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PREFACE 

The Uniqueness of Ti tan  

Ti tan  o f f e r s  a unique opportunity i n  s o l a r  system explora t ion .  I t  i s  t h e  
smallest  known body with an atmosphere. In terms of spacecraf t  en t ry  dynamics, 
it has the  most access ib le  atmosphere i n  t h e  s o l a r  system. I t  has dark reddish 
clouds which a r e  probably composed of organic compounds, f a l l i n g  cont inual ly  
t o  the  surface .  I t  has the  h ighes t  r a t i o  o f  methane t o  hydrogen of a l l  
known reducing atmospheres, making an environment i n  some re spec t s  l i k e  
t h a t  of  t h e  pr imi t ive  Earth a t  t h e  time of t h e  o r i g i n  of l i f e .  I t  probably 
has the  only surface  of a l l  t he  bodies beyond Mars with atmospheres t h a t  
ent ry  spacecraf t  can reach.  In  terms of p lanetary  r o t a t i o n  r a t e ,  T i t a n ' s  
atmospheric c i r c u l a t i o n  may occupy a unique n iche  between t h e  dynamics o f  Venus 
and t h e  Earth. The su r face  temperature may be 150-200°K o r  warmer, and one 
model suggests  an ocean of l i q u i d  methane and ammonia. While a t  t he  present  
t h i s  i s  t h e  merest specula t ion ,  t he  presence o f  l i f e  on Titan i s  by no means 
out of  t h e  question.  Hydrogen i n  the  Ti tanian  atmosphere must be rushing away 
t o  space a t  a  high r a t e ,  perhaps producing an enormous gas r ing  o r  comet-like 
t a i l  i n  the  v i c i n i t y  of Saturn. The escaping gas must be produced from the  
i n t e r i o r  of Ti tan ,  perhaps a r r i v i n g  i n t o  t h e  atmosphere through methane, am- 
monia, and water volcanoes. 

A s u b s t a n t i a l  improvement of our knowledge o f  Titan can be achieved with 
present  instrumentation i n  the  v i c i n i t y  of t he  Earth -- by u l t r a v i o l e t  and 
in f r a red  spectroscopy, i n f r a r e d  and microwave radiometry, and s t e l l a r  occul ta-  
t i ons .  Observational and modeling techniques t h a t  have been used t o  study t h e  
p lanets  have j u s t  begun t o  be applied t o  Ti tan .  Many important p rope r t i e s  a re  
access ib le ,  and a considerable improvement i n  our  knowledge of Titan can be 
expected i n  the  near  fu ture .  But a thorough cha rac t e r i za t ion  o f  t h e  environ- 
ment of Ti tan  -- and, i n  p a r t i c u l a r ,  s tud ie s  o f  t h e  t a n t a l i z i n g  questions o f  
organic chemistry and surface  morphology -- must await spacecraf t  i nves t iga t ions  
a t  o r  nea r  Ti tan .  

The Ti tan  Atmosphere Workshop 

On July 25 t o  27, 1973, a workshop was convened a t  Ames Research Center 
under the  chairmanship o f  D. M. Hunten. A t  t he  request  of  NASA Headquarters, 
the  purpose was t o  def ine ,  as  f a r  as now poss ib l e ,  t h e  atmosphere of Ti tan  f o r  
use i n  the  planning of fu tu re  missions t o  t h a t  body. T i t a n ' s  prominence i s  so  
recent  t h a t  a l l  t he  ac t ive  workers could e a s i l y  meet i n  a small room. More 
than h a l f  t hese  people were ac tua l ly  present ,  and a good coverage of t h e  appro- 
p r i a t e  d i s c i p l i n e s  was obtained. 



It quickly became c l e a r  t h a t  l e s s  than h a l f  t he  required mater ia l  was 
published, so  rapid  i s  the  growth of Ti tanian  s tud ie s .  Nearly 2 of t h e  3 days 
were therefore  devoted t o  review papers,  presenta t ion  of new r e s u l t s ,  and d is -  
cussion.  The ed i t ed  t r a n s c r i p t  of t h i s  symposium forms Chapter 2, t h e  bulk o f  
t h i s  document. Some addi t ional  mater ia l  appears i n  Chapter 3. The Workshop's 
bes t  attempt a t  an engineering model forms Chapter 1, along with a summary by 
t h e  e d i t o r  of Chapters 2 and 3. Our current  knowledge i s  c l e a r l y  inadequate 
f o r  engineering purposes, but it was equally c l e a r  t h a t  a vas t  improvement i s  
f eas ib l e  with today 's  observational  techniques.  Half a dozen recommendations 
f o r  immediate work, both a t  t h e  te lescope and i n  t h e  labora tory ,  a r e  the re fo re  
made i n  Chapter 4. Other recommendations, i n  Chapters 4 and 5,  look f u r t h e r  t o  
t h e  fu ture ;  they include the  impact o f  (and on) the  Mariner Jupi ter /Saturn  (MJS) 
f lyby missions, and poss ib le  probes t o  e n t e r  T i t an ' s  atmqsphere. 

The Workshop p a r t i c i p a n t s  would l i k e  t o  record t h e i r  thanks t o  t h e  s t a f f  
of  Ames Research Center f o r  t h e  f i n e  t echn ica l  and e d i t o r i a l  support o f  t h e i r  
work. John Niehoff of  Science Applications,  Inc.  was responsib le  f o r  t h e  
e d i t o r i a l  production of t h e  r epor t .  We thank the  publ ishers  of The Astronomi- 
c&l  Journal ,  The Astrophysical  Journal ,  Comments on Astrophysical Space 
Physics, Icarus,  and Planets ,  S t a r s ,  and Nebulae Studied with Photopolarim- 
e t r y  f o r  t h e l r  permission t o  r e p r i n t  copyrighted mater ia l .  - 
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Chapter 1 

INTRODUCTION AND SUMMARY 

1.1 RANGE OF ENGINEERING VARIABLES 

Ti tan  i s  the  l a rges t  s a t e l l i t e  o f  Saturn,  shar ing  Saturn ' s  h e l i o c e n t r i c  
d is tance  and year,  but  having a radius  comparable t o  t h a t  of  Mercury. I t s  ro ta-  
t i o n  i s  usual ly  assumed t o  be synchronous with i t s  revolution about Saturn,  
with i t s  pole perpendicular  t o  i t s  o r b i t  ( i n  Sa tu rn ' s  equa to r i a l  p lane) ;  thus  
i t s  "day" i s  16 days, i t s  "seasons" r e s u l t  from an i n c l i n a t i o n  of 27' (compar- 
able  t o  the  Ea r th ' s ) ,  and i t s  "year", 30 years long, has 675 "days". I t s  prob- 
able s t r u c t u r e ,  comparable t o  t h a t  of  t he  o the r  l a rge  s a t e l l i t e s  of  t h e  ou te r  
p l ane t s  (J I-IV, and Tr i ton ) ,  i s  described by Lewis (1971), and includes a 
rocky, muddy core,  a  l i q u i d  (H20 solu t ion)  mantle (most of  t h e  volume), pos- 
s i b l y  an i c e  c rus t ,  and an atmosphere. The atmosphere i s  considerably more 
massive than t h a t  of  Mars, and f a r  outweighs t h e  wisps o f  gas possessed ( a t  
most) by any o the r  s a t e l l i t e .  

Many of t he  da t a  a re  given with considerable reluctance,  a s  a reading of 
Sections 1 .1  and 1.2 w i l l  suggest .  Nevertheless, they represent  our s t a t e  of 
knowledge i n  mid-1973 and the  consensus o f  t h e  Workshop. Table 1-1 shows the  
bas i c  parameters, a f t e r  Morrison's discussion.  The mass is  well  determined, 
but t h e  uncer ta in ty  i n  t h e  radius  r e f l e c t s  i n t o  the  mean dens i ty ,  su r f ace  grav- 
i t y ,  and measured albedo. I t  i s  not  known whether t he  radius  i s  t h a t  o f  t h e  
s o l i d  body o r  o f  a l aye r  high i n  a dense atmosphere. The temperatures given 
represent  equil ibrium between thermal r ad ia t ion  and absorbed s o l a r  energy. The 
temperature Tmax is  probably not  r ea l i zed  under an atmosphere as  massive as  
T i t an ' s ;  it i s  appropriate f o r  bodies l i k e  Mars o r  t he  Moon. 

Table 1-2 shows t h e  wide range of poss ib l e  compositions compatible with 
spectroscopic da ta .  The base l ine  atmosphere ou t l ined  i n  the  box represents  
T ra f ton l s  ac tua l  measurements and analys is .  The molecular column d e n s i t i e s  
a l so  represent  t he  volumetric proport ions.  I f  t h e  atmosphere contains o p t i -  
c a l l y  dense clouds, t h e  t o t a l  column d e n s i t i e s  could be much g rea t e r .  The 
absolute minimum atmosphere i s  obtained by leaving out t h e  H2 and taking t h e  
lower e r r o r  l i m i t  f o r  CH4: an abundance of 1 . 5  km-A and a surface  pressure  of 
10 mb. 

Table 1-2 i l l u s t r a t e s  the  f a c t  t h a t  t he  derived abundance of CHI, depends 
on assumptions about o ther  cons t i t uen t s ,  through t h e i r  pressure broadening o f  
s p e c t r a l  l i nes .  Several  sample atmospheres a re  shown, involving CHq with e i t h e r  
H2 o r  N2; mixtures o f  a l l  t h r e e  could a l s o  be considered. The l a r g e r  H2 abun- 
dances, shown i n  parentheses,  a r e  not  compatible with observation.  N2 i s  not  
observable, but could be present  as a d i s soc ia t ion  product of NH3. A few cm-A 
of NH3 could be present  near  t h e  surface  i f  it i s  as warm as  140°K. Other t r a c e  
gases t h a t  could be considered a re  ~r~~ from radioact ive  decay, and primordial  
r a r e  gases such as neon. There i s  no more reason t o  suppose t h a t  Titan r e t a ined  
the  l a t t e r  than did Earth.  Helium escapes so  r ead i ly  t h a t  an appreciable abun- 
dance i s  most unl ike ly .  



