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A b s t r a c t  

In  t h e  l a s t  dozen y e a r s  spaceborne F o u r i e r  Transform Spec t romete r s  have 

o b t a i n e d  i n f r a r e d  emiss ion s p e c t r a  o f  E a r t h ,  Mars, J u p i t e r ,  S a t u r n  and T i t a n  

a s  we l l  a s  o f  t h e  G a l i l e a n  and o t h e r  S a t u r n i a n  s a t e l l i t e s  and S a t u r n ' s  r i n g s .  

In tc rcompar i sons  of t h e  p r o p e r t i e s  o f  p l a n e t a r y  a t m o s p h e ~ e s  and o f  t h e  

c h a r a c t e r i s t i c s  o f  s o l i d  s u r f a c e s  a r e  now f e a s i b l e ,  The p r i n c i p l e s  o f  

r emote ly  s e n s i n g  the environment on a  p l a n e t a r y  body a r e  d i s c u s s e d .  S p e c i a l  

c o n s i d e r a t i o n  is g i v e n  t o  t h e  most r e c e n t  r e s u l t s  o b t a i n e d  by t h e  Voyager 

i n f r a r e d  i n v e s t i g a t i o n  on t h e  Sa tu rn  system. 

I n t r o d u c t i o n  

For more t h a n  s decade spaceborne F o u r i e r  t r ans fo rm s p e c t r o m e t e r s  have 

exp lo red  t h e  E a r t h  and o t h e r  o b j e c t s  i n  t h e  s o l a r  system. Michelson 

i n t e r f e r o m e t e r s  flown on Nimbus 3 i n  1969'" and on Nimbus 4 i n  1970 3.4,5 

recorded  more than  a  m i l l i o n  s p e c t r a  o f  t h e  E a r t h ' s  atmosphere.  More 

r e c e n t l y ,  a Russ ian m e t e o r o l o g i c a l  s a t e l l i t e  observed E a r t h  wi th  a s i m i l a r  

type  o f  i n t e r f e r o m e t e r  c o n s t r u c t e d  i n  Eas t    ern any .6  An advanced v e r s i o n  o f  

t h e  Nimbus i n s t r u n e n t  was flown on t h e  Mariner 9 o r b i t e r  i n  1971/72, a l lowing  

i n v e s t i g a t i o n  o f  t h e  i n f r a r e d  s p e c t r u n  of Mars. 7 * R * 9  In  1979 t h e  two Voyager 

s p a c e c r a f t  t r a n s m i t t e d  n m e r o u s  s p e c t r a  o f  J u p i t e r ,  Amalthea, and t h e  G a l i l e a n  

s a t e l l i t e s .  10*11*12  In November 1980. V o y a g ~ r  1  passed th rough  t h e  S a t u r n i a n  

system and observed t h e  p l a n e t ,  i ts r i n g s ,  T i t a n  and s e v e r a l  o t h e r  

s a t ~ l l l t e s . ' ~  Under p r e s e n t  p l a n s ,  Voyager 2 w i l l  f l y  by S a t u r n  i n  August 

1981, p a s s  Uranus i n  1986, and a r r i v e  a t  Neptune i n  1989. 



These s p a c e  v e n t u r e s  have demonstra ted  t h e  power o f  remote s e n s i n g  w i t h  

F o u r i e r  t r a n s f o r m  s p e c t r o m e t e r s .  Tho wide s p e c t r a l  r ange  a t  modera te ly  h i g h  

s p e c t r a l  r e s o l u t i o n ,  t h e  p r e c i s e  wavenumber and r a d i o m e t r i c  c a l i b r a t i o n @ ,  and 

t h e  r e l i a b i l i t y  ach ieved  by t h e s e  i n s t r u n e n t s ,  have p e r m i t t e d  s c i e n t i f i c  

i n v e s t i g a t i o n s  which would o t h e r w i s e  have beon imposs ib le .  

Weight l i m i t a t i o n s  and t h e  long  f l i g h t  d u r a t i o n s  p r o h i b i t e d  t h e  u s e  o f  

h i g h l y  s e n s i t i v e ,  c r y o g e n i c a l l y  cooled d e t e c t o r s  on t h e s e  m i s s i o n s .  

Thermis tor  bo lomete r s  and the rmopi les  were used a t  ambient i n s t r u m e n t  

t e m p e r a t u r e s .  Even t h e  bes+ o f  t h e s e  the rmal  d e t e c t o r s  i s  f a r  from be ing  

background-noise l i m i t e d ;  t t v r e f o r e ,  t h e  m u l t i p l e x  advantage o f  t h e  Michelson 

i n t e r f e r o m e t e r  was f u l l y  r ea l i l , e r i .  The second impor tan t  p r o p e r t y  o f  Michelson 

i n t e r f e r o m e t e r s ,  t h e  l a r g e  th rouqhput  o r  area- t imes-sol id-angle ,  was a l s o  used 

advan tageous ly .  The hal f -meter  t e l e s c o p e  o f  t h e  Voyager IRIS was des igned t o  

match t h e  A i l  of t h e  i n t e r f e r o m e t e r  and f e e d  it w i t h  ainirnum l o s s e s .  The t h i r d  

