e  following simple argument. . - -- - -. -- 

The e l -  

l i p t i c i t y  of t h e  orbit of Mercury around t h e  sun is  ve ry  

-_ 
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large, about  0.2. The t i d a l  torque i s  p ropor t iona l  t o  

l/r 

t h e r e f o r e  a c q u i r e  a r o t a t i o n  per iod l y i n g  between 56.6 and 

6 and w i l l  be g r e a t e s t  a t  t h e  perhe l ion .  The p l a n e t  can 
b. 

. 88 days,  depending o n  the d i s s i p a t i o n  func t ion  of t h e  t i d a l  

forces. I f  the  va lue  of 58.65f 0 .1  days,  as der ived  above, 

i s  correct, then  following Peale and G o l d ' s  argument, i t  

w i l l  i n d i c a t e  t h a t  t h e r e  i s  a s i g n i f i c a n t  amplitude depen- 

dence of t h e  t i d a l  d i s s i p a t i o n  on Mercury. 

Another argument i n  f a v o r  of  t he  58.6 day per iod  h a s  

been advanced by Colombo (19651, who sugges t s  t h a t  a pe r iod  

of r o t a t i o n  which i s  e x a c t l y  2/3 of t h e  o rb i ta l  per iod w i l l  

be stable because such a r o t a t i o n  per iod  w i l l  b r i n g  t h e  

a x i s  of minimum m o m e n t  of i n e r t i a  i n  l i n e  wi th  t h e  sun- 

Mercury r a d i u s  v e c t o r  a t  every pe rhe l ion ,  However, based 

on on ly  t h i s  l i n e  of argument, one can o b t a i n  a l a r g e  number 

of "stable" r o t a t i o n  per iods  fo r  Mercury. Combining such an 

a n a l y s i s  w i th  t h e  arguments given by Pea le  and G o l d  and 

a lso wi th  t h e  r a d a r  and v i s u a l  obse rva t ions ,  one can f i n a l l y  

o b t a i n  a p r e c i s e  va lue  f o r  t h e  r o t a t i o n ,  viz .  58-65 days.  

The non-synchronous r o t a t i o n  o f  Mercury impl i e s ,  con- 

t r a r y  to  t h e  previous b e l i e f ,  t h a t  a l l  p a r t s  of t h e  p l a n e t  

are exposed to  t h e  sun at one t i m e  o r  another .  The l e n g t h  

of t h e  day on Mercury i s  approximately 176 e a r t h  days,  and 

- 7 -  



i t  may be a f a i r  assumption t h a t  t h e  s u r f a c e  temperature  

on the  n i g h t  s i d e  of the  p l a n e t  may, after a l l ,  not  be 

as l o w  as 2 8 .  K which was c a l c u l a t e d  by Walker (1961) for 
5 

0 

a synchronously r o t a t i n g  p l ane t .  

3. EVIDENCE FOR THE PRESENCE OF AN ATMOSPHERE ON MERCURY 

The astronomical  c o n s t a n t s  of t h e  p l a n e t  Mercury 

are summarized i n  Table 11. 

TABLE I T  

MASS 

RADIUS 

DENSITY. 

c 

DISTANCE FROM SUN 

SOLAR RADIATION FLUX 

ALBEDO 

T (sub-solar po in t )  e 

ORBITAL PERIOD 

ROTATION 

0.054 (Ear th  1) 

0.39 (Earth 1) 

5.05 gm/cm 
3 

4.2 km/sec (Earth 11.3 
km/sec) 

350 cm/sec 2 

0.39 A.U. 

6.6 x a t  Ea r th  

0.07 (Earth 0.4) 

616 OK 

88d 

58.65 f 0.1 d 

- 8 -  
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. 
P o l a r i m e t r i c  S t u d i e s  

One of t h e  m o s t  impor tan t  techniques  of  s tudy ing  

t h e  s u r f a c e  of ano the r  p l a n e t  i s  t h e  o b s e r v a t i o n  of t h e  

p o l a r i z a t i o n  of so l a r  r a d i a t i o n  r e f l e c t e d  by t h e  p l ane t .  

Th i s  technique w a s  developed by  Lyot (1929) and h a s  s i n c e  

been used e x t e n s i v e l y  by him and l a t e r  by Do l l fus  t o  s t u d y  

t h e  s u r f a c e s  of t h e  moon and p l a n e t s .  A d e t a i l e d  d i s c u s s i o n  

of t h i s  method i s  given by  Do l l fus  (1957, 1961, and 1962) .  

One of t h e  by-products of such an obse rva t ion  i s  a n  

estimate o f  t h e  t o t a l  atmosphere of t h e  p l a n e t .  By com- 

p a r i n g  t h e  p o l a r i z a t i o n  of t h e  solar  r a d i a t i o n  as r e f l e c t e d  

from t h e  c e n t e r  of t h e  p l a n e t a r y  d i s k  and f r o m  t h e  l imb,  

one can o b t a i n  an estimate of t h e  s c a t t e r i n g  of t h e  radia- 

t i o n  by t h e  atmosphere. Making such measurements a t  d i f f e r -  

e n t  wavelengths and assuming Rayleigh s c a t t e r i n g  to  be t h e  

main p rocess ,  one can estimate t h e  t o t a l  number of molecules  

i n  t h e  atmosphere. I n  t h i s  manner, Lyot (1929) gave a n  upper 

l i m i t  on t h e  e x t e n t  of t h e  atmosphere of Mercury, v i z . ,  

< 21/1000 of t h e  earth 's  atmosphere. For t h e  smaller va lue  

of g for  Mercury, t h i s  would correspond t o  a p r e s s u r e  of 

7 mb. I n  t h e s e  c a l c u l a t i o n s ,  i t  w a s  assumed t h a t  t h e  a lbedo  

- 9 -  



of Mercury, i n  t h e  v i s i b l e ,  w a s  0.16. The r e c e n t  measure-  

m e n t s  by H a r r i s  (1961) give a va lue  o f  0.063. If w e  cor- 

rect  L y o t ' s  c a l c u l a t i o n s  f o r  t h i s  new va lue  of albedo, w e  

4 

. o b t a i n  an  upper l i m i t  on t he  s u r f a c e  p re s su re  on Mercury 

of 3 m b .  Dol l fus  r e p e a t e d  L y o t ' s  obse rva t ions  wi th  an i m -  

proved po la r ime te r  and using the  same method of r educ t ion  

of d a t a ,  gave a va lue  of t h e  atmospheric p re s su re  a t  t he  

s u r f a c e  of Mercury equal  t o  1 m b  w i t h i n  an o r d e r  of magni- 

O k l  tude ,  i . e . ,  Ps = 10 . 
I t  is  d i f f i c u l t  to accept  t he  r e s u l t s  wi thout  q u a l i -  

f i c a t i o n s  because of  t h e  i n h e r e n t  l i m i t a t i o n s  of t h i s  method 

i n  deducing t h e  atmospheric pressure .  The m o s t  important  

source  of  error i s  t h e  assumption t h a t  t h e  s c a t t e r i n g  i s  

e n t i r e l y  molecu la r .  Any p a r t i c u l a t e  m a t t e r  which may be 

p r e s e n t  i n  t h e  atmosphere w i l l  r e s u l t  i n  a cons ide rab le  

over -es t imate  of t h e  pressure .  Also, i t  is assumed t h a t  

t h e  atmosphere of Mercury h a s  the  same s c a t t e r i n g  p r o p e r t i e s  

as a i r .  I f ,  however, the  major component of t h e  atmosphere 

o f  Mercury w e r e  n o t  n i t rogen  b u t ,  fo r  example, neon, t h e  

p r e s s u r e  quoted above would be an under-est imate  by as much 

as a factor  of 10. Chamberlain and Hunten (1965) have re- 

c e n t l y  g iven  a c r i t i c a l  review of the  i n h e r e n t  d i f f i c u l t i e s  

i n  t h i s  method fo r  e s t ima t ing  t h e  atmospheric pressure .  

