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V6097 F i n a l  ReporC 

SPECTROSCOPIC OBSERVATIONS OF THE PLANETS 

This i s  t h e  f i n a l  r e p o r t  on Contract No, NASW-1863 
e n t i t l e d  "Spectroscopic Observations of t h e  ? l a n e t s  .I' The con- 
t r a c t  per iod extended from February 23, 1969 through November 23, 
1969. This r e p o r t  has  been delayed owing t o  t h e  r e l o c a t i o n  of 
t h e  p r i n c i p a l  i n v e s t i g a t o r  f o r  a s i x  month leave o f  absence 
from t h e  11% Research I n s t i t u t e  t o  s e rve  a s  a v i s i t i n g  a s s o c i a t e  
professor  a t  t he  Ca l i fo rn ia  I n s t i t u t e  of Technology. 

1. WOW PERFORMED 

The research  c a r r i e d  out  under t h e  above-referenced 
c o n t r a s t  cons is ted  o f  a cont inua t ion  o f  t h e  program of ground- 
based spec t roscopic  observat ions of t h e  p lane ts  supported by 
NASA i n  previous years .  During t h e  period under review, new 
fnformation was obtained about t h e  atmospheres of J u p i t e r ,  
Venus, and Mars. 

1.1 Observations 

Since one of t h e  p r i m e  g o a l s  of t h e  present  program was 
t h e  determinat ion of a b e t t e r  va lue  f o r  t h e  abundance of water 
vapor i n  t h e  atmosphere of Mars, an observing run was scheduled 
a t  K i t t  Peak i n  e a r l y  February, before  t h e  i n i t i a t i o n  of t h e  
c o n t r a c t ,  t o  ob ta in  some prel iminary d a t a  and t o  t es t  t h e  
a b i l i t y  of  t h e  higher  s p e c t r a l  r e s o l u t i o n  p resen t ly  a v a i l a b l e  
t o  cope wi th  t h i s  problem. Instrumental  d i f f i c u l t i e s  prevented 
the  a c q u i s i t i o n  of f i r s t  c l a s s  da t a ,  bu t  t h e  r e s u l t s  obtained 
were extremely promising, i n d i c a t i n g  t h a t  photographic techniques 
could provide valugble  new d a t a .  An e igh t -n igh t  run a t  t h e  
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McDonald Observatory a t  t h e  end of February and t h e  beginning 
of March was very success fu l ;  high q u a l i t y  spectrograms of 
Mars were obtained which c l e a r l y  showed t h e  weak water vapor 
l i n e s .  

New s p e c t r a  of Jup i t e r  and Venus were a l s o  obtained a t  
t h i s  t i m e ,  and these  p l ane t s  were s tud ied  again during an 
e ight -n ight  run from June 20-27, The technique of photographing 
the  p l ane t s  through i n t e r f e r e n c e  f i l t e r s  centered on s t rong  
absorp t ion  bands was continuqd with considerable  success ,  p e r -  
m i t t i n g  some new conclusions t o  b e  drawn about t h e  v e r t i c a l  
s t r u c t u r e  of t h e  clouds o f  J u p i t e r .  

1 . 2  I n t e r p r e t a t i o n s  and Resul t s  

1 . 2 . 1  Venus 
I__ 

Another unsuccessful  a t tempt  t o  d e t e c t  emission 
from the  l i g h t  s i d e  of t h e  p lane t  was made i n  February. The 
region chosen was 1 . 0 8 ~  where a s t rong  OH band occurs i n  t h e  
t e r r e s t r i a l  night sky. The negat ive  r e s u l t  i s  c o n s i s t e n t  with 
the work of o the r  i n v e s t i g a t o r s .  However, it i s  f e l t  t h a t  t h e  
s e n s i t i v i t y  of t he  method can be improved considerably and 
addkt iona l  e f f o r t s  ahould be made t o  search  f o r  t h i s  phenomenon. 

%he 8200 a region was observed repea ted ly  t o  tes t  f o r  
evidence of p lane tary  water vapor absorp t ions .  No p lane tary  
l i n e s  were found, and n e i t h e r  was a suspected s o l a r  absorp t ion  
reported previously (Owen 1967). It now appears t h a t  t h i s  
i n t e r p r e t a t i o n  of published r e p o r t s  o f  waEer vapor de t ec t ion  
i n  t h i s  region of t h e  spectrum i s  i n c o r r e c t  and these  observa- 
t i o n s  must have been f a u l t y  i n  some o t h e r  r e spec t .  