Table 1-1. Ti tan  Parameters 

I 

Table 1-2.  Possible Atmospheric Abundances (km-A) * 

Radi us 

Mass I 

Distance from the Sun 

Orbital period 

[lean density 

Acceleration of gravi ty  

Geometric visual a1 bedo 

Bolometri c albedo 

Maximum sub-sol a r  temperature 

Effect ive  temperature 

CHI, "2 N2 

2.0 + 0.5 0 0 

1.4 5.0 0 Baseline 

1 . 0 .  . 15.0 o r  1.5 

0.1 (220) o r  20.0 

0.01 (2500) o r  210.0 

* 1 cm-amagat (cm-A), a lso  cal led  cm-atm, i s  a column density of 
2.687 x 1019 (Loschmi d t ' s  number) molecules per cm . Surface 
p a r t i a l  pressure f o r  1 km-A i s  10.4, 1.3,  18 mb (CHI,, H 2 ,  132). 

I R = 2500 + 250 km 

M = 1.37 + .02 x g 

a = 9.546 AU 

P = 15.95 days 

P = 2.1 + 0.6 g cm-3 ' 

g = 1 4 6 + 3 0  c ~ s - ~  

Pv  = 0.20 + .04 

Abol = 0.26 s .08 

Tmax = 116 + 3°K 

Te = 8 2 s Z ° K  



Pressures and temperatures a r e  summarized i n  Table 1-3. The s t r a tosphe re  
i s  warmer than the  e f f e c t i v e  temperature because the  dark aerosol  absorbs s o l a r  
u l t r a v i o l e t  r ad ia t ion  (as  does ozone i n  the  Ear th ' s  s t r a tosphe re ) .  Thermal 
emission from t h i s  warm region has been observed. Table 3 gives severa l  can- 
d ida t e  su r faces ,  l e t t e r e d  i n  such a way a s  t o  suggest t h a t  t h e r e  a re  many i n t e r -  
mediate p o s s i b i l i t i e s .  Surface (a) corresponds t o  a methane atmosphere, with o r  
without some H2. Surface (m) would r equ i r e  around 30 km-atm o f  N2. The l a s t  
one supposes a methane "ocean" containing about 5% of the  mass o f  Titan.  This 
medium could be l i qu id  o r  gaseous, depending on t h e  r e l a t i o n  of t h e  CHI, c r i t i c a l  
poin t  t o  the  ac tua l  pressure-temperafure s i t u a t i o n .  

Diurnal and seasonal  va r i a t ions  of temperature a re  probably small; they 
could perhaps reach a range o f  10°K f o r  t he  th innes t  atmospheres considered. 
Not only does t h e  atmospheric gas car ry  heat  around, t h e r e  is a grea t  dea l  of  
l a t e n t  heat  ava i l ab le  from condensation and evaporation of CH4. 

Since t h e  Workshop, s eve ra l  d e t a i l e d  models of t h e  atmosphere have been 
prepared by Divine (1973). 

Table 1-3. Pressures and Temperatures 

T ( O K )  

150 5 50 

80 

150 - 200 

150 - 1000 

REGION 

En t ry  

Candi date Surf aces 

( a )  

( m )  

( 2 )  

A f ine,  red-brown aerosol. i s  probably present up  to a t  l eas t  the 
1-mb level.  I t  i s  i r relevant  for  engineering purposes. CH4 cloud 
may be present a t  or  below the 20-mblevel, and haze a t  greater heights. 

P (mb) 

.001 - 1 

20 

- 50'3 

lo6 



1.2 SCIENTIFIC SUMMARY 

This s ec t ion  is  a b r i e f  overview of Chapter 2, which contains t h e  presenta-  
t i o n s  made a t  t h e  Workshop, with t h e  discussion and some supplementary mater ia l .  
A few of t h e  p r inc ipa l  l i t e r a t u r e  references  a re  included, but references  t o  
Chapter 2 a re  mostly implied. 

Composition o f  t he  Atmosphere 

Methane absorptions a re  prominent i n  t h e  spectrum, but t h e i r  i n t e r p r e t a -  
t i o n  i s  complicated by the  p o s s i b i l i t y  o f  pressure  broadening by o the r  gases; 
moreover, t h e  t r u e  surface  may be hidden by clouds. I f  such gases a re  not  
important, t he  methane abundance i s  2 km-A (Trafton,  1972b). With 20 km-A of 
N2 (as an example), t he  methane comes t o  0.1 km-A, and the  surface  pressure  i s  
350 mb. The methane atmosphere thus gives t h e  smal les t  mass, and a su r face  
pressure o f  20 mb. A "possible detection" o f  H2, i n  t h e  amount of 5 km-A, was 
reported by Trafton (1972a), and subsequent work seems t o  confirm t h i s  d i f f i -  
c u l t  r e s u l t .  Although H2 i s  common i n  the  ou te r  s o l a r  system, i t s  prominence 
on a body as  small as  Ti tan  i s  su rp r i s ing :  t h e  lo s s  by escape i s  la rge ,  and a 
correspondingly l a rge  source must be found, a s  discussed below. 

For o the r  poss ib l e  gases we must t u r n  t o  models o f  the  formation and 
i n t e r i o r  composition of Ti tan ,  s ince  observational  da t a  are  lacking.  The work 
o f  Lewis (1971) makes use o f  t he  mean d e n s i t i e s  of  t h e  s a t e l l i t e s ,  along with 
the  hypothesis t h a t  such bodies a re  accre ted  from the  condensed f r ac t ion  of t h e  
s o l a r  nebula. About 60% of t he  mass should be a so lu t ion  of NH3 i n  H20, and a 
f u r t h e r  5% should be CHI+. The presence of t h e  l a t t e r  i n  the  atmosphere f i t s  
t h i s  p i c t u r e ,  which however suggests  t h a t  t h e r e  i s  f a r  more methane remaining 
i n  the  i n t e r i o r  o r  on the  surface .  No H20, and very l i t t l e  NH3, should be i n  
the  atmosphere a t  t h e  p reva i l i ng  temperatures. Photolysis  of  NH3 and CH4, and 
escape of H2, could produce N2 ,  as well  as  a considerable range of o the r  com- 
pounds, most of  which should condense i n t o  aerosols  o r  on the  surface .  Thus, 
the  bes t  candidate f o r  a t h i r d  atmospheric gas seems t o  be N2.  Noble gases 
might have been re ta ined in-small quan t i t i e s .  Although t h e i r  r a r i t y  on Earth 
does not encourage t h i s  idea ,  Cess and Owen (1973) have developed a greenhouse 
model based on a mixture of Hn and Ne. 

Trafton (1973) has reported t h e  presence of addi t ional  absorptions t h a t  
do not  seem t o  be due t o  CHI+, though many o f  them a re  a l so  present  i n  the  
spectrum of Uranus. One may specula te  t h a t  some of t he  photolys is  products 
a r e  responsible,  but such p o s s i b i l i t i e s  are  l imi ted  because most compounds 
must condense a t  t h e  low temperatures of T i t a n ' s  atmosphere. The best  candi- 
da tes  a re  the re fo re  C2Ht;, C2H4, and C2H2, and perhaps methylamine CH3NH2 i f  
ammonia photolys is  occurs. Not enough i s  known about t h e  s p e c t r a  of any of 
these  compounds f o r  an i d e n t i f i c a t i o n  o r  r e j ec t ion ;  even t h e  p o s s i b i l i t y  of  
weak CHI, bands remains. 

In the  absence of an atmosphere, Lewis (1971) would p red ic t  a su r f ace  of 
water i c e  containing CHI+ as  a c l a t h r a t e  and NH3 i n  so lu t ion .  A t  a depth of a 
few t ens  o f  ki lometers t h i s  medium should be melted. In the  extreme case of a 
very deep atmosphere, it is  conceivable t h a t  melting could extend a l l  t he  way 



t o  t h e  surface ;  t he  l i q u i d  CH4 would then f l o a t  on t h e  H20-NH3 solu t ion .  I f  
t he  (p, T) r e l a t i o n  passed through t h e  c r i t i c a l  poin t  o f  methane, t he  atmos- 
phere would merge i n t o  the  ocean with no phase change, and could be regarded 
as having a surface  pressure  o f  some 1000 bars  (cf .  Lewis and Prinn, 1973). 

A more l i k e l y  s i t u a t i o n  i s  a cold surface  covered with a l aye r  o f  photol-  
y s i s  products and t h e i r  polymers. Such mixtures are  usual ly  dark i n  color ,  as 
i n  Ti tan .  

Cloud and Haze 

Two kinds of aerosol  a r e  t o  be expected i n  T i t an ' s  atmosphere: clouds of 
s o l i d  CHI,, and a photochemical haze (o r  smog]. Veverka (1973) and Zel lner  (1973) 
have published observations of T i t an ' s  po la r i za t ion ,  which can be obtained only 
t o  a phase angle of 6'. Despite t h i s  l i m i t a t i o n ,  it is c l e a r  t h a t  negative 
po la r i za t ion  i s  absent,  i n  s t r i k i n g  cont ras t  t o  observations of t he  Moon, Mars, 
Mercury, and many t e r r e s t r i a l  s o l i d  surfaces .  Pos i t i ve  po la r i za t ion  i s  shown 
by glassy surfaces  and by atmospheric s c a t t e r i n g .  However, pure Rayleigh sca t  - 
t e r i n g  by a gas i s  ru led  out by the  low albedo and t h e  absence of a wavelength 
dependence. An absorbing aerosol  i s  t he re fo re  suggested, and Veverka f u r t h e r  
suggests  t h a t  i t  should be o p t i c a l l y  th i ck  t o  hide the  negative po la r i za t ion  
from the  surface .  However, it i s  not  a t  a l l  obvious t h a t  ordinary p lanetary  
surfaces  a r e  a good model f o r  T i t an .  Indeed, t h i s  body could well  be covered 
by a g lassy  o r  t a r r y  l aye r  of photolys is  products,  which would g ive  a p o s i t i v e  
po la r i za t ion .  I f  such a p o s s i b i l i t y  i s  accepted, t he  atmosphere could s t i l l  
be o p t i c a l l y  t h i n  (see p o s t s c r i p t ,  p .  57). 