- 10 - 
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Accepting t h e i r  arguments, w e  would conclude t h a t  t h e  un- 

c e r t a i n t y  of  an order of magnitude quoted by Dol l fus  may 

be q u i t e  o p t i m i s t i c ,  and the  a c t u a l  atmospheric p re s su re  

on t h e  s u r f a c e  of Mercury may be anywhere between 0.01 and 

4 

1 0  m b .  

- 3.2 Spec t roscopic  S tudies  

The sea rch  f o r  atmospheric gases  on Mercury w a s  

c a r r i e d  o u t  by Adams and Dunham (1932) and l a t e r  by Kuiper 

(19521, b u t  f a i l e d  t o  give any p o s i t i v e  r e s u l t s .  ~t w a s  

t h e r e f o r e  g e n e r a l l y  believed tha t  i f  an atmosphere e x i s t s  

on Mercury, i t  m u s t  be composed of rare gases ,  perhaps argon 

( F i e l d ,  1964) ,  n o t  observable  by spec t roscop ic  techniques.  

Recent ly ,  however, Moroz (1963) has detected the  

presence of CO i n  the  atmosphere of Mercury. H e  recorded 

the  spectrum of solar  r a d i a t i o n  as r e f l e c t e d  by Mercury and 

compared i t  wi th  t h a t  of t h e  moon. The equ iva len t  width of 

t he  1.6 p C02 band appears enhanced i n  t h e  Mercury spectrum, 

i n d i c a t i n g  t h e  presence of CO 2 i n  t h e  atmosphere of t h e  

p l a n e t .  This  is  i l l u s t r a t e d  i n  F igure  3. A series of 

s i m i l a r  measurements, however, show a lesser enhancement 

of t h e  equ iva len t  width (Moroz, 

2 

1965).  

As t h e  s t r e n g t h s  of t h e  s a t u r a t e d  CO 2 lines i n  t h e  
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1.6 p band depend both  on the  e f f e c t i v e  p re s su re  and t h e  

amount of CO i t  i s  not p o s s i b l e  t o  s e p a r a t e  t h e  t w o  by 

observing on ly  i n  t h i s  one band. Spinrad, F i e l d  and Eodge 

(1965) , t h e r e f o r e ,  attempted t o  measure  the  i n t e n s i t y  of 

2' .. 

t h e  weak unsa tu ra t ed  l i n e s  of CO a t  8 7 0 0 i  which are n o t  2 

pressure-dependent.  Combining t h e s e  measurements wi th  

those  of Moroz, they  expected to g e t  t h e  amount of ,CO and 

t h e  t o t a l  atmospheric p re s su re  a t  t h e  s u r f a c e  of the  

p l ane t .  

2 

Despi te  a d e t e c t i o n  l i m i t  of as l o w  as 4 d, they 

w e r e  unable to observeC0 l i n e s  i n  t h e  8700 i  region.  They 2 

t h e r e f o r e  proposed an upper l i m i t  to the  CO con ten t  of 2 

57 m - a t m . ,  which corresponds t o  a maximum p o s s i b l e  p a r t i a l  

p r e s s u r e  of 4.2 m b  on the surface. Combining t h i s  upper 

l i m i t  on the  amount of CO with Moroz' obse rva t ion  o f  t h e  2 

equ iva len t  width of  the  1.6 p C02 band, Spinrad,  F i e l d  

and Hodge conclude t h a t  the  s u r f a c e  p re s su re  on Mercury 

i s  near  4 m b  i f  t he  atmosphere i s  pure CO and h ighe r  i f  

o t h e r  gases  are p resen t .  

2' 

Kozyrev (1964) observed Mercury dur ing  an e c l i p s e  of 

t h e  sun and found emission l i n e s  of  hydrogen i n  the  spectrum. 

H e  t h e r e f o r e  p o s t u l a t e d  t h a t  t h e  atmosphere of Mercury may 

c o n t a i n  a s i g n i f i c a n t  amount of hydrogen. Spinrad and Hodge 

(1965) have g iven  a more accep tab le  exp lana t ion  of these 
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l i n e  p r o f i l e s ,  sugges t ing  t h a t  they cou ld  have been formed 

by a spur ious  blending of the dopp le r - sh i f t ed  Fraunhofer  

l i n e s  i n  t h e  spectrum of Mercury and t h e  u n s h i f t e d  component 

i n  t h e  sky spectrum. 

I n  summary, i t  appears  from t h e  evidence desc r ibed  

above t h a t  Mercury has a tenuous atmosphere,  w i th  a su r -  

face p res su re  between 1 and' 10 m b  and con ta in ing  a s m a l l  

amount of C 0 2 .  

3 .  TEMPERATURE MEASUREMENTS 

For  a s l o w l y  r o t a t i n g  p l a n e t  l i k e  Mercury, t h e  ef- 

f e c t i v e  e q u i l i b r i u m  temperature  on the day s i d e  of t h e  

p l a n e t  i s  g iven  by 

7 
where F i s  t h e  solar  f l u x  reaching  Mercury (1.1 x 1 0  

2 ergs/cm /sec) and A is  the albedo (0.063) ( H a r r i s ,  1961) .  

For t h e s e  va lues  of F and A, t h e  mean e f f e c t i v e  tempera- 
0 

t u r e  of t h e  day s ide  of Mercury i s  520 K. A t  t h e  sub- 

solar p o i n t  t h e  temperature  w i l l  be 616 K. 

mosphere p rec ludes  any s u b s t a n t i a l  greenhouse effect  and 

t h e r e f o r e  we  can e x p e c t  t h e  s u r f a c e  tempera ture  of t h e  day 

0 A tenuous at-  
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t 

s i d e  t o  be approximately t h e  same as t h e  e f f e c t i v e  t e m -  

i 

p e r a t u r e s .  computed above. 

Temperature measurements of Mercury have been made 

by record ing  t h e  thermal emission of the p l a n e t  i n  the 

i n f r a r e d  and microwave reg ions  of t h e  spectrum. W e  s h a l l  

d i s c u s s  t h e  r e s u l t s  of t h e s e  t w o  types of obse rva t ions  i n  

t h e  fol lowing paragraphs.  

4 . 1  Jn f ra red  

P e t t i t  (1961) h a s  measured thermal emission from 

- Mercury i n  the 8 - 1 2  r eg ion  and o b t a i n s  a sub-so lar  
\ 

0 p o i n t  s u r f a c e  temperature of 615 K, i n . c l o s e  agreement 

w i t h  the e f f e c t i v e  temperature given above. This  agree-  

ment between t h e  observed s u r f a c e  and e f f e c t i v e  temperatures  

of t h e  p l a n e t  i n d i c a t e s  that  t h e  s u r f a c e  of  Mercury  r a d i a t e s  

I 
I 
I 
I 

I 

I '  

as a black body i n  t h e  far i n f r a r e d  wi th  an e m i s s i v i t y  of 

approximately un i ty .  