A new carbon dioxide band was discovered a t  7105 A .  
It has been given t h e  assignment 5v3 + 2v1 and i s  the  second 
member of t h e  t r i a d  including 5v3 + 2v2 -+ v1 found by Spinrad 
(1962) i n  t h e  spectrum of Venus a t  7159 A, and previously 
obgerved i n  the  labora tory  by Herzberg and. Herzberg (1953) a t  
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very long e f f e c t i v e  path lengths .  It i s  n o t  y e t  c l e a r  whether 
t hese  two bands i n d i c a t e  a g r e a t e r  depth of pene t r a t ion  i n t o  
t h e  p l g n e t ' s  atmosphere than t h e  s t ronge r  bands a t  longer wave- 
lengths .  The half-widths  and temperatures der ived from t h e  
rotat icma1 l i n e s  g ives  no evidence t h a t  t h i s  i s  t h e  case ,  s i n c e  
they correspond t o  pressures  < - 0.5 atm and temperatures near  
2409K. Addit ional  observat ions a t  d i f f e r e n t  phase angles  and 
new l abora to ry  work a t  t he  low pressures  and long path lengths  
ilre both e s s e n t i q l  f o r  a r e s o l u t i o n  of t h i s  quest ion.  

1.2.2 Mars 
c_.r_ 

The spectrograms obtained a t  t h e  McDonald 
Observatory i n  February and March were analyzed t o  o b t a i n  t h e  
Martian atmospheric water vapor abundance, Nine l i n e s  o f  par- 
t i c u l a r  prominence were measured; t h r e e  of them had l abora to ry  
f-values  determined a t  t h e  t i m e  of pub l i ca t ion  of t h e  r e s u l t s .  
The value f o r  t h e  p r e c i p i t a b l e  water abundance obtained i n  
t h i s  way was 35 - + 15p. Subsequent a d d i t i o n a l  f -values  and new 
lower s t a t e  i d e n t i f i c a t i o n s  e s t a b l i s h e d  by B.  Farmer a t  JPL 
suggest t h a t  t h i s  number should be rev ised  t o  30 T + 15p prec ip i -  
t a b l e  water 

This  i s  a much l a r g e r  amount of water than has been 
suggested f o r  t h e  Martian atmosphere i n  t h e  p a s t ;  an average 
value of 15p i s  u s u a l l y  c i t e d .  The inc rease  may i n  p a r t  be 
the  r e s u l t  of increased instrumental  r e s o l u t i o n ;  an e f f e c t  
t h a t  was found t o  play a s i g n i f i c a n t  r o l e  i n  the  C02 abundance 
determinat ions.  However, p a r t  of i t  i s  undoubtedly r e a l  and 
r e f l e c t s  a g r e a t e r  abundance of water i n  t h e  atmosphere a t  t h e  
t i m e  of observat ion.  

This  d i f f e r e n c e  is  c o n s i s t e n t  with t h e  d i f f e r e n c e  i n  
t h e  atmospheric temperature g r a d i e n t  repor ted  by Mariner 4 i n  
1965 versus  those e s t a b l i s h e d  by Mariner 6 and 7 t h i s  year .  
The e a r l i e r  r e s u l t  ind ica ted  an isothermal  g rad ien t  a t  2OO0K, 
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whereas t h i s  year l apse  r a t e s  of var ious g rad ien t s  approaching 
a d i a b a t i c i t y  were repor ted .  A 200" isothermal  lower atmosphere 
would lead  t o  Sa tu ra t ion  of 30p of p r e c i p i t a b l e  water,  and 
t h i s  i s  n o t  observed. 

Observing t i m e  had been scheduled a t  t h e  Univers i ty  of 
Hcwaii t o  record t h e  Martian spectrum a t  t h e  oppos i te  Doppler 
s h i f t  i n  November, but t h e  te lescope  was no t  completed i n  t i m e  
f o r  t h i s  work. 

1 .2 .3  J u p i t e r  
_c 

A number qf i n v e s t i g a t i o n s  of t h i s  p l ane t  were 
undertaken during t h e  du ra t ion  of t h e  present  c o n t r a c t ,  and 
some of t hese  a r e  s t i l l  i n  progress ,  r equ i r ing  a d d i t i o n a l  ob- 
s e rva t ions  o r  l abora to ry  work before  they can be brought t o  
f r u i t i o n .  Among these  a r e  a search  f o r  t h e  5500 ammonia 
band, a new upper l i m i t  on D/H, v a r i a t i o n s  i n  t h e  cloud top 
he igh t s ,  limb darkening in  t h e  3v3 methane band, and a new 
upper l i m i t  on t h e  methane abundance i n  poss ib l e  atmospheres 
surrounding t h e  Ga l i l ean  s a t e l l i t e s .  W e  s h a l l  review these  
t o p i c s  b r i e f l y  below. 