advan tage  o f  t h e  Michelson i n t e r f e r o m e t e r  over  c o n v e n t i o n a l  t e c h n i q u e s  i s  i ts  

wavenumber p r e c i s i o n .  The s p e c t r a ,  shown i n  Fig .  i, o f  f i v e  s o l a r  system 

b o d i e s  wi th  s u b s t a n t i a l  a tmospheres  were recorded  y e a r s  a p a r t  by d i f f e r e n t  

i n s t r u m e n t s  on d i f f e r e n t  s p a c e c r a f t ,  b u t  t h e  cor respond ing  s p e c t r a l  f e a t u r e s  

o f  GO2 and H20 on E a r t h  and Mars, f o r  example, and o f  CH4 on E a r t h ,  t h e  g i a n t  

p l a n e t s  and T i t a n ,  f a l l  p r e c i s e l y  a t  t h e  c o r r e c t  wavenumbers. T h i s  p r e c i s i o n  

is o f  g r e a t  h e l p  i n  i d e n t i f y i n g  unknown c o n s t i t u e n t s .  F i n a l l y ,  t h e  r e s u l t s  

from a l l  m i s s i o n s  have shown t h a t  i n t e r f e r o m e t e r s  can be c a l i b r a t e d  i n  an 

a b s o l u t e  sense  a t  l e a s t  a s  w e l l  a s  c o n v e n t i o n a l  r a d i o m e t e r s .  The u s u a l  method 

o f  c a l i b r a t i o n  o f  an i n f r a r e d  i n s t r u m e n t  i n  s p a c e  is t o  expose  t h e  f i e l d  o f  

view t o  b l a c k b o d i e s  o f  d i f f e r e n t  t empera tu re .  I n  t h e  c a s e  o f  t h e  

i n t e r f e r o m e t e r ,  each narrow s p e c t r a l  i n t e r v a l  is c a l i b r a t e d  independen t ly .  I n  

c o n t r a s t ,  t h e  c a l i b r a t i o n  o f  a r ad iomete r  a p p l i e s  t o  t h e  e n t i r e  passband o f  

t h e  i n s t r u m e n t .  A wavenumber dependent  change o f  r e s p o n s i v i t y  w i t h i n  t h i s  

band cou ld  p a s s  unrecognized i n  a r ad iomete r  b u t  would be d e t e c t e d  i n  t h e  

i n t e r f e r o m e t e r  c a l i b r a t i o n .  A method was developed on Voyager which a l lowed 

c a l i b r a t i o n  o f  t h e  whole system i n c l u d i n g  t h e  t e l e s c o p e ,  s imply  by viewing 

deep s p a c e  o c c a s i o n a l l y  and t h e r m o s t a t i n g  t h e  e n t i r e  i n s t r m e n t ;  no moving 

p a r t s  were invo lved .  



In t h i s  t a l k  I w i l l  give a b r ie f  review of the evolution of the 

instruments known a s  IRIS (InfraRed Interferometric Spectrometer). I w i l l  

then discuss the concept of remote sensing by infrared emission spectr-oscopy, 

and show examples of  r e s u l t s  obtained with IRIS, Finally,  I w i l l  d iscuss the 

most recent  r e s u l t s  from Voyager with emphasis on those from Titan,  showing 

that  t he  a b i l i t y  t o  record a wide spec t ra l  range with good spec t ra l  and 

spa t i a l  resolution and high radiometric accuracy has contributed substant ia l ly  

to  our new understanding of t h i s  most in te res t ing  companion of Saturn. 
I 

The infrared interferometric spectrometer (IRIS) 

The f i r s t  Nimbus interferometer was patterned a f t e r  a breadboard which 

was constructed by L. Chaney from the University of Michigan and our group a t  

the Goddard Space Flight  Center. After a successful  balloon f l igh t14  and 

extensive laboratory t e s t i ng ,  l 5  the Michigan team pursued fur ther  balloon 

a c t i v i t i a s  and t he  GSFC team space applicat ion.  The conceptual layout of the 

interferometer i s  indicated i n  Fig. 2. Texas Instruments, Inc. i n  Dallas, 

Texas, b u i i t  a l l  of t h e  spaae f l i g h t  versions c f  the i n r t r w e n t ;  

The f i r s t  launch i n  1968 was a d i sas te r  due t o  a malfunction i n  the 

guidance system of the rocket .  Months l a t e r ,  the U.S. Navy found badly 

corroded remnants of the spacecraft  i n  the Paci f ic  Qcean. A year l a t e r ,  

Nimbus 3 was launched with o spare model of  IRIS'^ on board and achieved the 

desired polar o r b i t .  The interferometer functioriad well and the mission was a 

success. A conventional grat ing spectrometer, S I R S , ' ~  and IRIS 2 p 1 8  obtained 

ve r t i c a l  temperature p rof i l e s  of the atmosphere; i n  addit ion,  IRIS obtained 

water vapor and ozone d i s t r ibu t ions .  Today s imi lar  measurements a r e  carr ied  

out routinely by operational  weather s a t e l l i t e s .  

On Nimbus 4 the resolved spec t ra l  in te rva l  was decreased from 5 t o  2.8 

am-' and several other design changes contributed t o  the generally be t t e r  

performance of t h i s  instrument, a s  compared t o  i t s  predecessor.19 After a 

year's operation, the instrument was turned off  because we were inundated by 

data . 