4 2  Microwaves 

! Thermal r a d i a t i o n  from Mercury i n  t h e  microwave re- 

i 
I 
I I 
i 

g ion  a t  h = 3 cm w a s  measured by Howard, Barrett and Haddock 

(1962).  F igure  4 shows t h e i r  temperature  va lues  as a func t ion  

I 

of phase angle.  The i n t e r e s t i n g  f e a t u r e  o f  t h e i r  r e s u l t s  is 
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t h a t  t h e  dependence of t h e  temperature  on the  phase ang le  

i s  n o t  so  s t r o n g  as would be expected i f  t he  dark s i d e  w e r e  

extremely c o l d ,  a t  a temperature close to  28 K (Walker, 

1961) .  

0 

F i e l d  (1964) i n t e r p r e t e d  these  r e s u l t s  t o  sugges t  t h a t  

t h e  dark s i d e  of  Mercury may a c t u a l l y  be a t  a h ighe r  t e m -  

p e r a t u r e .  Curve A i n  F i g u r e  4 shows t h e  v a r i a t i o n  of t e m -  

p e r a t u r e  as a func t ion  of phase ang le  which would be ob- 

served i f  t h e  dark s i d e  were a t  a temperature as h igh  as 

300 OK. 

agreement with curve A than wi th  curve B which i s  computed 

for  a dark s i d e  a t  0 K. F i e l d  a lso suggested t h a t  i n  or- 

der t o  exp la in  these  obse rva t ions ,  an atmosphere must be 

p r e s e n t  which would t r a n s p o r t  the  h e a t  r equ i r ed  t o  raise 

t h e  temperature of t h e  dark s i d e  t o  300 K. This  sugges t ion  

of F i e l d ' s  i s  based on the assumption t h a t  t h e  measured 

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

p e r a t u r e s  of Mercury. 

The observed va lues  of  temperature show a better 

0 

0 

Mayer (1961) has  however pointed o u t  t h a t  t h e  thermal 

emission i n  the  r a d i o  wavelengths o r i g i n a t e s  a few wave- 

l e n g t h s  below the  s u r f a c e  of t h e  p l ane t .  More r e c e n t  

r a d i o  measurements of Mercury by Kellerman (1965)a t  ?, = 11 c m  

co r robora t e  t h i s  argument. F i g u r e  5 ,  taken from Kellerman, 
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does n o t  show any phase e f fec t  a t  a l l ,  i n d i c a t i n g  t h a t  t h e  

I 

temperature  a f e w  decimeters  b e l o w  t h e  s u r f a c e  of  Mercury 

U may be cons tan t  a t  300 K,  bo th  on t h e  day and n i g h t  s i d e s .  

Now t h a t  i t  is known t h a t  t h e  rotation o f  Mercury is non- 

synchronous,  and t h a t  a l l  p a r t s  of t h e  p l a n e t  are exposed 

t o  solar r a d i a t i o n  every 88 days (one solar day on Mercury 

i s  equa l  t o  176 e a r t h  d a y s ) ,  a 300 OK temperature i n  t h e  

sub- su r face  l a y e r s  on t h e  dark s i d e  of Mercury seems 

p l a u s i b l e .  

N o  o b s e r v a t i o n a l  information i s  ye t  available on t h e  

a c t u a l  s u r f a c e  temperature on t h e  dark s i d e  of t h e  p l a n e t ,  

bu t  F i e l d  h a s  argued t h a t  i f  argon i s  p r e s e n t  i n  t h e  at-  

mosphere, then t h e  temperature of  t he  s u r f a c e  of the  dark 

s i d e  should be h ighe r  than 56 K so t h a t  t h e  atmosphere 

does n o t  f r e e z e  o u t .  For a carbon d ioxide  atmosphere,  t h i s  

temperature  should be h igher  than  150 K. 

0 

0 

Mintz (1962) has  made a t h e o r e t i c a l  s tudy  of  t h e  

problem of h e a t  t r a n s p o r t  across t h e  terminatol;  by winds,  

for  a s lowly r o t a t i n g  p l ane t .  Using h i s  express ion  which relates t 

wind v e l o c i t y  a t  t h e  te rmina tor  and t h e  temperature  on t h e  

dark s i d e  of t h e  p l a n e t ,  we  have made a sample c a l c u l a t i o n  

for  t h e  Mercurian atmosphere, mainly composed of CO and 

fo r  Ps = 5 mb.  

2' 

Figure  6 is a p l o t  of t h e  r equ i r ed  wind 
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veloc i t ies  as a func t ion  of  temperature  i n c r e a s e  on t h e  

dark s i d e  of t h e  p l ane t .  A l s o  p l o t t e d  is  a curve g iv ing  t h e  
5 

v e l o c i t y  of sound i n  t h e  atmosphere a t  t h e s e  temperatures.  

I t  appears  t h a t  even i n  a t h i n  atmosphere of 5 m b  s u r f a c e  

p r e s s u r e , .  atmospheric c i r c u l a t i o n  is  an e f f i c i e n t  means of 

t r a n s p o r t i n g  h e a t  from t h e  day s i d e  t o  t h e  n i g h t  s i d e  of 

t h e  p l a n e t .  A 1 2 0  m / s e c  wind can main ta in  t h e  dark side 

o f  Mercury a t  150 K ,  thus  prevent ing  C02 from f r e e z i n g  ou t .  

Wind v e l o c i t i e s  o f  t he  order of 100 m/sec are f r e q u e n t l y  ob- 

served  i n  t h e  upper atmosphere of t h e  e a r t h .  

0 
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5. PROBLEM OF GRAVITATIONAL ESCAPE AND ACCUMULATION 
OF AN ATMOSPHERE 

In t h i s  sect ion w e  s h a l l  exmif ie  the  processes  

which govern t h e  evolu t ion  of an atmosphere on a small 

and h o t  p l a n e t  l i k e  Mercury. There are t w o  schools  of 

thought on t h e  problem of t h e  o r i g i n  of a p l a n e t a r y  a t -  

mosphere. 

I t  has  been suggested t h a t  t h e  p re sen t  atmosphere 

i s  e i t h e r  ( a )  t he  remnant of a dense gaseous envelope 

which t h e  p l a n e t  may have acqui red  a t  t h e  t i m e  of i t s  ac- 

cumulation o u t  of t h e  c o n t r a c t i n g  s o l a r  nebula ,  o r  (b) t h e  

r e s u l t  of  s l o w  outgass ing  f r o m  t h e  i n t e r i o r  of t h e  p l a n e t  

v i a ,  e .g . ,  v o l c a n i c  a c t i v i t y  and t h e  exha la t ion  of gases  

through f i s s u r e s  -in t h e  c r u s t .  

For the  p re sen t  atmosphere t o  be the  remnant of a 

p r i m i t i v e  one, i t  m u s t  be stable a g a i n s t  t h e  two important  

loss processes:  thermal escape of gases  from t h e  g rav i -  

t a t i o n a l  f i e l d  of t h e  p l a n e t ,  and t h e  d i s s i p a t i v e  effect  

of  t he  solar  wind. The atmosphere,  i n  t h i s  c a s e ,  would be 

composed of those  gases  which have n o t  y e t  escaped o r  been 

e j e c t e d  by t h e  s o l a r  wind.  Thei r  abundances would, t he re -  

f o r e ,  s t i l l  be i n  t h e  same re la t ive  amounts as observed i n  
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t h e  sun. 