Angther l i n e  of evidence i s  t he  low ultoraviolet albedo o f  Ti tan ,  observed 
a t  2600 A by Caldwell (1973) and above 3000 A by Barker and Trafton (1973). The 
model by Danielson e t  a l .  (1973) shows t h a t  an absorbing aerosol  i s  requi red  a t  
s t r a t o s p h e r i c  he ights ;  otherwise t h e  atmosphere would be too b r igh t .  One poss i -  
b i l i t y  i s  CH4 i ce ,  darkened by r ad ia t ion ;  but a photochemical smog seems f a r  
more l i k e l y .  Indeed, t h e  s t r a tosphe re  must be heated by t h e  u l t r a v i o l e t  energy 
absorbed, and i s  probably too  warm f o r  methane condensation. The evidence f o r  
photochemical haze i s  almost beyond ques t ion;  CH4 i c e  may a l so  be present  a t  
low a l t i t u d e s ,  but does not  seem t o  be required.  

Thermal S t ruc tu re  

Much of t h e  current  wave of i n t e r e s t  i n  Titan i s  due t o  t h e  s t r i k i n g  
r e s u l t s  obtained by severa l  observers i n  the  thermal in f r a red ,  summarized by 
Morrison e t  a l .  (1972). The recent  da t a  of G i l l e t t  e t  a l .  (1973) show t h a t  
s t i l l  more i s  t o  be expected when f u l l  s p e c t r a l  coverage of t h e  8-30 micron 
region has been a t t a ined .  For some time the re  was a remarkable unanimity i n  
seeking the  explanation through a greenhouse e f f e c t .  This complacency was rudely 
sha t t e red  by Danielson and Caldwell, who pointed out t h a t  t h e  ava i l ab le  da ta  
were equal ly  well s a t i s f i e d  by a model based on r ad ia t ion  from a warm s t r a t -  
osphere. Indeed, t h e  l a t e s t  i n f r a r e d  data ,  those  of G i l l e t t  e t  a l . ,  a r e  
s t rongly  i n  favor of a warm s t r a tosphe re ,  f o r  they show a high br ightness  
temperature a t  8 ym, i n  the  wing of t h e  7.7-micron band of CH4. However, a 
s i g n i f i c a n t  greenhouse e f f e c t  could s t i l l  e x i s t .  Figure 1-1 shows two cartoons . 
t h a t  compare and cont ras t  t h e  two types of models. The e f f e c t i v e  temperature 
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of Ti tan  should be c lose  t o  82OK, t h e  value obtained f o r  equil ibrium with s o l a r  
r ad ia t ion  when the  energy is  d i s t r i b u t e d  over t h e  globe by the  atmosphere. 
Essen t i a l ly  t h i s  value i s  observed i n  t h e  20-micron region, c lose  t o  t h e  peak 
of t he  Planck curve. The ques t ion  is  whether t h e  82' temperature is  t h a t  of  
t h e  surface  o r  of  an e levated  l aye r  i n  an opaque atmosphere. The only known 
source o f  opaci ty  above 15 pm i n  a cold atmosphere i s  pressure-induced absorp- 
t i o n  by H2. The peak of t h i s  d i f f u s e  band i s  a t  17 pm, and an o p t i c a l  depth 
of 2 w i l l  be produced by the  observed 5 km-A o f  H2 with some 15 km-A o f  N2 o r  
CH4; t he  su r face  pressure  is  around 200 mb. A s e r i e s  o f  quan t i t a t ive  green- 
house models f o r  H2-CH4 mixtures has been presented by Pollack (1973). The 
bes t  agreement with the  e a r l i e r  broadband observations was obtained with equal 
abundance and a surface  pressure  of 440 mb. Mixtures inc luding He were a l s o  
considered, but a re  hard t o  accept because of t he  rapid  escape of helium t h a t  
must occur. 

The suggestion o f  a warm s t r a tosphe re  was based on the  observed low u l t r a -  
v i o l e t  albedo, which implies t h e  deposit ion of t h e  corresponding s o l a r  energy 
a t  high a l t i t u d e s .  Since the  absorbing p a r t i c l e s  are  probably too  small t o  be 
e f f i c i e n t  i n f r a r e d  r ad ia to r s ,  they  t r a n s f e r  t h e  heat  t o  the  gas,  which then 
r ad ia t e s  i n  any ava i l ab le  v ib ra t ion - ro t a t ion  bands. The bes t  candidates a re  
t h e  fundamentals of  CHI, (7.7 pm), C2Hs (12.2 pm) , and C2H2 (13.7 pm). The 
f i r s t  two a r e  probably present  ( G i l l e t t  e t  a l . ,  1973), and da ta  a re  lacking 
f o r  t he  t h i r d .  A h e u r i s t i c  model by Danielson e t  a l .  (1973) pu t s  t h e  surface  
temperature a t  80°K; but  the  cold r ad ia t ing  l aye r  could probably be a t  some 
height  i n  an atmosphere f o r  a greenhouse model. 

The presence o r  absence of a greenhouse due t o  H2 can be decided by the  
shape of t h e  spectrum around 17 pm: a negat ive  temperature gradient  implies a 
minimum a t  t he  cen te r  of  the  band. Confirmation and extension o f  t he  band 
s t r u c t u r e  a t  sho r t e r  i n f r a red  wavelengths w i l l  a l so  be highly revealing.  A l l  
t he se  measurements appear t o  be t echn ica l ly  f eas ib l e  today, and many questions 
should be answered within a year.  

Atmospheric Escape and Recycling 

Several  authors have touched on t h e  problem of r e t en t ion  of H2 by such a 
small body as Ti tan ,  and a de t a i l ed  discussion has been given by Hunten (1973a). 
An atmosphere o f  pure H2 i s  simply unbound, and would f l y  away i n  a few hours. 
I f  a heavier  gas is present ,  it re t a rds  t h i s  l o s s ,  and a s i t u a t i o n  of " l imi t ing  
flux" i s  c lose ly  approached. The composition i s  independent o f  he ight ,  except 
i n  an ou te r  corona of H2  t h a t  matches t h e  l imi t ing  f lux  t o  t h e  esca  e l eve l .  
The f lux  depends on1 on the  mixing r a t i o ;  it i s  about 2 x 1011 cm-' s ec - I  f o r  
10% H2,  and 1012 cm-' sec-'  f o r  equal p a r t s  of Hz  with M4 o r  NI.  The l / e  time 
constant  f o r  H 2  escape is  increased t o  around a mi l l ion  years.  Thus, even though 
t r a n s i e n t  s t a b i l i t y  i s  assured,  a source equal t o  t h e  escape f lux  is  required.  
A source of even 1011 molecules cmW2 sec - I  i s  d i f f i c u l t  t o  f ind ,  and no r e a l l y  
c red ib l e  one has been suggested. Photolysis  o f  NH3 could s u f f i c e  i f  t he  surface  
were as  warm as  145OK, and i f  u l t r a v i o l e t  r ad ia t ion  could penet ra te  deep enough. 
The low u l t r a v i o l e t  albedo does not  encourage t h i s  idea .  Sources i n  t h e  i n t e r i o r  
remain e n t i r e l y  specula t ive .  



The same p r inc ip l e s  apply t o  helium, with only a s l i g h t  change i n  the  
numerical coe f f i c i en t .  Radioactive decay would be expected t o  produce a source 
of around 10' cm-2 sec - l ,  by comparison with Earth. The corresponding mixing 
r a t i o ,  with whatever heavy gas may be p re sen t ,  i s  about l o d 7 .  

McDonough and Brice (1973a, b) have pointed out t h a t  gas molecules l o s t  
from Titan do not  escape completely, but  go i n t o  o r b i t  around Saturn.  Depend- 
ing  on the  r a t e  of  l o s s  from the  r e s u l t i n g  t o r o i d  o f  H2,  t h e r e  could be a s i g -  
n i f i c a n t  recycling back t o  Ti tan ,  and a s i g n i f i c a n t  reduction i n  t h e  n e t  l o s s  
r a t e .  T i t an ' s  f i r s t  response t o  recycl ing  would be t o  bu i ld  ,up t h e  coronal 
dens i ty  t o  r e t a i n  the  same n e t  l o s s  r a t e  as  before. Thus, r a t h e r  l a rge  den- 
s i t i e s  may be required f o r  t he  to ro id ;  one rough es t imate  by Hunten gives 1 0 l 0  
~ m - ~ .  I f  such dens i t i e s  a re  permitted,  recycl ing  would g rea t ly  ease the  prob- 
lem of f inding an adequate source f o r  H2 f o r  T i t an ' s  atmosphere. The to ro id  
i s  a f a sc ina t ing  objec t  i n  i t s e l f ,  and w i l l  doubtless be discussed i n  d e t a i l  
i n  the  next  few years .  