A major design change was implemented i n  the next generation of IRIS, 

earmarked t o  f l y  on Mariner 8 and 9 t o  ~ a r s . "  I n  the  Nimbus ins t r lment ,  the 

potassium bromide beamsplitter material  limited the spec t ra l  range t o  400 
- 1 cm . However, the range between 200 and 400 cm-I contains strong ro ta t iona l  

water vapor l i n e s ,  c ruc ia l  t o  the Mars investigation.  A change t o  cesium 

iodide was therefore  made, although C s I  is very s o f t ,  hard t o  polish and 

d i f f i c u l t  t o  maintain f l a t .  Again one of the two spacecraf t ,  Mariner 8 ,  was 

l o s t ,  t h i s  time i n  the Atlantic Ocean, but a f t e r  a  6 month c ru i se  Mariner 9 

reached Mars and achieved the desired o r b i t .  IRIS and the spacecraft  

performed beyond expectation, for  eleven months, u n t i l  the supply of a t t i t u d e  

control  gas was depleted. 7,899 

The large& and most ambitious s tep  i n  the evolution of IRIS came i n  

response t o  demanding requirements for  exploration of the outer  planets. 

Temperatures there a re  only s l i g h t l y  higher than t h a t  of l iquid  nitrogen; 

under these circumstances the measurement of the thermal emission spectrum is 

not  an easy task.  Horeover, the instruments had t o  survive for  years i n  space 

and had t o  function i n  the severe high-energy p a r t i c l e  environment which 

e x i s t s  i n  the  v i c in i t y  of Jupi ter .  

The op t i c a l  layout of the Voyager IRIS i s  shown i n  Fig. 3.21 The whole 

instrument, including the half-meter telescope, weighs only 18.4 kg and 

operates w i t h  an average power of 1 4  Matt. The Cassegrain telescope forms an 

image of the object  a t  the focal  plane aperture which limits the  f i e ld  of view 

t o  0.25' f u l l  cone angle. A dichroic mirror channels the v i s i b l e  and near 

infrared portion of the spectrum in to  a radiometer, and the lower wavenumbers 

i n t o  the Michelson interferometer which analyzes the  spectrum between 180 and 

2500 cm-I with a 4 .3  cm-' apodized resolution.  The main interferometer and 

the  reference interferometer,  which controls  the motor speed and the 

wavenumber ca l ib ra t ion ,  are  shown for convenience i n  Fig. 3 i n  the plane of 

the  paper, although they a re  i n  r e a l i t y  perpendicular t o  it. As a l l  previous 

IRIS, the Voyager instrument is thermostated by thermally insula t ing the  

e n t i r e  assembly from the spacecraft ,  and allowing the  instrument t o  cool by 

radiatizig t o  space. The instrument is held a t  a  oonstant temperature of 200 K 

by the thermostatic act ion of small e l e c t r i c a l  heaters.  Voyager IRIS has 



t h r e e  independent  t h e r m o s t a t s ,  one  f o r  t h e  interf:erorneter  p r o p e r ,  one  f o r  t h e  

p r imary ,  and one  f o r  t h e  secondary t e l e s c o p e  m i r r o r .  The Voyager 

i n t e r f e r o m e t e r s  have performed wel l2 '  a l t h o u g h  a s l i g h t  o p t i c a l  misal ignment ,  

more pronounced on Voyager 2 than  on 1 ,  h a s  been no ted .  

Remote s e n s i n g  concep t  and r e s u l t s  

The a r t  o f  remote s e n s i n g  is  t o  i n f e r  p h y s i c a l  and chemical  c o n d i t i o n s  

from r a d i a n c e  measurements a t  d i f f e r e n t  wavenumbers and z e n i t h  a n g l e s .  T h i s  

t a s k  m u s t  be  based on r a d i a t i v e  t r a n s f e r  t h e o r y .  The p h y s i c a l  q u a n t i t y  

measured by t h e s e  i n t e r f e r o m e t e r s  is  t h e  s p e c t r a l  r a d i a n c e  e x p r e s s e d ,  f o r  

example,  i n  W cmW2 sr-' (on-')-'. Sometimes it is more i n s t r u c t i v e ,  a s  i n  t h e  

c a s e  o f  Fig .  1 ,  t o  p l o t  t h e  s p e c t r a  i n  u n i t s  o f  b r i g h t n e s s  t e m p e r a t u r e ,  

d e f i n e d  a s  t h e  t empera tu re  QF a blackbody which e m i t s ,  a t  a  p a r t i c u l a r  

wavenumber, an  equa l  amount o f  r a d i a t i o n  a s  t h e  o b j e c t  under i n v e s t i g a t i o n .  

R e s t r i c t i n g  t h e  c a s e  t o  the rmal  emiss ion  from a p lane  p a r a l l e l  atmosphere 

i n  thermodynamic e q ~ i l i b r i u m ,  o f  o p t i c a l  t h i c k n e s s  f l ,  above a lower boundary 

o f  e m i s s i v i t y  cC and t e m p e r a t u r e  TG, t h e  s p e c t r a l  r a d i a n c e  can be expressed  

by22 

B is t h e  Planck f u n c t i o n  and cos- ' r  t h e  emiss ion  a n p l e .  A l l  q u a n t i t i e s  i n  Eq. 