On t h e  o t h e r  hand, i t  i s  d i f f i c u l t  t o  a s c e r t a i n  i f  
-. 

the  p r e s e n t  atmosphere of another  p l a n e t  i s  t h e  r e s u l t  of 

ou tgass ing .  Even i n  the case of t h e  e a r t h ,  t h e  g a s  ex- 

h a l a t i o n  rates from t h e  c r u s t  are very poor ly  known and 

e x t r a p o l a t i n g  these  t o  o t h e r  p l a n e t s  could be very  unre- 

l iable .  The vo lcan ic  outgassing n o t  on ly  depends on t h e  

d i f f e r e n t i a l  p rocesses  and t e c t o n i c  a c t i v i t y  occurr ing  i n  

the  i n t e r i o r  of  t h e  p l a n e t ,  b u t  a l s o  on t h e  n a t u r e  of 

"vola t i l es  " which w e r e  trapped w i t h i n  t h e  p l a n e t  a t  the  

t i m e  of i t s  formation. These are d i f f i c u l t  q u e s t i o n s  i n  

cosmogony and are beyond t h e  scope o f  t h i s  paper.  

W e  would l i k e  t o  po in t  o u t  t h a t  t h e  major argument i n  

favor  of t h e  outgass ing  hypothes is  i s  the  demonstration t h a t  

t h e  p r e s e n t  atmosphere could n o t  be pr imordia l  i n  o r i g i n .  

For t h i s  purpose we s h a l l  d i s c u s s  t h e  problems of 

g r a v i t a t i o n a l  escape and t h e  e f f e c t  of s o l a r  wind i n  more 

d e t a i l ,  w i th  p a r t i c u l a r  r e f e r e n c e  t o  Mercury. 

5.1 Thermal Escage 

The f l u x  of p a r t i c l e s  escaping from t h e  t o p  of a 

p l a n e t a r y  atmosphere is  r e a d i l y  e s t i m a t e d  from t h e  theory  

of Jeans  (1916) as modified by S p i t z e r  (1952) .  Neglect ing 
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. I  

d i f f u s i o n ,  the  t o t a l  number of  escaping p a r t i c l e s ,  F,  i s  

g iven  by 

R 
(3  1 -1 

R 
2 -Y 

4rrR n CYe o o i  [ 2 (1 + “-)I 0 YRo’ 
sec F =  

f i  
where R i s  t h e  r a d i u s  of t h e  p l a n e t ,  R i s  the  p l ane ta ry  

0 C 

r a d i u s  a t  t h e  base  of the exosphere,  n i s  t h e  d e n s i t y  
o i  

which would e x i s t  a t  t h e  s u r f a c e  o f  t h e  p l a n e t  i f  t he  at- 

mosphere w e r e  i so thermal  a t  a l l  h e i g h t s ,  C i s  t h e  root- 

mean-square v e l o c i t y  of the  atmospheric p a r t i c l e s ,  and 

GmM 
kT R ‘ c o  

Y =  

where m is  t h e  m a s s  of the  escaping c o n s t i t u e n t ,  M is  t h e  

m a s s  of t h e  p l a n e t ,  G i s  t h e  g r a v i t a t i o n a l  c o n s t a n t ,  and 

T i s  the  temperature of t h e  exosphere.  
C 

The number of  escaping p a r t i c l e s  t h e r e f o r e  p a r t i c u -  

l a r l y  depends on the  temperature a t  t h e  top  o f  t h e  atmos- 

phere,  on t h e  dimensions of t h e  p l a n e t ,  and a lso on t h e  

molecular  weight of t he  escaping p a r t i c l e s .  Using Eq. ( 3 )  

w e  can c a l c u l a t e ,  for d i f f e r e n t  va lues  of T , t h e  t i m e  i n  

which t h e  abundance of  a gaseous c o n s t i t u e n t  on Mercury 

would decrease to  l /e of i t s  i n i t i a l  va lue ,  which i s  es- 

s e n t i a l l y  t h e  h a l f - l i f e  of t h e  c o n s t i t u e n t .  The r e s u l t s  

C 
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are p l o t t e d  i n  F igu re  7 .  

c a l c u l a t e d  for  t h r e e  d i f f e r e n t  temperature  v a l u e s ,  v i z . ,  

The t i m e s  of escape have been 

500 OK, 1000 OK, and 2000 0 K, and are p l o t t e d  as a f u n c t i o n  

For  a p l a n e t a r y  l i f e t i m e  of 5 x 1 0  9 y e a r s ,  i t  i s  seen  t h a t  

s p h e r i c  tempera ture  > 200 0 K, b u t  w i l l  r e t a i n  atomic oxygen 

of atomic o r  molecular  weight of t h e  escaping  p a r t i c l e s .  

Mercury w i l l  lose  a l l  i t s  hydrogen and helium a t  an exo- 

a t  T < 800 OK, and argon a t  T < 1800 OK. A t  t empera tures  

h i g h e r  than 2000 OK, only  heavy g a s e s  l i k e  krypton  and xenon 

could be r e t a i n e d  by t h e  p l a n e t .  

C C 

Because Mercury is ve ry  close t o  t h e  sun ( R  M 0.4 A . U . )  

and t h e r e f o r e  receives 6.6 t i m e s  more solar f l u x  than t h e  

e a r t h  (Table TI), one w o u l d  expec t  t h e  exosphe r i c  tempera- 

t u r e  t o  be much h i g h e r  than for  t h e  e a r t h  (1500 0 K ) .  I n  

fac t ,  t h e  va lues  f o r  Tc f o r  Mercury quoted i n  t h e  l i t e r a -  

t u r e  are as h i g h  as 5000 OK (Urey, 1959) .  

F i g u r e  7 ,  a t  such  a h2gh temperature ,  even xenon w i l l  be 

l o s t ,  and one would n o t  expect  even a trace of an  atmos- 

phere  on Mercury. 

a g a i n s t  g r a v i t a t i o n a l  escape,  t h e  exosphe r i c  temperature  

should  be cons ide rab ly  l e s s  

of so la r  and cosmic abundances (Cameron, 1963) t h e  most 

According t o  

For  t h e  atmosphere of Mercury to be stable 

than 5000 OK. From t h e  table 
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abundant molecules i n  a p r i m i t i v e  atmosphere, a f t e r  t h e  es- 

cape of  hydrogen and helium, would be carbon d iox ide ,  neon and 

n i t rogen .  

. Table 111. 

Thei r  r e l a t i v e  amounts by volume are given i n  

TABLE I11 

COMPOSITION OF A PRIMITIVE ATMOSPHERE 
AFTER THE ESCAPE OF H2 AND H e  

60 % c02 

N e  25 % 

15 % 2 N 

A < 0.5 % 

This  table has  been computed wi th  t h e  assumptions t h a t :  

(1) a l l  hydrogen and helium have completely escaped, i nc lud ing  

t h a t  hydrogen which could have been i n  the  form of  CH4, NH3, 

o r  H 0 ;  (2 )  t h e  oxygen a v a i l a b l e  f o r  t h e  atmosphere h a s  been 

deple ted  by t h a t  amount which would be requ i r ed  t o  form 

m e t a l  ox ides  and s i l i c a t e s :  (3)  on ly  t h a t  much carbon i s  

included i n  the  atmosphere which w i l l  combine w i t h  t h e  re- 

maining oxygen to  form carbon dioxide: and (4)  carbon d iox ide  

has  n o t  been removed from t h e  atmosphere by r e a c t i o n s  wi th  

t h e  c r u s t  of t h e  p l ane t .  

2 

2 

I n  o r d e r  f o r  t h i s  atmosphere t o  be stable a g a i n s t  
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g r a v i t a t i o n a l  escape ,  the temperature  of t h e  exosphere of 

Mercury must be < 800 K (Fig.  71, which i s  t h e  escape  

temperature  f o r  atomic oxygen, a d i s s o c i a t i o n  -,roduct of 

0 

'carbon dioxide.  If, on the  other  hand, the t empera ture  

of t h e  exosphere i s  h ighe r  than 800 K ,  t hen ,  to  ma in ta in  
0 

a carbon d iox ide  atmosphere on Mercury, a c o n s i d e r a b l e  

amount of ou tgass ing  w i l l  be r e q u i r e d  t o  coun te r  t h e  h igh  

f l u x  of e scap ing  p a r t i c l e s .  