Chemistry 

The photochemistry o f  the  atmosphere has many ramif ica t ions ,  some of 
which have been touched on above. Generally speaking, i r r a d i a t i o n  o f  CHI, i s  
sure  t o  produce more complicated organic compounds and f r e e  H2. I f  NH3 is  
present  as wel l ,  t h e  p o s s i b i l i t i e s  a r e  even g rea t e r .  I t  is not  c l e a r  t h a t  
H2 i s  produced f a s t  enough by such processes t o  explain i t s  probable l a rge  
abundance, but some production i s  a c e r t a i n t y .  A t  l e a s t  a  small production 
of N2 i s  l i k e l y  as  well .  Sagan and Khare have reported the  production of a 
brown polymer i n  labora tory  i r r a d i a t i o n s .  

On Ti tan ,  most compounds with more than 2 carbon atoms w i l l  condense, 
many of them permanently on t h e  surface .  (Or they may dissolve  i n  an ocean of 
l i q u i d  methane, i f  t h a t  unl ike ly  medium i s  present . )  The observed presence 
of a f i n e ,  dark aerosol  t o  high a l t i t u d e s  agrees well with t h i s  expectat ion.  
I t  can hardly be s a i d  t h a t  l i f e  should be expected under such circumstances; 
but "prebiot ic  molecules", which are  almost as i n t e r e s t i n g ,  should be abundant. 

An i n t e r i o r  dominated by hot  ammonium hydroxide so lu t ion  should a l so  be 
kept i n  mind as a poss ib le  medium f o r  chemistry. Radiolysis could be a source 
of gases, e spec ia l ly  H2 and N2, t h a t  could reach t h e  atmosphere. 



Chapter 2 

WORKSHOP PRESENTATIONS A N D  DISCUSSIONS 

2.1 RADIUS AND MASS OF TITAN 

D. blorrison 

Introduction 

Knowledge of t h e  radius and mass of a s a t e l l i t e  i s  fundamental t o  an 
understanding of i t s  physical  na ture .  Both q u a n t i t i e s  a re  needed t o  der ive  
the  dens i ty  and the  surface  g rav i ty ,  and the  radius  is  a l so  required f o r  t h e  
i n t e r p r e t a t i o n  of v i s i b l e ' a n d  in f r a red  photometry i n  terms of albedo and 
br ightness  temperature. Of the  two parameters, T i t an ' s  mass i s  by f a r  t h e  
b e t t e r  known. 

T i t an ' s  Mass 

T i t an ' s  o r b i t  i s  i n  resonance with t h a t  o f  Hyperion, and from i t s  per-  
turbat ions  on t h e  smal ler  s a t e l l i t e  s eve ra l  i nves t iga to r s  (e .g . ,  Eichelberger 
1911; Woltjer 1928; J e f f e r y s  1954) have determined t h a t  i t s  mass i s  1.37 x 1 0 * ~ g .  
These values have r ecen t ly  been reviewed by Kovalevsky (1970). Both from in -  
t e r n a l l y  est imated e r r o r s  and from the  agreement among d i f f e r e n t  authors using 
d i f f e r e n t  techniques of ana lys i s ,  it i s  apparent t h a t  t h e  uncer ta in ty  i n  t h i s  
mass is  only about 1%. Even i f  t he  uncer ta in ty  were seve ra l  times t h i s  value,  
the  mass would s t i l l  be one of t he  best-determined p rope r t i e s  o f  t h i s  s a t e l l i t e .  

'Tit an' s Radius 

The radius  o f  Ti tan  i s ,  i n  con t r a s t ,  a  r e a l  problem. As seen from Earth, 
t he  apparent diameter o f  t h i s  s a t e l l i t e  i s  only about 0.8 arcsec ,  and even under 
the  bes t  observing condit ions,  it is  extremely d i f f i c u l t  t o  measure t h e  s i z e  of 
such a small objec t .  The v i sua l  measurements have been reviewed and summarized 
by Dollfus (1970), and a recent  note of mine (Morrison 1973) contains some addi- 
t i o n a l  comments on these  techniques. 

The most extensive and successful  v i sua l  observations o f  t he  s i z e  of Titan 
and o the r  s a t e l l i t e s  and a s t e ro ids  o f  comparable angular dimensions have been 
made by seve ra l  French observers,  working pr imar i ly  a t  t he  Pic  du Midi Observa- 
t o ry  with te lescopes  of modest aper ture .  The two instruments most appl icable  
t o  Ti tan  are  t h e  double-image micrometer, i n  which two images o f  the  s a t e l l i t e  
a re  brought i n t o  tangency and t h e i r  separa t ion  measured, and t h e  diskmeter, i n  
which an a r t i f i c i a l  image, with adjus table  diameter, sur face  br ightness ,  and 
limb darkening, i s  v i sua l ly  compared with t h e  image of Titan.  Both instruments 
have y ie lded diameters t h a t  a r e  highly reproducible,  but t he  sys temat ic  e r r o r s  
are  extremely d i f f i c u l t  t o  evaluate .  Older, and s l i g h t l y  l e s s  reproducible,  
observations have a l so  been made with f i l a r  micrometers a t  a  number o f  observa- 
t o r i e s .  
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In hrts review o f  a l l  t hese  da t a ,  Dollfus (1970) f inds  a mean diameter i n  
arcsec  of 0.703 rt .10 f o r  t h e  f i l a r  micrometer measurements, o f  0.700 + .07 f o r  
t h e  diskmeter measurements, and of 0.700 rt .06 f o r  t h e  double-image micrometer 
measurements. The r e s u l t i n g  physical  diameter is  4850 + 300 km. I f  poss ib l e  
sys temat ic  unce r t a in t i e s  a re  allowed fo r ,  t h e  ac tual  uncer ta in ty  i n  t h i s  value 
i s  almost ce r t a in ly  l a rge r ,  amounting t o  a t  l e a s t  10%. 

Some ca l ib ra t ion  of poss ib l e  e r r o r s  i s  provided by recent  very p rec i se  
measurements of t he  s i z e s  of t he  Gali lean s a t e l l i t e s  10 and Ganymede, derived 
from timings of occul ta t ions  of s t a r s  by t h e  s a t e l l i t e s .  Since typ ica l  angular 
motions of s a t e l l i t e s  and a s t e ro ids  are  <0.05 arcsec /sec ,  a  timing p rec i s ion  
of 0.1 s e c  y i e lds  a prec is ion  qf ~ 0 . 0 0 5  arcsec  i n  t h e  s i z e ,  which i s  a t  l e a s t  
an order-of-magnitude gain over t h e  bes t  v i sua l  measuremenes. The p r a c t i c a l  
requirements are  t h a t  the  s t a r  be no more than about two magnitudes f a i n t e r  
than the  occul t ing  object  and t h a t  t he  occul ta t ion  be predic ted  s u f f i c i e n t l y  
i n  advance t o  permit s eve ra l  photometric te lescopes  t o  be i n s t a l l e d  i n  the  
zone-of v i s i b i l i t y .  Both o f  these  requirements have been discussed i n  d e t a i l  
by O'Leary (1972). On 14 May 1971 10 occulted t h e  5th-magnitude s t a r  B Scorpi i  C. 
Photoelec t r ic  observations from four  observing p a r t i e s  give a radius ,  on the  
assumptiton t h a t  10 is  sphe r i ca l ,  of  1830 rt 2 km (Taylor 1972). I f  t h e  s a t e l l i t e  
has t h e  f igure  expected f o r  a t i d a l l y  and r o t a t i o n a l l y  d i s t o r t e d  f l u i d ,  t he  mean 
radius  is  1818 + 5 km (O'Leary and van Flandern 1972). In June 1972, an occulta-  
t i o n  by Ganymede of an 8th-magnitude s t a r  was timed by th ree  observing p a r t i e s .  
From these  da ta ,  Carlson e t  a l .  (1973) give a radius  of 2635 km. The occul ta-  
t i o n  radius  of 10 is 4% l a r g e r  than the  value given by Dollfus (1970) and t h a t  
of  Ganymede i s  5% smaller;  t h e r e  i s  thus no ind ica t ion  of major sys temat ic  
e r r o r s  i n  t h e  v i sua l ly  derived r a d i i  of t hese  two s a t e l l i t e s .  

I t  i s  not c l e a r  whether the  high accuracy of t he  v i sua l  measurements of  
10 and Ganymede w i l l  apply as  well t o  Ti tan ,  which i s  smal ler ,  has much lower 
surface  br ightness ,  and may, i n  consequence of i ts  atmosphere, have substan- 
t i a l l y  g r e a t e r  limb darkening. The absence of an o p t i c a l l y  th i ck  atmosphere 
on any o the r  small objec t  makes at tempts t o  c a l i b r a t e  t he  T i t an  observations 
against  those  of o the r  s a t e l l i t e s  somewhat questionable.  An a l t e r n a t i v e  com- 
par ison might be with Neptune: here,  t h e  occu l t a t ion  diameter (Freeman and 
~ ~ n ~ g  1970) i s  l a r g e r  than t h e  v i sua l  one by ~ 0 . 0 7  arcsec,  suggesting t h a t  
limb darkening may indeed a f f e c t  t he  v i sua l  techniques. 