1 ,  e x c e p t  p and T, depend on t h e  wavenumber, v. The o p t i c a l  d e p t h  T i s  

d e f i n e d  by 

T ,  = 1 z [kl(v.z4,T) p i ( ~ O , T ) l  dz', 
z i 

where ki and pi  a r e  t h e  a b s o r p t i o n  c o e f f i c i e n t  and d e n s i t y  o f  g a s  i ,  and z and 

z' a r e  a l t i t u d e s .  Eqs. \ and 2 a r e  v a l i d  o n l y  f o r  monochromatic r a d i a t i o n ;  a 

convo lu t ion  w i t h  t h e  i n s t r u n e n t  f u n c t i o n  i s  r e q u i r e d  b e f o r e  computed and 

observed r a d i a n c e s  can be compared. 



The f i r s t  term i n  Eq. 1 r e p r e s e n t s  emiss ion  from a s o l i d  s u r f a c e  and t h e  

second term emiss ion  from atmospher ic  l a y e r s .  The G a l i l e a n  s a t e l l i t e s ,  e x c e p t  

10, and t h e  s a t e l l i t e s  o f  S a t u r n ,  e x c e p t  T i t a n ,  have v i r t u a l l y  no atmosphere;  

t h e r e f o r e  o n l y  t h e  f i r s t  term i n  Eq .  1 needs  t o  be  c o n s i d e r e d .  The measured 

i n f r a r e d  s p e c t r a  from t h e s e  a i r l e s s  b o d i e s  f o l l o w  r e a s o n a b l y  c l o s e l y  t h e  

energy  d i s t r i b u t i o n  o f  a blackbody: t h i s  a l l o w s  a p r e c i s e  t empera tu re  

measurement b u t  s a y s  l i t t l e  about  t h e  chemical  composi t ion o f  t h e  s u r f a c e .  

Even Europa, which from ground.-Bcsnd n e a r - i n f r a r e d  ~ n e a s u r e r n e n t s ~ ~  is known t o  

have water i c e  on i t s  s u r f a c e ,  dl% not. all\sr t h e  s i g n a t u r e s  o f  i c e  i n  t h e  f a r  

i n f r a r e d . 2 4  I n  c o n t r a s t  t o  t h i s .  m n l f  c r y s t a l s  o f  water  i c e  suspended i n  t h e  

atmosphetEe o f  Hers  showed s t r o n g  c h a r a c t e r i s t i c  s i g n a t u r e s  o f  i c e , 2 5  a s  shown 

i n  F ig .  4 .  A s i m i l a r  phenomenon was observed w i t h  t h e  f i n e  d u s t  suspended i n  

t h e  atmosphere o f  Hars.' The d u s t  d i s p l a y e d  prominent s p e c t r a l  f e a t u r e s  

s h o r t l y  a f t e r  a r r i v a l  o f  Mariner 9 d u r i n g  t h e  g r e a t  d u s t  s torm o f  1971, b u t  

t h e  f e a t u r e s  d iminished wi th  c l e a r i n g  and s e t t l i n g  o f  t h e  d u s t .  While 

suspended,  d u s t  a b s o r p t i o n  and emiss ion a f f e c t e d  t h e  spect rum by c o n t r a s t  

a g a i n s t  t h e  warmer o r  c o o l e r  background, b u t  w n i i e  on t h e  surface t he  

t empera tu re  c o n t r a s t  was m a l l  and t h e  s p e c t r a l  f e a t u r e s  had a l m o s t  

d i s a p p e a r e d .  

The o n l y  c a s e  where we have observed a s u r f a c e  e m i s s i v i t y  e f f e c t  w i t h  

c e r t a i n t y  is i n  t h e  d e s e r t  a r e a s  on ~ a r t h . ' * ~  Even i n  t h e  p resence  o f  a n  

a tmosphere ,  t h e  s u r f a c e  may be  observed i n  s p e c t r a l  r e g i o n s  where T~ is smal l  

compared t o  u n i t y ,  a s  shown i n  Fig .  5. The v a r i a t i o n  o f  t h e  s u r f a c e  

e m i s s i v i t y  w i t h  wavenumber g i v e s  a c l u e  t o  t h e  che~, : lca l  composi t ion.  S i02  i n  

c o a r s e  q u a r t z  sand shows s t r o n g  r e s t s t r a h l e n  f e a t u r e s  i n  t h e  spect rum o f  t h e  

Sahara .  Global  maps o f  t h i e  f e a k u r e ,  f o r  example,  i l l u s t r a t e  t h e  d i s t r i b u t i o n  

o f  d e s e r t s  on Ear th .  2 6 

The the rmal  emiss ion from 10 i s  a l s o  predominant ly  from t h e  s u r f a c e .  