A 5 2 Solar Wind 

I n t e r a c t i o n s  between t h e  solar  wind and t h e  atmosphere 

of Mercury may produce several impor tan t  effects  such as 

e j e c t i o n  of i o n i z e d  p a r t i c l e s ,  i n t e n s e  h e a t i n g ,  and i o n i -  

z a t i o n  i n  t h e  upper  atmosphere, and a l so  a c c r e t i o n  of 

c o n s t i t u e n t s  i n t o  the atmosphere. But t h e s e  effects w i l l  be 

h i g h l y  dependent on t h e  e x t e n t  and n a t u r e  of t h e  p l a n e t a r y  

magnetic f i e l d .  I n  t h e  absence of any informat ion  on t h e  

magnet ic  f i e l d  of Mercury, w e  s h a l l  l i m i t  o u t  d i s c u s s i o n  of 

t h i s  a s p e c t  of t h e  problem to  t h e  d e r i v a t i o n  of a l o w e r  l i m i t  

, 

t o  t h e  f i e l d  s t r e n g t h  which would p r o t e c t  t h e  atmosphere of 

Mercury from t h e  d i s s i p a t i v e  effects  of t h e  so la r  wind. 

W e  sha l l  assume t h a t  an  e f f e c t i v e  p r o t e c t i o n  of t h e  

atmosphere f r o m  the so la r  wind w i l l  be achieved i f  t h e  
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magnetic p re s su re  a t  the h e i g h t  of t h e  exosphere i s  

g r e a t e r  than or equal  t o  t h e  dynamic p res su re  of t h e  solar  

wind; t h a t  i s ,  w e  set 

2 
2 

B - c r n m v  
~ T T  

where B i s  the  f i e l d  s t r e n g t h  a t  the  boundary of t h e  
C 

magnetosphere, which i s  assumed to  be one p l ane ta ry  r a d i u s  

away from t h e  s u r f a c e  and t h e r e f o r e  above the  exosphere,  

and n ,  m ,  and v are the  number d e n s i t y ,  m a s s  and v e l o c i t y ,  

r e s p e c t i v e l y ,  of t h e  p a r t i c l e s  i n  t h e  s o l a r  wind. Extra-  

p o l a t i n g  the  f l u x  data obtained f r o m  Mariner I1 t o  the  

d i s t a n c e  of Mercury, w e  f i n d  t h a t  n - 100/cm and 

v - 5 x 10 cm/sec. This g i v e s  B - 300 y a t  one plane- 

t a r y  r a d i u s  away from the  surface. The d i p o l e  f i e l d  a t  

3 

7 
C 

t h e  s u r f a c e  w i l l  then be 0.024 gauss.  This  i s  approximately 

20 t i m e s  less than t h e  magnetic f i e l d  s t r e n g t h  of t h e  e a r t h .  

The real  problem of i n t e r a c t i o n  of t h e  solar wind wi th  

a p l a n e t a r y  magnetic f i e l d  i s  much more complex and i s  n o t  

completely understood. W e  s h a l l  t h e r e f o r e  r e f r a i n  from any 

comment on the  p o s s i b l e  mass in te rchange  which may take  

p l ace  between atmosphere and so la r  wind. 
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. .  

6. THERMAL STRUCTURE OF THE ATMOSPHERE 

I n  t h i s  s e c t i o n  w e  s h a l l  i n v e s t i g a t e  t h e  thermal 

s t r u c t u r e  f o r  va r ious  models of t h e  atmosphere of  Mercury. 

The main purpose i s  t o  determine i f  t h e  exospher ic  t e m -  

p e r a t u r e ,  i n  any of these  models, i s  l o w  enough f o r  t h e  

atmosphere t o  be stable a g a i n s t  g r a v i t a t i o n a l  escape. For 

t h e s e  c a l c u l a t i o n s  we f i rs t  d e r i v e  the  temperature  of t h e  

l o w e r  atmosphere of Mercury which i s  assumed t o  be i n  

r a d i a t i v e  equi l ibr ium.  W e  then d i s c u s s  t h e  r eg ion  of t h e  

mesopause which s e p a r a t e s  t h e  lower and t h e  upper atmos- 

pheres.  The c a l c u l a t i o n  of t h e  s t r u c t u r e  of t h e  thermo- 

sphere  and exosphere i s  then  presented .  

6.1 Atmcsgheric Models 

Four models f o r  t h e  composition of Mercury's a t -  

mosphere have been inves t iga t ed :  

P u r e  argon, as suggested by F i e l d  (1964) ,  
Ps = 1 mb, 

50% argon,  50% carbon d iox ide ,  P = 5 m b  
(atmosphere r e s u l t i n g  from o u t g a s s i n g ) ,  

60% carbon d iox ide ,  25% neon, 15% n i t r o g e n ,  
Ps = 5 m b  (remnant of p r i m i t i v e  atmosphere) ,  

Pure carbon d iox ide ,  a s  suggested by Moroz 
( 1 9 6 5 ) ,  Ps = 1 m b .  

- 25 - 



- 6 . 2  Lower AtmosDhere and MesoDause 

The temperature  s t r u c t u r e  of  a p l ane ta ry  atmos- 

phere which i s  i n  r a d i a t i v e  and convec t ive  equ i l ib r ium has  

been d iscussed  i n  d e t a i l  by Goody (1964). For an o p t i c a l l y  

t h i n  atmosphere the  lower r eg ion  ( t roposphere)  w i l l  be i n  

convec t ive  equ i l ib r ium and the  temperature  g r a d i e n t  close 

t o  a d i a b a t i c .  I n  t h e  upper reg ion  ( s t r a t o s p h e r e )  where 

t h e  o p t i c a l  t h i ckness  i n  t h e  i n f r a r e d  approaches ze ro ,  t h e  

- 438 OK. atmosphere becomes i s o t h e r m a l  a t  T = - - T e  
0 2% 

The va lues  of t h e  a d i a b a t i c  l a p s e  ra te  and the  h e i g h t  

of t h e  tropopause f o r  model atmospheres b, 2, and d are 

given i n  t h e  f i r s t  t w o  columns of Table I V .  The model a 

corresponds t o  a pure argon atmosphere. Be ing  an i n e r t  

g a s ,  argon i s  r a d i a t i v e l y  i n a c t i v e  i n  the  i n f r a r e d  and 

t h e r e f o r e  t h e  o p t i c a l  th ickness  of the  atmosphere i s  zero.  

Hence t h e  temperature s t r u c t u r e  of t h e  l o w e r  atmosphere 

w i l l  n o t  be governed by r a d i a t i o n  b u t  by conduct ive and 

convec t ive  processes .  A s  w i l l  be shown l a t e r ,  argon w i l l  

n e v e r t h e l e s s  absorb  t h e  solar  u l t r a v i o l e t  i n  t h e  upper a t -  

mosphere, b u t  because of t he  r a d i a t i v e  i n e r t n e s s ,  t h i s  

energy w i l l  have t o  be conducted downwards a l l  t h e  way t o  

t h e  s u r f a c e  t o  be r a d i a t e d  away f r o m  t h e  ground. This w i l l  

probably tend t o  e s t a b l i s h  a p o s i t i v e  temperature  g r a d i e n t  

~ 
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. .  

throughout t h e  atmosphere. For t h i s  model, t h e r e f o r e ,  t h e  

temperature  p r o f i l e  i n  the  l o w e r  atmosphere i s  h igh ly  un- 

c e r t a i n ,  and w e  s h a l l  conf ine  o u r  a t t e n t i o n  t o  t h e  exosphere 

alone, d i s c u s s e d  i n  a later s e c t i o n .  