S t e l l a r  Occultat ion Measurements 

I  th ink  we could a l l  agree t h a t  t he  observation of an occul ta t ion  of a 
s t a r  by Titan would be extremely valuable,  both f o r  determining an accurate 
radius ,  and, even more, f o r  t he  study of i t s  atmosphere, as  discussed by Veverka 
(Chapter 3). I f  an occu l t a t ion  of a s t a r  of  8th magnitude o r  b r i g h t e r  were pre-  
d i c t ed ,  even with only a warning of a few weeks, then every e f f o r t  should be 
made t o  obta in  good pho toe lec t r i c  photometry. I  note,  however, t h a t  occul ta-  
t i o n s  even of s t a r s  o f  magnitude 9 o r  10 could be used t o  measure the  radius .  
The problem here  i s  t h a t  our  uncer ta in ty  i n  t h e  pos i t ions  of s t a r s  t h i s  f a i n t  
precludes accurate p red ic t ion  of events.  In p rac t i ce ,  an occu l t a t ion  w i l l  be 
predic ted  only i f  t he  s t a r  i s  i n  the  SAO cata log ,  which i s  by no means com- 
p l e t e  a t  t h i s  magnitude l e v e l .  We should se r ious ly  consider t h e  value of a 
program of photographically examining the  sky ahead of Ti tan  i n  order  t o  pre-  
d i c t  occul ta t ions .  In order  t o  take  advantage of t hese  predic t ions ,  it w i l l  



a l so  be necessary t o  have observers with h igh-qual i ty  por table  pho toe lec t r i c  
photometers who a re  wi l l i ng  t o  t r a v e l  on shor t  no t i ce  i n t o  t h e  zone o f  v i s i -  
b i l i t y  of  t he  occu l t a t ion ,  which w i l l  be, o f  course, about 5000 km wide. A 
modest l eve l  of  funding f o r  such a program could be a very good investment. 

Summary 

I t  i s  apparent from the  preceding discussion t h a t  t h e  radius  of Ti tan  i s  
not well  known ,a t  present ,  and t h a t  t h e  uncer ta in ty  i n  t h e  radius  produces very 
s u b s t a n t i a l  uncer ta in ty  i n  t h e  dens i ty  (proport ional  t o  and i n  su r face  
g rav i ty ,  albedo, and thermal luminance ( a l l  dependent on r 2 ) .  I suggest t h a t ,  
f o r  convenience, we a l l  agree on a radius  o f  2500 km, which i s  a good round 
number. This value is  3% l a r g e r  than the  value based on the  v i sua l  measure- 
ments, as i n t e rp re t ed  by Dollfus (1970), and i s  2% smal ler  than  the  value used 
by seve ra l  recent  i n f r a r e d  inves t iga to r s  (Morrison e t  a l .  1972; G i l l e t t  e t  a l .  
1973; Joyce e t  a l .  1973). 1 would a l s o  adopt an uncer ta in ty  (possibly op t imis t i c )  
i n  t h i s  radius  o f  ? lo%.  With t h i s  radius  and t h e  known mass, t h e  dens i ty  o f  Titan 
i s  2.1 + 0.6 g cm-3 and t h e  acce le ra t ion  of g rav i ty  a t  t h e  surface  is  145 ? 30 
cm s - ~ .  Presumably t h i s  radius  r e f e r s  t o  approximately t h e  cloud l eve l ,  and i f  
t he  clouds a re  a long way above t h e  surface ,  t h e  mean dens i ty  o f  t he  s o l i d  body 
of t h e  s a t e l l i t e  w i l l  be higher.  For many inves t iga t ions ,  it i s  c l e a r  t h a t  a  
more accura te  value of t he  r ad ius  would be useful .  This work was supported i n  
p a r t  by NASA grant  NGL 12-001-057. 

Danielson: Depending on the  d e t a i l s  of  t he  model, t h e  limb darkening on Titan 
could be e i t h e r  g rea t e r  o r  smal ler  than on t h e  Gali lean s a t e l l i t e s ,  so  t h e  sense 
of t h e  correc t ion  i s  not  necessa r i ly  t o  increase  the  radius  o f  Ti tan .  

Veverka: Gordon Taylor of  the  Br i t i sh  Nautical Almanac Office has made a search 
f o r  occul ta t ions  o f  s t a r s  i n  t h e  SAO cata log  by Titan f o r  about t he  next f i v e  
years ,  and none are  indica ted .  Thus we a re  unl ike ly  t o  have a r e a l l y  high- 
q u a l i t y  event soon, although occu l t a t ions  of s t a r s  too  f a i n t  t o  be i n  t h e  SAO 
cata log  but s t i l l  b r igh t  enough t o  provide a good radius  determination may take  
place.  An a l t e r n a t i v e  means of measuring t h e  diameter o f  Titan is  by high-speed 
photometry of occul ta t ions  of Titan by the  Moon. There w i l l  be a favorable  event 
of t h i s  type i n  March 1974, and I in tend t o  observe it. 

Morrison: How accurate do you th ink  the  diameters from lunar  occu l t a t ions  w i l l  
be? 

Veverka: I  have no t  worked it out i n  d e t a i l ,  but c e r t a i n l y  t o  a g r e a t e r  accuracy 
than we now have -- perhaps t o  a few tens  of ki lometers.  Also, these  accu l t a -  
t i ons  are  frequent,  s o  a number of events could be observed t o  r e f i n e  t h e  values.  



2.2 INFRARED PHOTOMETRY AND SPECTROPHOTOMETRY OF TITAN 

D. Morrison 

In t roduct ion  

I  would l i k e  t o  begin t h i s  discussion o f  radiometric measurements of  Ti tan  
with a b r i e f  h i s t o r i c a l  review. Since t h e  discovery by Kuiper (1944) o f  CH4 
bands i n  t h e  spectrum of t h i s  s a t e l l i t e ,  it has been known t h a t  Ti tan  possesses 
an atmosphere, but following t h e  d iscuss ions  by Kuiper (1944, 1952), it has been 
assumed u n t i l  r ecen t ly  t h a t  t h i s  atmosphere i s  very tenuous, with a surface  pres-  
su re  of only a few mi l l i ba r s .  Such an atmosphere, as we know from t h e  example of 
Mars, has only rel 'at ively minor e f f e c t s  on t h e  su r face  tempkrature, at: l e a s t  i n  
t h e  hemisphere fac ing t h e  Sun. Thus, it was expected t h a t  t h e  mean temperature 
on t h e  day s i d e  o f  Ti tan  would be approximately t h a t  of  a hemisphere i n  equ i l ib -  
rium with t h e  in so la t ion .  ) A t  T i tan ' s  d is tance  from the  Sun, t he  maximum such 
temperature, corresponding t o  a blackbody fac ing t h e  Sun, i s  127°K. For an 
objec t  with the  bolometric Bond albedo o f  Ti tan ,  which is ,  according t o  Younkin 
(1973), ,equal  t o  0.27, t h e  maximum equil ibrium subsolar  temperature i s  116°K. 
The corresponding disk-averaged i n f r a r e d  br ightness  temperature would be about 
0.92 times t h i s ,  o r  107°K. These temperatures a re  a few degrees lower than 
those t h a t  would have been computed a few years  ago, pr imar i ly  as  a r e s u l t  o f  
t he  h igher  bolometric albedo adopted here ;  t h e  f i r s t  authors t o  measure T i t a n ' s  
radiometric temperature i n  f a c t  expected t o  f ind  110 5 T 2 115°K (Low 1965; 
Allen and Murdock 1971; Morrison e t  a l .  1972). 

Recent observations i n  a number of a reas  have changed these  expectat ions 
and have increased t h e  s ign i f i cance  of radiometric measurements of  Ti tan .  Most 
i n f l u e n t i a l  has been the  work of Trafton (1972a, b ) ,  who discovered s p e c t r a l  
evidence f o r  H2 on Titan and presented an important reanalys is  of  Kuiper's CH4 
observations as well  as  o f  his'own. The r e s u l t  of  t h i s  work l a s  t o  suggest 
t h a t  t h e  su r face  pressure  on Titan i s  s u b s t a n t i a l l y  higher,  o f  t he  order  o f  
0.1 atm. A t  t he  same time, polar imetr ic  s tud ie s  by Veverka (1973) and Zel lner  
(1973), as  well  as  severa l  discussions o f  t he  low u l t r a v i o l e t  albedo o f  t h i s  
s a t e l l i t e ,  showed t h a t  t h e  atmosphere of Ti tan  contains o p t i c a l l y  th i ck  clouds 
and r a i sed  the  p o s s i b i l i t y  t h a t  an extens ive  and spect roscopica l ly  unobserved 
atmosphere extends t o  grea t  depths below the  cloud layer .  An atmosphere of 
t h i s  magnitude might be expected t o  moderate va r i a t ions  of surface  temperature 
s o  t h a t  t h e  in f r a red  br ightness  temperature o f  Titan would approach t h a t  of  an 
isothermal objec t  o f  i t s  albedo and d is tance  from the  Sun, which is  TB 2 84°K. 

Recent Radiometric Measurements 

With t h i s  background, we now t u r n  t o  the  i n f r a r e d  observations,  which 
have provided many su rp r i se s  during the  pas t  3 years .  The f i r s t  observers t o  
note  t h e  anomalously high in f r a red  br ightness  temperature of Titan were Allen 
and Murdock (1971), who obtained a temperature of 125 ? 2 " ~  i n  a band from 10 
t o  14 vm (nominally 12.4 pm). Since they had expected a maxicinum br ightness  
temperature of %11S0K, Allen and Murdock concluded t h a t  t h e r e  was l i k e l y  t o  
be a greenhouse e f f e c t  on Titan t h a t  increased t h e  observed 12.4-micron f lux  
by a f a c t o r  of  about 2 over t h e  equil ibrium l eve l .  An e a r l i e r  br ightness  tem- 
pe ra tu re  of 132 ? 5°K i n  t h e  8- t o  14-micron b%nd published without comment by 
Low (1965) was cons is tent  with t h i s  suggestion.  