Only nea r  1350 cm-' have SO2 g a s  and p o s s i b l y  SO i c e  c r y s t a l s  been d e t e c t e d  

by IRIS i n  a r e g i o n  c o n t a i n i n g  a v o l c a n i c  plume," a s  shown i n  F ig .  6. Many 

10 s p e c t r a  show s u r f a c e  emiss ion from h o t  s p o t s  o f  h i g h e r  t h a n  ambient  

t e m p e r a t u r e s  i n d i c a t i n g  v o l c a n i c  a c t i v i t y  on a l a r g e  s c a l e .  Some o f  t h e  

low wavenumber f e a t u r e s  o f  10 have escaped i d e n t i f i c a t i o n  s o  f a r .  



We b e l i e v e  t h e  s o l i d  ( o r  l i q u i d )  s u r f a c e  o f  T i t a n  is  obse rved  a t  

app rox?mate ly  550 cm-l, w i t h  o n l y  a s m a l l  a t m o s p h e r i c  o p a c i t y  d u e  t o  t h e  wings  

o f  p re s su re - induced  n i t r o g e n  arid hydrogen l i n e s  end r e s i d u a l  a b s o r p t i o n  by 

s e t h a n e  c l o u d s .  13927 

Now we s h a l l  t u r n  o u r  a t t e n t i o n  t o  a t m o s p h e r i c  e m i s s i o n ,  t h a t  is t o  t h e  

second term o f  Eq. 1 ,  which d o m i n a t e s  i n  s p e c t r a l  r e g i o n s  where t is  l a r g e .  1 
The t a s k  o f  d e r i v i n g  a t m o s p h e r i c  t e m p e r a t u r e s  from a measurement o f  I 

V 
r e q u i r e s  a n  i n v e r s i o n  o f  t h e  i n t e g r a l  e q u a t i o n  1 which ,  i n  t h e  e a r l y  d a y s  o f  

r emote  s e n s i n g ,  was o f t e n  compared t o  t h e  t a s k  o f  r e c o n s t r u c t i q g  a n  egg from 

its scrambled  s t a t e .  However, much h a s  been l e a r n e d  a b o u t  t h i s  p r o c e s s  i n  t h e  

l a s t  decadee8 s o  t h a t  t o d a y  t h e  i n v e r s i o n  t e c h n i q u e  is  g e n e r a l l y  n o t  a  

l i m i t i n g  f a c t o r  i n  t h e  i n t e r p r e t a t i o n  of p l a n e t a r y  s p e c t r a .  

One c a n  a lways  compute a  s y n t h e s i z e d  spec t rum by assuming a v e r t i c a l  

p r o f i l e  o f  t e m p e r a t u r e  and a r e a s o n a b l e  d i s t r i b u t i o n  o f  a t m o s p h e r i c  

c o n s t i t u e n t s ,  compar ing  t h e  c a l c u l a t e d  t o  t h e  o b s e r v e d  s p e c t r i m ,  ! ~ a k i n g  

a d j u s t m e n t s  t o  t h e  a s s u m p t i o n s ,  and i t e r a t i n g  t h e  p r o c e s s  u n t i l  ag reemen t  

e x i s t s  a c r o s s  t h e  spec t rum.  A c a r e f u l  e r r o r  a n a l y s i s  mus& be per formed 

b e c a u s e  s o l u t i o n s  a r e  n o t  a l w a y s  u n i q u e ,  A 1 1  i n v e r s i o n  p r o c e d u r e s  assume t h a t  

t h e  a b s o r p t i o n  c o e f f i c i e n t s  o f  a l l  a b s o r b e r s  i n v o l v e d  a r e  a d e q u a t e l y  known as 

f u n c t i o n s  o f  t e m p e r a t u r e  and p r e s s u r e .  L i n e  by l i n e  c o m p u t a t i o n a l  methods  and 

m o l e c u l a r  p a r a m e t e r s  a r e  now a v a i l a b l e Z 9  f o r  many m o l e c u l e s  i n  t h e  form o f  

l i s t i n g s  o f  l i n e  p o s i t i o n s  and s t r e n g t h  on  m a g n e t i c  t a p e .  30 However, f o r  many 

o t h e r  m o l e c u l e s  such  l i s t i n g s  a r e  o f t e n  i n c o m p l e t e  o r  n o n e x i s t e n t .  Some o f  

t h e  more complex hydroca rbons ,  which we found on T i t a n  f a l l  i n t o  t h e  l a t t e r  

c a t e g o r y ;  it makes i n t e r p r e t a t i o n  o f  s p e c t r a  and d e t e r m i n a t i o n  o f  abundances  

o f t e n  d i f f i c u l t .  31 32 Even f o r  Cop. which h a s  been  s t u d i e d  e x k e n s i v e l y  

b e c a u s e  o f  i ts  i m p ~ t a n c e  f o r  t h e  r e t r i e v a l  o f  v e r t i c a l  t e m p e r a t u r e  p r o f i l e s  

i n  t h e  E a r t h ' s  a tmosphe re ,  it was n e c e s s a r y  t o  i n c l u d e  many v e r y  weak b a n d s  

a n d  even b a n d s  o f  i s o t o p e s .  i n c l u d i n g  and 170 i n t o  o u r  m o l e c u l a r  models  

b e f o r e  t h e  spec t rum o f  t h e  667 cm-I M a r t i a n  C 0 2  band.  shown i n  F i g .  7 ,  was 