I f  t h e r e  are no sources  o r  s i n k s  of energy i n  t h e  

s t r a t o s p h e r e ,  then t h e  temperature for  models b, c , a n d  

w i l l  remain c o n s t a n t  a t  T u n t i l  t h e  l e v e l  a t  which t h e  

d e n s i t y  becomes so l o w  t h a t  LTE breaks  down, which i s  de- 

0 

noted  as t h e  l e v e l  of v i b r a t i o n a l  r e l a x a t i o n .  A t  t h i s  

l e v e l  i n  t h e  atmosphere,  t he  r a d i a t i v e  l i f e t ime  of CO i s  

s h o r t e r  than t h e  v i b r a t i o n a l  r e l a x a t i o n  t i m e .  Assuming a 

r e l a x a t i o n  t i m e  f o r  CO of 3 psec a t  420 K ,  t h e  p re s su re  

2 

0 
2 

l e v e l  a t  which v i b r a t i o n a l  r e l a x a t i o n  w i l l  occur  i s  deter-  

mined to  be 8 dynes/crn . The h e i g h t  of t h i s  l e v e l  v a r i e s  2 

wi th  composition, and i s  also given i n  Table I V  fo r  each 

model atmosphere. 
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. 
Above t h i s  l e v e l ,  following Chamberlain (1962) ,  t h e  

CO emission i n  t h e  v i b r a t i o n - r o t a t i o n  bands a t  1 5 ~  i s  2 

assumed l o s t  t o  space.  The volumetr ic  l o s s  of energy L 

is given  by B a t e s  (1951) :  

V 

where 

2'  rl = d e a c t i v a t i o n  c o e f f i c i e n t  f o r  CO 

n(C02) = number d e n s i t y  of  CO 

N = t o t a l  p a r t i c l e  number d e n s i t y ,  

2 '  

= quantum energy a t  15118 hV 

2 '  
T = temperature of CO 

With i n c r e a s i n g  a l t i t u d e  L decreases as the  product  
V 

of  t he  number d e n s i t i e s ,  n and N. A t  t h e  l e v e l  of t h e  

mesopause the t o t a l  amount of energy r a d i a t e d  from above 

t h i s  h e i g h t  equals  t h e  s o l a r  u l t r a v i o l e t  energy which i s  

conducted downward f r o m  t h e  thermosphere. The temperature 

g r a d i e n t  a t  t h e  mesopause i s  t h e r e f o r e  zero.  I n  o rde r  t o  

compute t h e  h e i g h t  and number d e n s i t y  of i n d i v i d u a l  con- 

s t i t u e n t s  of the  mesopause w e  need to  know the  d e n s i t y  d i s -  

t r i b u t i o n  b e l o w .  This problem i s  complicated by t h e  fact  

t h a t  C02 is  p a r t l y  photo-d issoc ia ted  w i t h i n  t h i s  reg ion '  

2 and a l a y e r  of 0 may form which i n  t u r n  may s c r e e n  CO 2 

- 28 - 



from the  s o l a r  u l t r a v i o l e t  r a d i a t i o n .  Marmo and Warneck 

(1961) have s t u d i e d  a s i m i l a r  problem f o r  M a r s .  Following 

t h e i r  prccedure we first = S t a i n  the  phc tochemical equ23-i- 

0 and CO i n  t h i s  brium d i s t r i b u t i o n  w i t h  h e i g h t  f o r  CO 

reg ion .  Using t h e s e  numbers w e  then d e r i v e  the  h e i g h t ,  den- 

2 '  O2 '  

s i t y  and temperature  a t  t he  mesopause f o r  each model. The 

r e s u l t s  are shown i n  Table I V .  

- 6.3 Thermosphere and ExosDhere 

The temperature d i s t r i b u t i o n  above t h e  mesopause 

i s  determined by t h e  h e a t  conduction equat ion ,  

- ( x E ) = Q  d - L, 
dz 

where Q i s  t h e  amount of solar  u l t r a v i o l e t  and x-ray energy 

absorbed per  u n i t  volume, L i s  t h e  energy r a d i a t e d  p e r  u n i t  

volume, and x i s  t h e  thermal conduc t iv i ty .  

The i n p u t  of  t h e  s o l a r  energy i n  t h e  thermosphere i n  

each model atmosphere i s  mainly due  t o  abso rp t ion  02 u l t r a -  

v i o l e t  r a d i a t i o n  by CO, 0 and by N e  o r  A. T h i s  i s  because 

CO i s  most ly  d i s s o c i a t e d  a t  lower l e v e l s ,  near  t h e  meso- 

pause. I t  i s  a l s o  assumed t h a t  above the  mesopause d i f f u s i v e  

s e p a r a t i o n  occurs  and the d e n s i t y  d i s t r i b u t i o n  of each con- 

s t i t u e n t  i s  determined by i t s  own scale  he ight .  Because of 

2 
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t h i s  circumstance,  the  s o l a r  energy d e p o s i t e d  i n  t h e  thermo- 

sphere  i s  due t o  the  absorp t ion  of t h e  i o n i z i n g  r a d i a t i o n  

of wavelengths less than 900 i. Not all of t h i s  s o l a r  

energy goes i n t o  hea t ing .  Walker (1964) has  made a de-  

t a i led  s tudy  of the  e f f i c i e n c y  of hea t ing  a t  d i f f e r e n t  a l t i -  

tudes  i n  t h e  e a r t h ' s  atmosphere. Using h i s  r e s u l t s ,  we  adopt  

a mean e f f i c i e n c y  ( € 1  of 50 percent  f o r  t h e  conversion of 

solar  u l t r a v i o l e t  t o  h e a t .  The o t h e r  h a l f  i s  r a d i a t e d  away 

and/or c a r r i e d  t o  lower l e v e l s  by downward d i f f u s i o n .  There- 

fore  t h e  express ion  for  Q f o r  a s lowly r o t a t i n g  p l a n e t ,  i s  

1, 

where 

6 = e f f i c i e n c y  of conversion of s o l a r  u l t r a v i o l e t  
t o  h e a t  

F = i n c i d e n t  s o l a r  f l u x  

7 = o p t i c a l  t h i ckness  

X = wavelength 

z = a l t i t u d e  

n = number d e n s i t y  of t he  i o n i z i n g  c o n s t i t u e n t  

CJ = i o n i z a t i o n  c r o s s  s e c t i o n . .  

a3 

i 

The r a d i a t i v e  loss t e r m ,  L ,  i n  Eq.  ( 7 )  r e p r e s e n t s  t h e  

t o t a l  r a d i a t i o n  p e r  u n i t  volume e m i t t e d  by t h e  atmosphere 
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t h a t  is  l o s t  t o  space.  A s  such, t h i s  i s  v a l i d  f o r  t he  a t -  

mosphere above some l e v e l  where the  o p t i c a l  t h i ckness  i s  

s m a l l  and t h e  abso rp t ion  of r a d i a t i o n  by t h e  atrmsphere 

above i s  n e g l i g i b l e .  For t h e  atmospheric models under con- 

s i d e r a t i o n ,  t h e  emiss ion  is mainly by CO 

t i o n - r o t a t i o n  band, and CO i n  t h e  4.66 1 band. 

i n  t h e  15 p vibra- 

The emission 

2 

by atomic oxygen a t  63 p is assumed n e g l i g i b l e .  