I 

The ac tual  magnitude of t he  change i n  br ightness  temperature with wave- 
length,  and hence of t he  pos tu la ted  greenhouse e f f e c t ,  became apparent with 
the  pub l i ca t ion  o f  addi t ional  observations i n  t h e  in f r a red .  Morrison e t  a l .  
(1972), observing i n  a broad band from 16 t o  28 tlm (nominally 20 pm) found a 
temperature o f  93 5 ~ O K ,  almost as low as  t h e  equil ibrium temperature f o r  an 
isothermal s a t e l l i t e .  They f u r t h e r  documented t h e  range of observed tempera- 
t u r e s  by quoting unpublished observations by G i l l e t t  and Forres t  t h a t  y ie lded 
a disk temperature of 134 rt: Z°K a t  11 pm and 144 f 3OK a t  8.4 pm. They assumed 
t h a t  t he  temperature i n  t h e  atmosphere inc reases  with depth and concluded t h a t  
t he  only abundqnt gas t h a t  could provide the  indica ted  grea t  opaci ty  i n  the  20- 
micron band toge the r  with an opacity decreasing from 12 t o  8 pm i s  H2 a t  su f -  
f i c i e n t  pressure  t o  induce translational-rotaGional t r a n s i t i o n s .  Further,  s ince  
t h e  bulk of t h e  r a d i a t i o n  from such a cool body i s  a t  wavelengths between about 
15 and 50 pm, they noted t h a t  t h i s  l a rge  opaci ty  i n  t h e  20-micron band would 
r e s u l t  n a t u r a l l y  i n  a greenhouse e f f e c t .  They the re fo re  argued f o r  a massive 
hydrogen atmosphere with surface  pressure  of hundreds of mi l l i ba r s  and surface  
temperatures ,150°K (see aljso Cruikshank and Morrison 1972). A t  t he  same time, 
ca l cu la t ions  by Sagan and Mullen (Sagan 1973) indica ted  t h a t  a pure hydrogen 
greenhouse on Titan i s  capable of generating surface  temperatures h igher  than 
200 '~ .  These arguments f o r  a massive greenhouse e f f e c t  have been developed 
extens ively  by Pollack (1973) and Sagan (1973) and have encouraged pub l i c  in-  
t e r e s t  i n  T i t an  as a poss ib le  abode o f  l i f e .  

A grea t  improvement i n  t h e  s p e c t r a l  r e so lu t ion  of radiometric measurements 
has now been achieved by G i l l e t t  e t  a l .  (1973), who have observed Titan a t  8 wave- 
lengths between 8 and 13 pm with a cooled Til ter-wheel  spectrometer having a reso- 
l u t i o n  A X / X  = 0.015. These narrow-band data ,  t oge the r  with seve ra l  broad-band 
measurements i n  the 8-13 pm band, reveal  s u b s t a n t i a l  s t r u c t u r e  i n  the  thermal 
spectrum, suggestive o f  l i n e  emission. Such s t r u c t u r e  was not  predic ted  by the  
greenhouse models (Pollack 1973), but it i s  cons is tent  with the  hot  atmosphere 
model r ecen t ly  proposed by Danielson e t  a l .  (1973) as an a l t e r n a t i v e  t o  the  
greenhouse models. 

One addi t ional  i n f r a red  measurement of Ti tan  has been made, a t  4.9 pm by 
Joyce e t  a l .  (1973). The mail1 cons t i t uen t s  suggested f o r  the  atmosphere of 
Ti tan  -- CHI.,, NH3, H z ,  and N2 -- have no absorption bands a t  t h i s  wavelength, 
so t h a t ,  as ide  from poss ib l e  cloud opaci ty ,  a temperature a t  4.9 pm might be 
expected t o  be characterist j2c of t h a t  near  t h e  surface  o f  t h e  s a t e l l i t e .  Joyce 
e t  a l .  d id  no t  de t ec t  4.9-micron r ad ia t ion  from Ti tan ,  but  s e t  an upper l i m i t  -- 
of  190°K. Their  observation a l so  r e s t r i c t s  t h e  4.9-micron albedo of Ti tan  t o  
a value o f  l e s s  than 0.5. 

A l l  of  these  observed temperatures are  summarized i n  Table 2-1, ca te-  
gorized as  narrow-band and broad-band measurements. 

In t e rp re t a t ions  

The tempecuures shown i n  Table 2-1 c l e a r l y  show the  l a rge  amount of; 
information contained i n  the  in,frared observations,  information tha t  can be 
used t o  d i s t ingu i sh  among models. Pollack and Danielson discuss these  ,obser- 
va t ions  i n  d e t a i l  r e l a t i v e  t o  t h e i r  respect ive  models. I w i l l  simply make a 
few q u a l i t a t i v e  remarks here about t he  observations.  The most s t r i k i n g  fea- 
t u r e  of t hese  da t a  i s  t he  increase  i n  temperature from 20 um t o  8 um. This 



Table 2-la.  Titan Narrow-Band Measurements ( G i l l e t t  e t  a l .  1973) 

Table 2-lb. Titan Broad-Band Measurements 

AUTHORS 

Joyce et al. (1973) 

Gillett et al. (1973) 

Low (1965) 

Gillett et al. (1973) 

Gi 1 lett et a1 . (1973) 
Allen & Murdock (1971) 

Morrison et al. (1972) 



t rend can be understood i n  terms of e i t h e r  of  two very d i f f e r e n t  temperature 
regimes. The f i r s t  assumes, perhaps influenced by our experience with Venus 
and t h e  Jovian p l ane t s ,  t h a t  t he  temperature increases  with depth. In t h i s  
case, t h e  20-micron temperature corresponds t o  a level  high i n  the  atmosphere, 
and t h e  shorter-wavelength values t o  lower l eve l s .  Then the  opaci ty  must be 
much g rea t e r  i n  the  20-micron band, and one i s  led  na tu ra l ly  t o  pressure-induced 
H2 absorption,  a high surface  pressure ,  and a l a rge  greenhouse e f f e c t .  The sec- 
ond model, as  suggested by Danielson e t  a l .  (1973), assumes t h a t  t h e r e  i s  a tem- 
pera ture  invers ion  i n  the  atmosphere. In t h a t  case,  one seeks opacity sources 
i n  t h e  10-micron band, where t h e  hot  atmosphere i s  r ad ia t ing ,  while t he  20-micron 
temperature i s  more l i k e l y  t h a t  of  t he  surface .  Such a model does not requi re  
e i t h e r  high temperatures o r  high pressures a t  t h e  surface  o f  Ti tan .  

Perhaps t h e  most s t ra ight forward  way t o  d i s t ingu i sh  between these  models 
would be t o  measure the  surface  temperature from microwave observations,  where 
the  opaci ty  of even a massive atmosphere and clouds i s  expected t o  be very small .  
Such observations have been attempted r ecen t ly  by Briggs and Drake a t  Cornell 
with t h e  NRAO in ter ferometer  a t  a wavelength o f  3.75 cm. I have been t o l d  by 
Briggs t h a t  they  have not  succeeded i n  separa t ing  the  f lux  dens i ty  of Ti tan  from 
the  noise  and from the  much l a r g e r  f lux  dens i ty  o f  Saturn. Much of t he  d i f f i -  
cu l ty ,  as  it tu rns  ou t ,  is due t o  poor ephemerides of Ti tan .  I t  i s  r a t h e r  i r o n i c  
t h a t  we are  prevented from measuring t h e  surface  temperature o f  Titan only by an 
inadequate knowledge o f  i t s  o r b i t .  However, I f e e l  t h a t  t h i s  e f f o r t  t o  observe 
Titan a t  microwave frequencies i s  a very promising l i n e  of research ,  and t h a t  
it may well provide us with t h e  bes t  means t o  confiim o r  r e f u t e  t h e  greenhouse 
models i n  the  next  year  o r  two. 

Another highly promising avenue f o r  research l i e s  i n  obta in ing improved 
spectrophotometry i n  the  8- t o  14-micron band and i n  the  17- t o  28-micron band. 
The means now e x i s t  t o  obtain an excel lent  spectrum from 8 t o  14 pm with a reso- 
l u t ion  o f  ~ 1 0 0 ,  and i t  i s  probable t h a t  i n  another year i t  w i l l  be poss ib le  t o  
achieve a resolu t ion  o f  s20 i n  t h e  20-micron band. In the  20-micron band, va r i -  
a t ions  of br ightness  temperature with wavelength due t o  va r i a t ions  i n  t h e  opacity 
of HS and CHI, a re  predic ted  by Pol lack ' s  (1973) model, but not  by Danielson e t  a l .  
(1973). A t  t h e  s h o r t e r  wavelengths a l so ,  t hese  two models p red ic t  d i f f e r e n t  
spect ra .  

I would l i k e  t o  note  here  t h a t ,  no matter  what the  model, Titan must emit 
most of  i t s  thermal r ad ia t ion  between 15 and 50 pm and (barr ing  an i n t e r n a l  
heat  source) ,  t h e  brightness temperature over t h i s  spec t r a l  region must average 
about 84OK, the  e f f e c t i v e  temperature. Thus, I would expect no r e a l l y  b i g  sur-  
p r i s e s  from, f o r  ins tance ,  a broad-band measurement a t  35 pm. In the  10-micron 
region,  i n  con t r a s t ,  only a small f r a c t i o n  of t h e  t o t a l  thermal energy is  emit- 
t ed ,  even a t  br ightness  temperatures of 150°K. As a consequence, these  tempera- 
t u re s  a re  not  cofistrained t o  be near  t he  e f f e c t i v e  temperature of Ti tan ,  and 
t h e i r  wavelength va r i a t ions  can y i e l d  valuable information on the  temperature 
s t r u c t u r e  of t he  atmosphere. 

Summary 

In summary, t he  wide va r i a t ion  i n  in f r a red  br ightness  temperature o f  Titan 
has, together  with t h e  spectroscopic and polar imetr ic  s tud ie s ,  been l a rge ly  re-  
sponsible f o r  t he  grea t  i n t e r e s t  i n  Ti tan .  The o r i g i n a l  explanation of t hese  



temperatures was i n  terms o f  a  greenhouse e f f e c t ,  but t h a t  i n t e r p r e t a t i o n  i s  
now being challenged. Further radiometric observations,  both i n  the  inf rared  
and a t  microwave frequencies,  appear t o  provide the  bes t  prospects f o r  d i s -  
t inguishing among competing models within t h e  next year o r  two. 