f u l l y  u n d e r s t o o d .  33 



Extrac t ion  o f  t h e  temperature p r o f i l e  frofi~ a p l ane t a ry  emission spectrum 

r e q u i r w  a n a l y s i s  o f  a s p e c t r a l  reg ion  where a s i n g l e  uniformly mixed g a s  o f  

known aoundance is t h e  dominant e m i t t e r ,  I n  t h e  t e r r e s t r i a l  spec t run  t h e  high 

wavenumber s i d e  o f  t h e  667 cm"' C02 band ( s e e  Figs.  1 and 5) is well  s u i t e d  

f p r  t h a t  purpose and has been t h e  main s p e c t r a l  i n t e r v a l  f o r  temperature  

sotunding on an ope ra t i ona l  b a s i s ,  Weak absorp t ion  by O3 and H 2 0  l i n e s ,  a l s o  

p re sen t  i n  t h i y  reg ion ,  can be accounted f o r  i n  t h e  ana lys i s .  A s  mentioned 

be fo re ,  t h e  same band served our  Mars i n v e s t i g a t i o n a 8  On J u p i t e r  and 

Sa turn  pressure-induced absorp t ion  l i n e s  af hydrogen, t h e  major c o n s t i t u e n t  i n  

t hose  atmospheres, permit ted r e t r i e v a l  o f  temperatures  between 100 and 700 mb. 

The s t rong  CHq band a t  1304 c%-' allowed ex tens ion  o f  t h e  p r o f i l e s  up t o  

a l t i t ~ d e s  corresponding t o  a pressure  o f  about 1 mb. 10,12,13 

On T i t an  ma t t e r s  a r e  more complicated. D i r ec t  temperature  r e t r i e v a l  i n  

t h e  CH4 band is poss ib l e  from t h e  IRIS s p e c t r a  between about 1 and 20 mb. For 

h igher  p re s su re s  no s u i t a b l e  s p e c t r a l  reg ion  was found f o r  a d i r e c t  tempera- 

t u r e  invers ion .  Pressure-induced hydrogen l i n e s  a r e  p re sen t ,  but are vepy 

weak, and exist i n  a s p e c t r a l  reg ian  where o t h e r  absorbers ,  probably methane 

c louds ,  For tuna te ly ,  t h e  Radio Science team on ob- 

t a ined  a T/m p r o f i l e  of T i t a n ' s  atmosphere (T i s  t h e  temperature  and m t h e  

mean molecular weight).  Combining t h i s  p r o f i l e  wi th  IRIS der ived  temperatures  

yielded t h e  a c t u a l  temperature p r o f i l e  from 1 t o  1600 mb, t h a t  is  from t h e  

h igh  s t r a t o s p h e r e  t o  t h e  s u r f a c e ,  a s  wel l  a s  a mean molecular weight o f  about 

28.6 AMU. The l a t t e r  value sugges ts  an N2 atnosphere with an admixture of a 

heavier  g a s ,  poss ib ly  argon. 27 Vapor p re s su re  cons ide ra t i ons  l i m i t  t h e  

s t r a t o s p h e r i c  CH,, con ten t  to 52.7%; i n  t h e  t roposphere t h e  CH,, con ten t  seems 

t o  be h ighe r ,  bu t  only about  0.6 o f  t h e  s a t u r a t i o n  This  p i c t u r e  i s  

c o n s i s t e n t  with a s t r a t i f i e d  cloud l a y e r  composed o f  CH,, i c e  c r y s t a l s  j u s t  

below t h e  tropopausz and a r e l a t i v e l y  c l e a r  zone below t h e  cloud deck f i l l e d  

on ly  with a slowly s e t t l i n g  smog c o n s i s t i n g  mostly of  s o l i d  hydrocarbons. 

Temperature p r o f i l e s  o f  T i t an  and o t h e r  p l a n e t s  a r e  s m a r i z e d  i n  Fig. 8. 

Af te r  having e s t ab l i shed  t h e  temperature  p r o f i l e ,  t h a t  is a f t e r  having 

solved Eq. 1 f o r  T(T)  fo r  a uniformly mixed known c o n s t i t u e n t ,  one may r eve r se  

t h e  process  and so lve  f o r  t h e  o p a c i t y  d i s t r i b u i t o n ,  r ( T ) ,  o f  an unknown 



atmospheric c o n s t i t u e n t  by using a  s p e c t r a l  region where emission from t h e  

l a t t e r  dominates. This has  been done Po? water vapor and ozone on Earth 1.2.18 

and f o r  NH on ~ u ~ i t e r . ~ ~  However, i n  many c a s e s  t h e  weakness o f  s p e c t r a l  3 
f e a t u r e s  o f  minor c o n s t i t u e n t s  has  only allowed es tab l i shment  o f  t h e i r  

ex i s t ence  o r  mean abundances, The atmospheric composition of T i t an  i s  l i s t e d  

i n  Table 1. 27932 Gases a r e  a l s o  i d e n t i f i e d  i n  t h e  T i t an  spec t r a  shown i n  Fig.  

9  and 10. 