High up i n  t h e  thermosphere, where t h e  temperature  

reaches  a m a x i m u m ,  t h e  t e r m  L i s  dominated by emission of 

CO. The energy Lr r a d i a t e d  p e r  u n i t  volume by CO (4.66 p 

b a n d )  is  given by B a t e s  (1951): 

L = 0.26(kT)2 B2 P2 n(C0) ev/cm 3 /sec , r 

where 

B = 

P = d i p o l e  moment of CO 

T = temperature  

~ U L Q L I U I I  cons tan t  of CO 

n(C0) = number d e n s i t y  of CO. 

From t h e  above express ion  i t  is  seen t h a t  emission due t o  

CO increases a s  T2 which r e s u l t s  i n  t h e  dominance of CO 

r a d i a t i o n  a t  high a l t i t u d e s .  

The l e v e l  a t  which CO emission becomes important  de-  

pends on t h e  mean op t i ca l  t h i ckness  of t h e  r o t a t i o n  l i n e s .  
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4 

McElroy, L’Ecuyer and Chamberlain (1965) have suggested 

t h a t  t h e  h e i g h t  a t  which t h e  o p t i c a l  t h i c k n e s s  of t h e  

l i n e s  e q u a l s  u n i t y  i s  t h e  l e v e l  above which CO r a d i a t i o n  

i s  dominant. B e l o w  t h i s  l eve l  CO i s  the  p r i n c i p a l  rad ia tor  

and L i s  g iven  by L (Eq. ( 6 ) ) .  But f o r  c a l c u l a t i n g  t h e  

exosphe r i c  tempera tures ,  L can be r ep laced  by L 

b, c, and a. 
L = 0. 

2 

V 

i n  mode l s  r 

A s  model a o n l y  c o n s i s t s  of an  argon atmosphere, 

The exospher ic  temperature  can now be determined by 

s o l v i n g  t h e  i n t e g r o - d i f f e r e n t i a l  equa t ion  

ve rgen t  i t e ra t ive  process .  

t h e  exosphe r i c  temperature ,  Tm, is  ob ta ined  f r o m  t h e  f o l -  

lowing expression:  

( 7 )  by a con- 

The f i rs t  order  s o l u t i o n  fo r  

A [T,+’- TP+l]  = - EFAXH 0.5772+4n T + E ,  ( 7  ) -  - ] 
Hi 

m i m  
1 

P+1 m 2 i 

Zr-Zm 1 2 2  - Cn (CO)T H (c0)[1 + 
H r  r r r  

I n  t h i s  equa t ion ,  

T = mesopause temperature  

A 

m 

= c o n d u c t i v i t y  c o e f f i c i e n t  i n  II. = AT P 

p = exponent of t h e  tempera ture  dependence of K 

F = average i n c i d e n t  so l a r  f l u x  over t h e  s p e c t r a l  
band LA 
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A x  = 900 - 44 A (856  A) 
T = mean o p t i c a l  t h i ckness  of t h e  atmosphere a t  

m .  t h e  mesopause t o  i o n i z i n g  r a d i a t i o n  

,Ei ( ~ m )  = exponen t i a l  i n t e g r a l  

= scale  h e i g h t  of  CO a t  t h e  mesopause 
HC02 2 

H = scale h e i g h t  o f  t h e  p r i n c i p a l  i on ized  c o n s t i -  i t u e n t  (0 o r  Ne) i n  the  v i c i n i t y  of t h e  l e v e l  
of  maximum abso rp t ion ,  

2 2 2  -23 C = c o n s t a n t  = 0.26 K B P = 2.9 x 10 

Z = mesopause a l t i t u d e  I m 

and t h e  s u b s c r i p t  r denotes  t h e  l e v e l  a t  which t h e  o p t i c a l  

t h i c k n e s s  of t h e  CO r o t a t i o n  l i n e s  e q u a l s  u n i t y .  

I f  w e  assume t h a t  t h e  l eve l  z i s  h i g h  enough t o  make r 

NN T , then  Hr = k T  /mgr, where g T i s  t h e  g r a v i t a t i o n a l  
a3 r r 03 

a c c e l e r a t i o n  a t  z = z and m now corresponds t o  t h e  molecu-  

l a r  weight of  CO. Also, i t  is  a s s u m e d  t h a t  t h e  l e v e l  of 

r 

maximum a b s o r p t i o n  of so la r  i o n i z i n g  r a d i a t i o n  occurs  a t  

a n  a l t i t u d e  h igh  enough to  make H x kT /mig, where m 
i Q) i 

i s  

t h e  molecular  weight  of the  p r i n c i p a l  i o n i z i n g  p a r t i c l e .  

With t h e s e  assumptions,  w e  so lve  Eq. (10)  f o r  t h e  exosphe r i c  

temperature  T fo r  each o f  t h e  atmospheric  m o d e l s .  The re- 

s u l t s  are  shown i n  Table V. 

a3 
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TABLE V 

'EXOSPHERIC TEMPERATURE 

Model Composition Exospheric Temperature 

> 10,000 OK a 100% A 

b 
50% C02 

50% A 
K 0 

1100 

C 

60% C02 

25% Ne K 0 1050 

15% N2 

d 100% co2 K 0 1100 

As mentioned above, these  temperature va lues  have been 

c a l c u l a t e d  on t h e  assumption t h a t  H M H M H . However, 

the u n c e r t a i n t y  i n  t h e  exac t  l e v e l  a t  which cool ing  by CO 

i r QD 

becomes 

t i o n  o f  

e f f e c t i v e  and 

energy due t o  

the l e v e l  a t  which t h e  maximum absorp- 

i o n i z a t i o n  occurs  i s  l a r g e ,  and r e s u l t s  

i n  a wide range of values f o r  t h e  exospher ic  temperature.  

Also ,  t h e r e  i s  considerable  u n c e r t a i n t y  i n  t h e  magnitude o f  

t h e  solar  u l t r a v i o l e t  f l u x  and i n  the  e x a c t  value of t h e  

h e a t i n g  e f f i c i e n c y  factor e 
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With these  

- 

l i m i t a t i o n s  i n  mind, 



i t  i s  perhaps worthwhile to  emphasize t h a t ,  depending on 

the  assumptions made, the exosphe r i c  tempera ture  of Mercury 

fo r  models &, c and can be as h igh  as 1800 OK or as l o w  

as 800 OK. 

. 

_6.4 Discuss ion  

There are t w o  main conc lus ions  t h a t  can be drawn 

from t h e  r e s u l t s  of Sec t ion  6.3: 

(1) A pure argon atmosphere cannot  be stable a g a i n s t  

g r a v i t a t i o n a l  escape.  A t  T > 10,000 OK, argon w i l l  e scape  
C 

i n  a r e l a t i v e l y  s h o r t  t i m e .  