The ammonia band a t  5500 a has been w e l l  observed i n  
t h e  labora tory  by Giver e t  a l .  (1969). The s t ronges t  l i n e  
occurs a t  5506.4 A .  
t i v e  and negat ive  Doppler s h i f t s ,  bu t  have been unable t o  
make an unequivocal i d e n t i f i c a k i o n  s o  f a r .  A weak f e a t u r e  
does occur i n  t h i s  p o s i t i o n ,  but  a d d i t i o n a l  spectrograms a r e  
requi red  t o  be c e r t a i n  of i t .  The s i g n i f i c a n c e  of t h e  obser- 
va t ion  l i es  i n  i t s  a p p l i c a t i o n  t o  t h e  problem of t h e  wavelength 
dependence of t h e  t r a n s f e r  of r a d i a t i o n  i n  t h e  Jovian atmosphere. 

W e  have searched f o r  t h i s  l i n e  a t  p o s i -  

The va lue  of D/W i n  t h e  atmosphere of J u p i t e r  remains 
W e  have renewed t h e  a t t a c k  on t h i s  ques t ion  by poorly known, 

means o f  high r e s o l u t i o n  spectrograms of t h e  9500 region 
where t h e  3-0 band of  HD occurs .  The s e n s i t i v i t y  of t h e  new 
p l a t e s  obtained by D.  L. Benfield (see Sec t ion  2 below) and 
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t h e  writer i s  such t h a t  l i n e s  a s  small  a s  14 d could be 
de tec ted  i f  p re sen t .  The HD l i n e s  were no t  found, i n d i c a t i n g  
t h a t  a very low l i m i t  can be set  on the  abundance of t h i s  gas ,  
once s u i t a b l e  l abora to ry  c a l i b r a t i o n s  a r e  a v a i l a b l e ,  The 
l a t t e r  requirement i s  p re sen t ly  under d iscuss ion  with 
D r ,  K, N. Rao of Ohio S t a t e .  Ass is tance  a l s o  has been o f f e r e d  
by Drs. Herzberg and R. A .  Durie, who have c a r r i e d  out  t h e  
only published work on t h i s  problem. 

The v e r t i c a l  v a r i a t i o n  io the  Jovian cloud s t r u c t u r e  
became evident  on photographs of  t he  p l ane t  obtained with an 
i n t e r f e r e n c e  f i l t e r  centered on a s t rong  methane band. Using 
4 low r e s o l u t i o n  spectrogram and a s i m p l e  Beer's law r e l a t i o n  
f o r  t h e  dependence of  i n t e n s i t y  on absorp t ion ,  w e  found t h a t  t h e  
Great Red Spot exh ib i t ed  an e f f e c t i v e  r e f l e c t i n g  l aye r  18 km 
above t h e  region from which 8900 r a d i a t i o n  is  returned else- 
where on t h e  planet.  The North Equator ia l  B e l t  was a l s o  
e leva ted  by approximately 12  km (Owen and Mason 1969) .  This 
i s  t h e  f i r s t  t i m e  such an a n a l y s i s  has been attempted and 
a d d i t i o n a l  refinements i n  da ta  a c q u i s i t i o n  and a n a l y s i s  a r e  
in orde r ,  

The 3v band of  methane was observed a t  t h e  cen te r  and 3 
limb of t h e  p l ane t  t o  look f o r  poss ib l e  temperature v a r i a t i o n s .  
With t h e  a s s i s t a n c e  of an a n a l y s i s  c a r r i e d  ou t  by 
D r .  J. Margolis of JPL, it  was e s t a b l i s h e d  t h a t  t h e  limb 
temperature was 30-40" cooler  than t h e  c e n t e r  of t h e  d i s k .  
Again, t h i s  was a f i r s t  a t tempt ,  and f u r t h e r  improvements i n  
t h e  da t a  a r e  expected (see Sec t ion  2 below). 