I n  add i t i on  t o  gases  which have s p e c i f i c  f e a t u r e s  i n  t h e  measured 

s p e c t r a ,  helium can be i d e n t i f i e d  i n  an i n d i r e c t  way. Hel ium atoms c o l l i d i n g  

with hyerogt-ra sc.';cules change t h e  shape o f  t h e  broad pressure  induoed l i n e s  

o f  hydrogen.36 Analysis o f  t h e  l ine  shape o f  t h e  Hg f e a t u r e s  i n  t h e  200-600 

cm-' range has permitted t he  d e r i v a t i o n  o f  t h e  helium abundances on J u p i t e r  

and Sa turn ,  The mass f r a c t i o n  o f  helium on J u p i t e r  was found t o  be 0.19 f 

0.05 from t h e  IRIS s p e c t r a  a lone and 0.21 4 0.06 from a technique which 

combines IRIS and Radio Science resu l t s .37  For Saturn t h e  IRIS s p e c t r a  

yielded a Power helium abundance o f  only 0.11 with an e r r o r  no t  y e t  precisely 

determined, bu t  probably smaller  than on ~ u ~ i t e r . ' ~  Theories  o f  t h e  i n t e r i o r  

s t r u c t u r e  o f  t he  g i a n t  p l ane t s  have pred ic ted  t h i s  dep l e t i on .  38,39,40 

According t o  t h e s e  t h e o r i e s  t h e  atmosphere o f  Saturn should be d i f f e r e n t i a t e d  

by g r a v i t a t i o n a l  f o r c e s ,  causing deple t ion  o f  helium i n  t h e  ou t e r  l a y e r s  and 

enrichment i n  t h e  i n t e r i o r .  The s ink ing  o f  helium l i b e r a t e s  g r a v i t a t i o n a l  

energy which is  converted t o  hea t  and c o n t r i b u t e s  t o  t h e  excess o f  pr imordial  

hea t  emit ted by both g i a n t  p lane ts .  On J u p i t e r ,  t h i s  excess o f  thermal 

r a d i a t i o n  has  been determined from IRIS d a t a  t o  be 1.67 f 0.09 t imes  t h e  

energy J u p i t e r  r e c e i v e s  from t h e  The IRIS a n a l y s i s  o f  t h e  excess  

energy o f  Saturn has  no t  y e t  been completed, b u t  p re l iminary  e s t ima te s  and 

previous measurements by pioneer4' suggest  t h a t  Sa turn ' s  excess  energy 

f r a c t i o n  w i l l  be a t  l e a s t  a s  l a r g e  a s  J u p i t e r ' s .  

The d i scus s ion  of  i n t e r e s t i n g  r e s u l t s  obtained by IRIS is f a r  from 

complete. Time does not  permit me t o  show t h e  wind f i e l d  der ived from 

temperature  da ta  on ~ a r s , ~ . ~  o r  t h e  wind shear  computations on J u p i t e r ,  4 3 

 atu urn^^ and   it an.^^ o r  t h e  dynamics o f  t h e  Grea t  Red I w i l l  no t  

d i s c u s s  IRIS r e s u l t s  on t h e  r i n g s  of s a t u r n t 3  o r  t h e  topography o f  ~ a r s . *  In 

s p i t e  of t h e s e  and o t h e r  omissions,  I hope I have given you an overview o f  



some of  t h e  h igh l ighks  and shown t o  you t h e  m e r i t s  o f  Four ie r  transform 

spectroscopy i n  t h e  thermal i n f r a r e d ,  

I would l i k e  t o  mention t h a t  t h e  IRIS d a t a  fsr t h e  Voyager J u p i t e r  

encounter and t h e  e a r l i e r  missions a r e  s t o r e d  on magnetic t a p e s ,  Researchers 

may r eques t  cop ie s  from the  Space Science Data Center a t  Goddard Space F l i g h t  

Center ,  Greenbel t ,  MD 20771, Saturn d a t a  w i l l  become a v a i l a b l e  t o  t h e  

s c i e n t i f i c  community i n  e a r l y  1982. I thank B. Corrath and J .  Pear l  f o r  

c r i t i c a l l y  read ing  t h e  manuscript.  



Table 1. Atmospheric Composition of Titan 

Inferred from Voyager IRIS 27,3'! ,32 

Chemical 

Family 

Wave Approximate 

Number Mole 

Cia s ( cm" Fraction 

Major Constituents 
.-.L 

Nitrogen, N2 

Argon, A 

Hydrogen, H2 

Carbon-Hydrogen 

Methane, CH4 i 304 1.3 x i 0  -2 +# 

Ethane, C2H6 822 2 lom5 

Propane, C H 3 8 748 1 x 

Acetylene, C2H2 729 5 x low6 

Ethylerrs, C2H4 950 8 x loe7 
n 

Methyl Acetylene. C3H4 325.633 6 x lo-' 

Diacetylene, C4H2 220,628 

Carbon-Hydrogen-Nitrogen 

Hydrogen Cyanide, HCN 712 5 x 

Cyanoacetylene, HC3N 500,663 

Carbon-Nitrogen 

Cyanogen , C2N2 233 

* Determined from mean molecul i b t  obtained i n  conjunction with Voyager 
Radio Science Investigation.  f5,3,5 " Variable with a l t i t ude ,  l e s s  than 2.7% i n  the  stratosphere and possibly a s  
high a s  8% near the surface. .............................................................................. 
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F i g u r e  C a p t i o n s  