2 

i s  p r e s e n t  i n  t h e  atmosphere of Mercury, then  enough CO is 

(2 )  I f  t h e  obse rva t ions  of Moroz are correct and CO 

produced i n  t h e  upper atmosphere by p h o t o d i s s o c i a t i o n  so 

t h a t  t'ne exosphe r i c  temperature  i n  each  of t h e  t h r e e  models 

- b, 6 and 

mosphere t h a t  is  stable a g a i n s t  thermal  escape. 

margin of error, 800 OK to  1800 OK, is  mainly because of t h e  

w i l l  be i n  a range t h a t  w i l l  s t i l l  permi t  a n  a t -  

The l a r g e  

I 

I 

I 
I 

u n c e r t a i n t y  i n  the va lue  of t h e  solar u l t r a v i o l e t  f l u x ,  t h e  

e f f i c i e n c y  factor ,  and t h e  scale h e i g h t s  a t  which CO emiss ion  

becomes dominant and the a b s o r p t i o n  of i o n i z a t i o n  energy  is  

maximum. 
I 
I , It i s  i n t e r e s t i n g  t o  n o t e  that  d e s p i t e  the l a r g e  
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differences i n  t h e  m o l e c u l a r  weight  and thermal conduct i -  

v i t y  of argon and neon, models p and c g i v e  approximately 

t h e  same temperature a t  the t o p  of t h e  atmosphere. This  

r e s u l t  is brought about because of t h e  basic assumption 

t h a t  above the  mesopause t h e  atmosphere is  i n  d i f f u s i v e  

equ i l ib r ium and t h e r e f o r e ,  i n  a l l ,  t h r e e  models b, 2 and Q, 

a t  t h e  top  of t h e  atmosphere, atomic oxygen becomes t h e  

dominant c o n s t i t u e n t  and t h e  p r i n c i p a l  absorber of t h e  i o n i z i n g  

r a d i a t i o n .  A l s o ,  a t  high temperatures ,  the emission by CO 

i s  so i n t e n s e  t h a t  very  l i t t l e  energy is available to  be . 

conducted down, and t h e r e f o r e  t h e  thermal c o n d u c t i v i t y  of 

g a s e s  does n o t  p l ay  a n  important  role  i n  determining t h e  

exosphe r i c  temperature.  Only t h e  temperature  g r a d i e n t  i n  

the thermosphere i s  a f f e c t e d ,  which i n  t u r n  m o d i f i e s  t h e  

h e i g h t  of t h e  exosphere.  However, t h e  changes are s m a l l  and 

w i l l  n o t  cons ide rab ly  a l t e r  our  ca l t .u la t ions  of  t h e  f l u x  of 

escaping gases .  

I t  may also be pointed o u t  t h a t  t h e s e  c a l c u l a t i o n s  of  

t h e  exospher ic  temperature do n o t  t a k e  i n t o  account any e f -  

fect  of t h e  t r a n s p o r t  of h e a t  by  c i r c u l a t i o n  i n  t h e  upper 

a t m o s  phe re 

The impl i ca t ion  of  these r e s u l t s  appears  to be t h a t  i f  

t h e  a c t u a l  temperature  of t h e  exosphere of Mercury i s  close 
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0 t o  our  c a l c u l a t e d  lower l i m i t ,  i .e . ,  N 800 K ,  then models 

c b, s and d are stable a g a i n s t  g r a v i t a t i o n a l  escape. I n  t h i s  

case t h e  observed CO may be of pr imordia l  o r i g i n  and t h e  

atmosphere may con ta in  s u b s t a n t i a l  p ropor t ions  of neon. 

H o w e v e r ,  one cannot  r u l e  o u t  t h e  p o s s i b i l i t y  of accumulating 

c 

2 

an  atmosphere by outgassing a l s o .  I f ,  on t h e  o t h e r  hand, the 

average exospher ic  temperature is  h ighe r  than 800 K b u t  less 

than 1200 OK, then both  0 and N e  w i l l  escape and t h e  atmos- 

phere w i l l  be mainly CO and A. 

t o  form C02, b u t  t he  process  is  n o t  p r e s e n t l y  understood. 

t h e  exospher ic  temperature w e r e  to  be between 1300 and 1800 K,  

0 

Molecules of CO may recombine 

I f  . 

0 

then  even CO would be lo s t ,  r e s u l t i n g  i n  an atmosphere c o m -  

posed mainly of argon and of t h a t  amount of CO which w i l l  

be i n  equ i l ib r ium between outgass ing  f r o m  t h e  i n t e r i o r  and 

2 

g r a v i t a t i o n a l  escape from t h e  top  of t h e  atmosphere. 

I n  summary, t h e r e f o r e ,  i t  i s  suggested t h a t  t h e  presence  

o f  C02 i n  t h e  atmosphere of Mercury is  n o t  o n l y  h i g h l y  

probable ,  b u t  is  an essent ia l  c o n d i t i o n  f o r  any s u b s t a n t i a l  

amount of atmosphere t o  e x i s t  on the p lane t .  
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FIGURE: CAPTIONS 

F i g u r e  1: 

I, 

Figure  2: 

Figure  3: 

Figure  4: 

F igu re  5:. 

Figure  6: 

P l o t  of t h e  apparent  r o t a t i o n a l  a n g u l a r  veloci ty  
of t h e  p l a n e t  Mercury v e r s u s  date fo r  several 
v a l u e s  of r o t a t i o n  dur ing  t h e  i n f e r i o r  conjunc- 
tion of A p r i l  1965. The va lues  i n f e r r e d  f r o m  
t h e  measurements are shown wi th  t h e i r  e s t ima ted  
errors ( a f t e r  P e t t e n g i l l  and Dyce, 1965) .  

Ro ta t ion  per iods  of t h e  p l a n e t  Mercury, i n  days ,  
as de r ived  from s i x  p a i r s  of drawings. The 
s ingle-ha tched  area shows t h e  l i m i t s  i n  t h e  
r o t a t i o n  per iod a l l o w e d  by t h e  radar o b s e r v a t i o n s  
of Mercury. Visua l  obse rva t ions  i n d i c a t e  a v a l u e  
of 58.4 f 0.5 (double-hatched area).  

The t o t a l  e q u i v a l e n t  width of C02 bands a t  1.59 p 
i n  t h e  spectrum of Mercury ( 1 )  and t h e  sun (0). 
The f i g u r e  i n  pa ren theses  i n d i c a t e s  t h e  number of 
o b s e r v a t i o n s  on which t h e  v a l u e  is based.  The 
s o l i d  curve  i s  t h e  t h e o r e t i c a l  curve  of growth 
for C 0 2  abso rp t ion  i n  t h e  e a r t h ' s  atmosphere 
( a f t e r  Moroz, 1963).  

Computed apparent  blackbody tempera tures  of 
Mercury a t  c e n t i m e t e r  wavelengths. L o w e r  
s o i i d  curve (B)  a p p l i e s  i f  dark  s i d e  i s  co ld .  
Upper s o l i d  curve (A) i nc ludqs  c o n t r i b u t i o n  
of dark  s i d e  a t  300 OK (af ter  F i e l d ,  1964) .  

Equiva len t  blackbody d i s k  temperature  of 
Mercury a s  a func t ion  of p l a n e t o c e n t r i c  phase 
angle .  The s o l i d  l i n e  shows t h e  expected phase 
l a w  fo r  a smooth non-ro ta t ing  p l a n e t  w i th  no 
atmosphere and a l o w  thermal  c o n d u c t i v i t y .  The 
curve  shown corresponds t o  a sub-so lar  tempera- 
t u r e  of 610 OK and i t  is  assumed t h a t  t h e r e  i s  
no source  of h e a t  o t h e r  than  solar r a d i a t i o n  
(af ter  Kellerman, 1965.). 

The r equ i r ed  wind v e l o c i t i e s  as a f u n c t i o r o f  -- - 

temperature  i n c r e a s e  on t h e  dark s i d e  of t h e  
p l a n e t  Mercury. Vs = v e l o c i t y  of sound i n  the  
atmosphere a t  t hese  temperatures .  



. 

i 

Figure  7: The t i m e  of escape of  g a s e s  from t h e  p l a n e t  M e r -  
c u r y  as a func t ion  of atomic or molecular  weight 
of t h e  escaping p a r t i c l e s .  
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