S a t e l l i t e s  To and Ganymede were observed a t  8 8 / m m  
with t h e  Carnegie i n f r a r e d  image tube i n  t h e  region of t h e  
very s t rong  8900 methane band. It: i s  now poss ib le  to look 
f o r  i nd iv idua l  s t rong  l i n e s  o f  methane t o  set  a very s e n s i t i v e  
l i m i t  on t h e  abundance o f  t h i s  gas ,  S u i t a b l e  labora tory  spec- 
t ra  w i l l  be obtained a t  low temperature by M r .  H, P. Mason a t  
'LITRE i n  t h e  next  few months. 
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I n  a d d i t i o n  t o  these  p r o j e c t s ,  which a r e  s t i l l  very 
much i n  progress ,  two s t u d i e s  were brought t o  t h e  b e s t  degree 
of completion t h a t  i s  l i k e l y  t o  be achievable  i n  t h e  immediate 
fu tu re .  The f i r s t  of t hese  was a re -eva lua t ion  of t h e  helium 
abundance based on 1.25 A/mm spectrograms obtained a t  t h e  
McDonald Observatory. A f t e r  c o r r e c t i n g  t h e  observed half-widths  
o f  weak methane l i n e s  f o r  instrumental  broadening and us ing  
the  mos t  r ecen t  va lues  f o r  t h e  abundance of hydrogen and 
hydrogen-methane broadening c o e f f i c i e n t s  , w e  found H / H e  c ) 9 
(Owen and Mason 1969). Further  progress  with t h i s  technique 
w i l l  require improved s p e c t r a l  r e s o l u t i o n ,  which i s  n o t  immedi- 
a t e l y  a v q i l a b l e .  

The second p r o j e c t  was a new determinat ion of t h e  atmosr 
pheric  ammonia abundance, This was c a r r i e d  out  by 
M r .  H ,  P. Mason (see Sec t ion  2 below), who f i r s t  developed 
labora tory  curves of growth f o r  t h e  ammonia bands a t  6450 
and 1 . 0 8 ~ .  Using these  da t a ,  he was a b l e  t o  i n t e r p r e t  t h e  
equiva len t  widths of i nd iv idua l  l i n e s  i n  these bands a s  
recorded i n  t h e  Jovian spectrum by t h e  writer t o  ob ta in  an 
abundance f o r  the  Jovian ammonia. 
s l i g h t l y  h igher  than commonly accepted va lues  t h a t  range from * 

7-10 m atm (Maqon 1970) .  Mason also found evidence f o r  cooler  
temperatures a t  t h e  limb of t h e  p l ane t .  Previous abundance 
determinat ions were n o t  done a t  high r e s o l u t i o n  o r  with t h e  
he lp  of curves of growth. However, t h e  new va lue  shares  with 
t h e  e a r l i e r  r e s u l t s  t h e  unce r t a in ty  steeming from our present  
i n a b i l i t y  t O  perform a proper temperature a n a l y s i s  of t h e  
ammonia bands owing t o  t h e  l ack  of s u i t a b l e  r o t a t i o n a l  quantum 
number assignments. 

The r e s u l t  was 1 2  - + 3 m atm, 

2, I?ARTI'CIPATION BY STUDENTS 

M r .  David L. Benfield of t he  astronomy department of 
t h e  Univers i ty  of Texas spent t h r e e  months a t  t h e  TIT  Research 
I n s t i t u t e  i n  t h e  summer of 1969 working on t h e  HD problem. H e  
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was a b l e  t o  reduce t h e  spectrograms taken by himself and the  
writer and t o  eva lua te  t h e  labora tory  da t a  p re sen t ly  a v a i l a b l e .  
This  work l ed  t o  the  i d e n t i f i c a t i o n  of a requirement f o r  new 
l a b  da ta  and a d d i t i o n a l  observat ions timed c a r e f u l l y  t o  t ake  
advantage of t h e  p l a n e t ' s  l a r g e  Dopp le r  s h i f t .  This p r o j e c t  
should develop i n t o  p a r t  of a Ph.D, t h e s i s  f o r  Benfield.  

Mr. H. P .  Mason of t h e  physics department of t h e  Uni- 
v e r s i t y  of I l l i n o i s  i n  Chicago continued t o  p a r t i c i p a t e  i n  t h e  
program on a f u l l - t i m e  b a s i s .  
t i o n  descr ibed above formed t h e  major part  of  a t h e s i s  f o r  
which Mason was awarded an M.S. i n  physics i n  June 1969. H e  
has been promQted t o  A s s m i a t e  P h y s i c i s t  a t  I I T R I  and cont inues 
t o  p a r t i c i p a t e  i n  t h e  p lane tary  research  program while working 
f o r  a Ph.D. a t  t h e  Univers i ty  of I l l i n o i s .  