F ig .  1. P l a n e t a r y  emiss ion  s p e c t r a .  The uppermost spect rum was recorded by 

Nimbus 4 i n  1970 over  t h e  mid-At lant ic  Ocean, The second spectrum is  

of m i d - l a t i t u d e s  o f  Mars recorded i n  1972 by Mariner  9. The s p e c t r a  

o f  J u p i t e r ,  S a t u r n  and T i t a n  have been t aken  by Voyager 1 i n  1979 and 

1980 r e s p e c t i v e l y .  . 
F i g .  2. Concept ional  diagram o f  IRIS. For Nimbus and MasAner t h e  image 

I 

motion conpensa t ion  and c a l i b r a t i o n  m i r r o r  can be o r i e n t e d  s o  t h a t  

IRIS s e e s  t h e  p l a n e t ,  d e e p  space  or an onboard blackbody. 15,19,20 

Fig .  3. O p t i c a l  l a y o u t  o f  t h e  Voyager i n f r a r e d  ins t rument .21 C a l i b r a t i o n  of 

t h e  i n t e r f e r o m e t e r  is accomplished by o c c a s i o n a l l y  o b s e r v i n g  deep  

space  and by p r e c i s e  t e m p e r a t u r e  c o n t r o l  o f  i n t e r f e r o m e t e r  and 

t e l e s c o p e .  C a l i b r a t i o n  o f  t h e  rad iomete r  is accomplished by 

o c c a s i o n a f l y  viewing a d i f f u s o r  p l a t e  mounted on t h e  s p a c e c r a f t  and 

i l l u m i n a t e d  by t h e  Sun. 

F ig .  4. Mariner 9 s p e c t r a  o f  T h a r s i s  Ridge and Arcadia .  Simul taneously  t aken  

images show p a r t i a l  c l o u d i n e s s  o v e r  T h a r s i s  Ridge and l i t t l e  

c l o u d i n e s s  o v e r  Arcadia.  Ca lcu la ted  i c e  c loud spectrum i n  lower 

panel  is f o r  comparison.  2 5 

Fig .  5. Thermal emiss ion  s p e c t r a  o f  Mars and Ear th .  a .  and b. Mart ian  s o u t h  

p o l a r  s p e c t r a  a f t e r  and d u r i n g  t h e  d u s t  s torm.  c .  Mart ian  

m i d - l a t i t u d e  spectrum w i t h  s t r o n g  f e a t u r e s  due t o  s i l i c a t e  d u s t .  d .  

R e s t s t r a h l e n  spect rum o f  Q u a r t z  sand.  e. Sahara  spect rum showing 

t h e  r e s t s t r a h l e n  f e a t u r e  i n  t h e  a tmospher ic  window between 1050 and 
-1 8 1250 cm . 

Fig .  6. SO2 g a s  on 10. Comparison o f  measured spectrum of 10 w i t h  

s y n t h e s i z e d  s p e c t r a  i n  t h e  v i c i n i t y  of t h e  v j  band of SO2. 11 



F i g .  7. Comparison o f  measured and s y n t h e s i z e d  s p e c t r a  o f  Mars i n  t h e  r e g i o n  

o f  t h e  s t r o n g  667 cm-'cop band. The main s p e c t r a l  f e a t u r e s  a r e  

l a b e l e d  w i t h  a t h r e e - d i g i t  number r e p r e s e n t i n g  t h e  i s o t o p e ;  t h u s  

16013~180  is a b b r e v i a t e d  638. Unlabeled f e a t u r e s  a r e  due  t o  t h e  main 

i s o t o p e  1 6 0 1 2 ~ 1 6 0 .  The s y n t h e t i c  spectrum is d i s p l a c e d  20.3 K. 34 

F i g .  8.  Atmospheric t empera tu re  p r o f i l e s  o f  E a r t h ,  Mars, J u p i t e r ,  S a t u r n ,  and 

T i t a n  d e r i v e d  from i n f r a r e d  s p e c t r a  and i n  t h e  c a s e  bf T i t a n  i n  

combinat ion w i t h  Radio O c c u l t a t i o n  d a t a .  The p r o f i l e s  of E a r t h  and 

Mars a r e  t y p i c a l  o f  low l a t i t u d e s ;  p o l a r  p r o f i l e s  a r e  much c o l d e r  and 

d i f f e r e n t  i n  shape.  V a r i a t i o n s  w i t h  l a t i t u d e  a r e  g e n e r a l l y  s m a l l e r  

on t h e  o u t e r  p l a n e t s  and on T i t a n .  

F i g .  9. Average o f  3 s p e c t r a  o f  t h e  T i t a n ' s  n o r t h  l i m b  and two l a b o r a t o r y  

s p e c t r a  o f  cyanoace ty lene  (HC N) and cyanogen (C2N2) .33 Other  
3 

s p e c t r a l  f e a t u r e s  a r e  l a b e l e d .  

F i g .  10. Disk and n o r t h  p o l a r  s p e c t r a  o f  T i t a n  and l a b o r a t o r y  spectrum o f  

d i a c e t y l e n e  (c4H2).  3  3  
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