Pollack: I  be l ieve  I  can give some f u r t h e r  input on the  prospects f o r  addi t ional  
observations.  G i l l e t t  i s  planning t o  make much more extensive spectrophotometric 
measurements i n  the  8- t o  13-micron region,  and I  agree t h a t  could he lp  e l iminate  
some of t he  ambiguitZes between Danielson and myself. In addi t ion ,  I  think it 
i s  very important t o  search f o r  s t r u c t u r e  due t o  pressure-induced bands a t  longer 
wavelengths. In t h a t  regard,  Houck and I  a r e  hoping t o  make use of t h e  NASA 
C-141 airborne te lescope t o  take  a  look i n  t h e  16- t o  60-micron region.  

Sagan: A few days ago I  t a lked  t o  Briggs and Drake about t h e i r  microwave obser- 
va t ions  and asked them s p e c i f i c a l l y  i f  they could 'set an upper l i m i t  now t o  t h e  
f lux  dens i ty  of Titan.  I  was t o l d  they could c e r t a i n l y  exclude br ightness  tem- 
pera tures  of 300°K o r  higher,  but t h a t  without a  r e f ined  ephemeris, they  were 
no t  su re  how much lower they would be able  t o  go. 

I  would a l s o  l i k e  t o  ask i f  t he re  a re  any plans f o r  high a l t i t u d e  observa- 
t i o n s  i n  t h e  5- t o  8-micron region,  from a i r c r a f t ,  balloons,  o r  perhaps space- 
c r a f t ?  I t  i s  j u s t  t e r r i b l y  exc i t i ng ,  t h i s  increase  i n  temperature as  t h e  wave- 
length ge t s  s h o r t e r  and s h o r t e r ,  and it c e r t a i n l y  would be i n t e r e s t i n g  t o  get  
beyond t h e  atmospheric cut -of f  a t  8  um. 

Morrison: I  don ' t  know of any plans,. Since Titan i s  f a i n t  and i s  so  c lose  t o  
Saturn,  a  subs t an t i a l - s i zed  te lescope and very good point ing  w i l l  be required.  
Perhaps something could be done from the  C-141 i n  t h a t  wavelength range. But 
we should remember t h a t ,  even i f  t he  br ightness  temperature i s  going up, the  
ac tua l  i n f r a r e d  f lux  dens i t i e s  a re  dropping very f a s t  as one gets  t o  wavelengths 
s h o r t  of  8 pm. 

Danielson: I  would think t h a t  s h o r t e r  than 8  um you would p r i n c i p a l l y  be exam- 
i n i n g  the  CHI, i n  t h e  Ti tan  atmosphere. You would l ea rn  something about t he  
temperature s t r u c t u r e  i n  t h e  upper atmosphere, but I  don' t  th ink  you would be 
learning anything more fundamental than t h a t .  



2.3 TITAN'S SPECTRUM AND ATMOSPHERIC COMPOSITION 

L. M.  Trafton 

Morphology of T i t an ' s  Near-Infrared Spectrum 

T i t an ' s  spectrum is  remarkable both f o r  i t s  s i m i l a r i t y  and i t s  d i s s imi l a r -  
i t y  with the  spectrum of Saturn.  The s i m i l a r i t y  shows up i n  the  low re so lu t ion  
spec t r a  o f  t he  two objec ts  and a l so  a t  very high resolu t ion  where the re  is  a  
p a r a l l e l  microstructure i n  the  s p e c t r a l  f ea tu re s  o f  both ob jec t s .  A t  i n t e r -  
mediate resolu t ion ,  however, t h e r e  are  gross d i f ferences  i n  t h e  sense t h a t  
T i t a n ' s  bands appear r e l a t i v e l y  washed out .  The cen te r  o f  the  s t rooges t  bands 
are f i l l e d  i n  and t h e  wings a re  enhanced i n  s t r eng th .  The f i r s t  t h r e e  f igu res  
i l l u s t r a t e  these  c h a r a c t e r i s t i c s .  

Figure 2-1 shows t h e  re4  and near- inf rared  spec t r a  o f  Ti tan ,  Saturn,  and 
t h e  Rings. The Ring spectrum showsothe t e l l u r i c  andosolar  absorption f ea tu res .  
The r e so lu t ion  element i s  about 17 A. oTi tan ' s  7250 A methane band is  weaker 
than Saturn ' s  band as i s  T i t an ' s  6000 A methane band, but l e s s  so. On t h e  
o the r  hand, t he  weak 7000 A methane band may be s t ronge r  i n  T i t an ' s  spectrum. 
There i s  a l so  a  not iceable  widening of T i t an ' s  bands compared t o  Saturn ' s .  This 
widening i s  r e l a t i v a l y  small i n  t h i s  s p e c t r a l  region. Spect ra  o f  Titan and 
Saturn i n  t h e  8900 A methane complex, r a t ioed  to, t h e  spectrum of Saturn ' s  Rings 
t o  remove sola,r and t e l l u r i c  f ea tu res ,  a r e  shown i n  Figure 2-2. The cen te r  of  
T i t an ' s  8900 A band i 2  markedly f i l l e d ,  t h e  8600 A band is  f i l l e d  t o  a  l e s s e r  
degree, but  t he  8400 A band ac tua l ly  i s  s t ronge r  i n  T i t an ' s  spectrum than i n  
Saturn ' s  spectrum. This f igu re  a l s o  shows the  p a r a l l e l  microstructure c l ea r ly .  
Many small-scale f ea tu res  i n  T i t an ' s  spectrum a l so  appear i n  Saturn ' s .  Figure 
2-3 shows the  s p e c t r a  of T i t an ' s  and Saturn ' s  one-micro! methane complex r a t ioed  
t o  Sa tu rn ' s  Rings. The wavelength range is about 9500 A t o  1.1 micron. Again, 
there  i s  a  p a r t i a l  washing out  of  T i t an ' s  spectrum with respect  t o  Sa tu rn ' s  as 
well as a  p a r a l l e l  microstructure.  The long wavelength wing i s  enhanced i n  
T i t an ' s  spectrum more than the  wing a t  s h o r t e r  wavelength. The 3v3 methane 
band i s  v i s i b l e  on t h e  r i g h t .  

Figure 2-4 shows a  b e t t e r  representa t ion  of t he  1 .1  micron spectrum f o r  
Saturn,  Ti tan ,  and Uranus r a t ioed  t o  t h e  Rings. The 3v3 band c l e a r l y  i s  absorb- 
ing  much more s t rongly  i n  T i t an ' s  spectrum than i n  Saturn ' s  spectrum. The Q 
branch i s  v i s i b l e  i n  each of t hese  spec t r a  as well  as t h e  R and P  branches. 
There i s  a  progressive increase  of absorption i n  t h i s  sequence. The lo s s  of 
con t r a s t  presumably r e s u l t s  from the  f i l l i n g  i n  of t he  continuum by overlapping 
l i nes .  The Q branch is  shown a t  higher r e so lu t ion  (6.6 1) i n  Figure 2-5. On t h e  
l e f t ,  t h e  whole f ea tu re  appears with t h e  R(0) manifold f o r  Saturn.  On t h e  r i g h t ,  
t he  cen t r a l  region of t h i s  f e a t u r e  is  depicted f o r  Saturn ' s  South cen t r a l  merid- 
i an ,  Ti tan ,  and Saturn ' s  equator,  respect ive ly .  Note the  increased absorption 
going toward t h e  limb of Saturn. According t o  t h e  loca l  continuum, the  equiv- 
a l e n t  width of T i t a n ' s  Q branch i s  about 2/3 t h e  equivalent  width of t h a t  f ea tu re  
i n  Saturn ' s  spectrum. 

The Bulk of T i t a n ' s  Vis ib le  Atmosphere 

Observations of t h e  R(5) manifold of t h e  3v3 band are  shown i n  Figure 2-6. 
The f i r s t  two s p e c t r a  a re  of Saturn and t h e  Ring. The l a t t e r  reveals  only a  weak 
water absorption f ea tu re .  There follow th ree  independent observations o f  f i t a n  
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Figure 2-1. Comparative spectra of Saturn's Rings, Titan and the center 
of Saturn's disc in A6200 - A7250 1 CHq bands. After Trafton 
(1973a). Reprinted from Icarus, 21:in press, with permission -- 
of Academic Press, Inc. All rights reserved. 
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Figure 2-2.  Comparative spect ra ,of  Saturn and Titan r a t ioed  t o  the  
Rings f o r  t he  8900 A CH4 complex. 
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Figure 2-3. Comparative spec t ra  o f  Ti tan  and Saturn r a t ioed  t o  t h e  
Rings a t  t h e  1-micron CH4 complex. 



WAVELENGTH 
Figure 2-4. Comparative spect ra  of Titan.  Saturn 's  south cen t ra l  meridian. 

and-Uranus a l i  r a t ioed  t o   atu urn's Ring spectrum i n  the  vic in-  
i t y  of t h e  3v3 CHq band a t  1.1 pm. Note the  s t rength  of T i t an ' s  
absorption. After Trafton (1973a). Reprinted from Icarus,  
21:in press ,  with permission of Academic Press,  Inc. A l l  r i g h t s  - 
reserved. 