The ammonia abundance determlna- 

The need f o r  an ex tens ive  series of observat ions o f  

the  3v3 methane band on J u p i t e r  in order  t o  i n v e s t i g a t e  t emper -  
a t u r e  and abundance v a r i a t i o n s  provides a s u i t a b l e  t o p i c  f o r  a 
doc to ra l  t h e s i s .  M r .  Jay Bergs t ra lh  of t he  Univers i ty  o f  Texas 
astronomy department has accepted t h i s  chal lenge and w i l l  be 
working on t h i s  problem in  co l l abora t ion  wi th  t h e  writer and 
D r s .  J .  Margolis and K ,  Fox. 

3 .  COOPERATIVE INVESTIGATIONS 

In response t o  a reques t  'by t he  writer, D r .  K. N ,  Rao 
o$ t h e  Ohio S t a t e  Univers i ty  has  k indly  consented t o  undertake 
the  i n v e s t i g a t i o n  of  t h e  C H4 spectrum. D r .  Kenneth Fox OF 
t h e  Univers i ty  of Tennessee w i l l  a l s o  be involved i n  t h i s  
p r o j e c t  t o  a i d  i n  t h e  a n a l y s i s  of t h e  labora tory  da t a .  The aim 
i s  t o  e s t a b l i s h  t h e  wavelengths and i n t e n s i t i e s  of enough l i n e s  

13 

t o  p e r m i t  a search  f o r  C13H4 i n  t h e  spectrum of J u p i t e r  and 
thus a determinat ion of t h e  va lue  of C1*/CL3 i n  t h e  Jovian a t -  
mosphere, A t  t h i s  wr i t i ng ,  p repara t ions  f o r  t h e  l abora to ry  
invesc igs t ion  are w e l l  underway and prel iminary da ta  are  
expected t o  be a v a i l a b l e  wi th in  the  next  two months. 
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Once t h i s  p r o j e c t  has been completed, D r .  Rao has  
expressed an i n t e r e s t  i n  a t t a c k i n g  t h e  HD problem a l s o .  

4 .  PUBLICATIONS AND ORAL PWSENTATIONS 

"Chemical Abundances i n  p lane tary  Atmospheres, by 
T. Owen, seminar a t  t h e  Division of Geological 
Sciences , t h e  Ca l i fo rn ia  I p s t i t u t e  of Technology, 
Narch 31, 1969. 

"Wavelength Dependence of P o l a r i z a t i o n  X I V .  
Atmosphere of Jup i t e r , "  (with T. Gehrels and 
B. M. Herman), Astron, J. ,  74, 190 (1969). 

The 

''Mysteries of t h e  So la r  System," review o f  a book 
by R. A.  Ly t t l e ton ,  Sky and Telescope, - 37, 309 
(1969).  

"Mars: Water Vapor i n  i t s  Atmosphere," (with 
H ,  P. 'Mason), Science,  - 165, 893 (1969), 

"The Spectra  of J u p i t e r  and Saturn i n  t h e  Photo- 
graphic  I n f r a r e d , "  I ca rus ,  - 10, 355 (1969).  

"New S tudies  of J u p i t e r ' s  Atmosphere," (with 
B .  P. Mason), J. Atmos. S c i . ,  26, 870 (1969). 

PaDers i n  Press 

"Spectroscopic S tudies  of t h e  Atmospheres of Mars 
and Venus," (with H. P. Mason , Proceedings of t h e  

Kiev, U.S.S.R., Oct. 15-22,  1968. 
Symposium on t h e  Physics of t h e Moon and P l a n e t s , '  

J u p i t e r  and t h e  Outer P lane t s , "  Ea r th  and Extra-  11 

t e r r e s t r i a l  Sciences,  1969, 

11 Cosmology: Plane tary  Atmospheres , McGraw-Hill 
Encyclopedia of Science and Technology Yearbook, 
1969. 

"The Atmosphere o f  J u p i t e r , "  Science,  1970. 

"The Explorat ion of  t h e  Outer Solar  System," (with 
P. L. Roberts) ,  Bul l .  A t .  Sc i . ,  1970. 

"Physics of t h e  Outer P lane ts  , I 1  s o l i c i t e d  by EST 
Mondadori f o r  t h e  1970 Yearbook of Science and 
Xechnology . 
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5. EXPENDITURES 

With t h e  completion of  t h e  c o n t r a c t ,  t h e  a l l o c a t e d  
funds have been exhausted. 

Respec t fu l ly  submitted, 
T I T  Research I n s t i t u t e  

-- 

. I -  , I .  ’ T. Owen 
APPROVED : .- 

/* 

C. A .  S t w e ,  Di rec tor  
Physics Research Divis ion 
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