21 



Figure 2-5. Comparative spectra of the Q branch (X1105) of the 3v3 CH,, 
band for Titan and Saturn. (a) Saturn at low latitudes. The 
R(0) manifold (X11037) is visible here. (b) Narrow scans of 
the Q branch. The Saturn scans were taken with the slit set 
along the central meridian and excluded the Rings. After 
Trafton (1973a). Reprinted from Icarus, 2:in press, with 
permission of Academic Press, Inc. All rights reserved. 
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Figure 2-6. Comparative spec t ra  of the  R(5) manifold (X10973) of the  3v3 CH,, 
band. The f i r s t  spectrum is  taken along Saturn's south c e n t r a l  
meridian. The r i n g  spectrum shows the  s t rength  and posi t ion of 
t e l l u r i c  H20 absorption. The next three  spect ra  a r e  e n t i r e l y  
independent observations of Ti tan 's  R(5) manifold. The l a s t  
spectrum is  the  summation of these  divided by the  Ring spectrum 
t o  eliminate t h e  t e l l u r i c  absorption. The f i r s t  channel of the  
Ring spectrum corresponds p rec i se ly  t o  the  f i r s t  channel of the  
following Titan spectrum. After Trafton (1973a). Reprinted 
from Icarus ,  =:in press ,  with permission of Academic Press,  
Inc. . A l l  r i g h t s  reserved. 
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taken on d i f f e r e n t  days; t hese  agree f a i r l y  wel l .  The sum of these  observations 
r a t ioed  t o  t h e  Ring spectrzm i s  shown on the  r i g h t .  The equivalent  width of t he  
manifold i s  j u s t  over one Angstrom. 

This r e s u l t  i s  a  c r i t i c a l  one because from it I  conclude t h a t  a  c l e a r  gas 
cannot expla in  the  washing out  of  T i t an ' s  methane bands. There are  four  l i n e s  
which make upo th i s  fea ture ,  so  a  lower l i m i t  f o r  t he  equivalent  width of one of 
themois 250 mA. Thei r  Doppler width a t  t h i s  wavelength and a t  90°K i s  about 
11 mA. Figure 2-7 shows a  curve of growth f o r  a  Lorentz l i n e  which is  Doppler 
broadened. The ordinate  i s  e s s e n t i a l l y  t h e  log  of t h e  equivalent  width o f  a  
l i n e  i n  u n i t s  of  t h e  Doppler width and t h e  absc issa  is e s s e n t i a l l y  the  l i ne -  
s t r eng th  abundance product i n  u n i t s  of  t he  Doppler width. A purely Doppler 
p r o f i l e  would q u a l i t a t i v e l y  explain t h e  washing out o f  the  bands of Titan.  
Features i n  t h e  square-root  regime, however, would have too large  a  va r i a t ion  
of t h e  equivalent  width with mean l i n e  s t r eng th  t o  explain t h e  washing out  
of T i t a n ' s  bands. To e s t a b l i s h  T i t a n ' s  regime, note  t h a t  t h e  lower l i m i t  f o r  
t h e  equivalent  width t o  Doppler width r a t i o  f o r  one of t he  l i n e s  of T i t a n ' s  
R(5) manifold is  23. This corresponds t o  1.36 on the  ordinate  of Figure 2-7, 
well  above the  Doppler l i m i t  f o r  any p l aus ib l e  range of condit ions i n  T i t an ' s  
atmosphere, so  Doppler e f f e c t s  cannot wash out these  spec t r a l  fea tures .  This 
should a l so  be t r u e  f o r  T i t an ' s  s t ronge r  bands s ince  the  l i n e  dens i ty  appears 
not  t o  exceed 7  times t h a t  f o r  the  v g  methane band. In t h i s  region o f  the  
diagram, t h e  Lorentz domain, t h e  absorption i s  given e s s e n t i a l l y  by the  pres-  
s u r e  abundance product. Sa tu rn ' s  R(5) manifold i s  on the  po in t  of i n c i p i e n t  
s a tu ra t ion .  Thus, throughout t he  e n t i r e  range of physical  condit ions encom- 
passing those  of Saturn ' s  and T i t a n ' s  atmospheres, t h e  l i n e  absorption is  
given e s s e n t i a l l y  by the  pressure-abundance product. 

The f a c t  t h a t  the  absorption i n  T i t a n ' s  spectrum i s  s i m i l a r  t o  the  absorp- 
t i o n  i n  Saturn ' s  spectrum ind ica t e s  t h a t  T i t a n ' s  smal ler  atmospheric pressure  
must be compensated by g r e a t e r  gaseous abundances. This i s  t h e  fundamental 
reasoning f o r  my upward revis ion  by more than an order  of  magnitude of the  
amount of gas i n  T i t a n ' s  v i s i b l e  atmosphere. The column abundance is  a t  l e a s t  
2 km-A o f  gas o r  25 times t h a t  f o r  Mars. A pure methane atmosphere corresponds 
t o  2  km-A of gas a t  10 m i l l i b a r s  e f f e c t i v e  pressure  ( the  "surface" pressure  
would be 20 mi l l i ba r s ) .  Because the  absorption f ixes  the  pressure-abundance 
product, one could equally well  explain t h e  observation with l e s s  methane by 
adding another gas. For example, i f  t h e r e  were only 100 meter-A of methane on 
Titan and t h e  mean molecular weight of  t he  atmosphere were 16, then the re  would 
have t o  be about 20,000 meter-A of some unknown gaseous cons t i tuent .  

For 2  km-A of gas above T i t a n ' s  clouds, t he  r a t i o  of f u l l  width a t  ha l f  
maximum t o  Doppler width (d) is 0.6. The curve of growth f o r  t h i s  value has 
a  s l i g h t  i n f l e c t i o n  i n  it which could con t r ibu te  t o  washing out  spec t r a l  fea- 
t u r e s  only f o r  a  small  range of l i n e  s t r eng ths .  The value of t he  equivalent  
width a t  t h i s  i n f l e c t i o n  i s  s t i l l  l i k e l y  t o  be too low f o r  t he  s t rong methane 
bands, but  even f o r  those  bands which might be s i t ua t ed  i n  t h i s  domain, t he  
washing out  from t h i s  s l i g h t  i n f l e c t i o n  w i l l  be small .  This p i c t u r e  of T i t an ' s  
band absorption is  thus  se l f -cons is tent .  

Danielson: On the  question of t he  abundance, t he  t o t a l  width o f  the  band - 
never mind the  washing out - does t e l l  you something about abundances, does it 
not?  Presumably the  l i n e s  of methane t h a t  cont r ibute  t o  the  ou te r  wings of t he  
band are  weaker because i t  takes  more methane t o  exc i t e  them. Have you ever  
t r i e d  t o  s e t  any l i m i t s  on t h a t ,  o r  i s  that .where you get  your 2 km-A? .. 

24 



- 
tI LOG - 

- 
17s LOG - 
a~ 

Figure 2-7. The curves of growth f o r  a Lorentz l i n e  which is  Doppler broadened. 
W is  t h e  equivalent width, c t ~  is  t h e  Doppler width, Q i s  t h e  a i r -  
mass f ac to r  and S i s  the  mean l i n e  s t rength .  The parameters rep- 
r e sen t  t h e  r a t i o  of t h e  f u l l  width of ha l f  maximum t o  t h e  Doppler 
width (d l .  The dot  denotes a t y p i c a l  l i n e  of Saturn ' s  R(5) CHI+ 
manifold; t h e  dashed l i n e  is  t h e  lower l i m i t  t o  t h e  equivalent 
width of T i t a n ' s  R(5) manifold. 



Trafton:  No. Temperature w i l l  a l s o  a f f e c t  t he  band widths s o  t h a t  e x i s t i n g  
labora tory  data,  which are  obtained a t  room temperature, would not  be useful  
f o r  abundance est imates.  Comparison with Saturn ' s  CHI+ bands is  complicated 
by poss ib ly  d i f f e r e n t  regimes i n  t h e  curve o f  growth f o r  t he  ou te r  wings. 

Pollack: Ames i s  now measuring t h e  absorption o f  methane a t  d i f f e r e n t  tempera- 
t u re s .  What spectrum did you use t o  ge t  your 2  km-A? 

Trafton:  In my o r ig ina l  paper, I  used t h e  Q branch of the  3v3 band, but  now I 
use the  l e s s  ambiguous R(5) manifold. The r e s u l t s  e s s e n t i a l l y  agree. 

Pollack: Do you mean t o  say  you know t h e  s t r eng th  o f  the  given l i n e  and then 
you go through the  t h e o r e t i c a l  ca lcula t ion  t o  ge t  i t s  equivalent  width? I s  
t h a t  how you do i t ?  

Trafton:  In  essence, t h i s  i s  what I did. 

Ddnielson: Have you not  already emphasized t h a t  t h e  continuum i n  a l l  t hese  
p l ane t s  i s  s o  poorly known t h a t  a l l  kinds o f  th ings  could happen j u s t  due t o  
t h e  continuum absorption? 

Trafton:  I think we do s e e  the  continuum i n  the  v i c i n i t y  of these  bands I am 
t a l k i a g  about. T$e continuum geometric albedo i s  very f l a t  i n  t he  range from 
7500 A t o  10,000 A and i s  about 0.36 t o  0.40. 

Spectroscopic Evidence f o r  H2 

Spectroscopic evidence t h a t  H2 i s  l i k e l y  t o  be a  major cons t i tuent  of 
T i t an ' s  atmosphere i s  shown i n  Figures 2-8 through 2-11. They show s p e c t r a  o f  
Titan i n  t h e  region o f  t h e  (3-0) overtone o f  Hg. Figures 2-8 and 2-9 show t h e  
S(0) and S ( l )  f ea tu re s  fox t h e  1970 appar i t ion ,  with a  s l i t  giving a  resolu t ion  
element o f  a  t h i r d  of an Angstrom. On the  l e f t  of  Figure 2-8, a  summation of 3 
observations is  shown and on t h e  r i g h t  a  four th  observation o f  i n f e r i o r  q u a l i t y  
owing t o  a  l a r g e r  a i r  mass i s  added t o  these  three .  The arrows point  t o  the  
predic ted  pos i t i on  of the  hydrogen f ea tu res  on Titan.  They d i f f e r  from the  
pos i t i on  of Saturn because o f  t h e  Doppler s h i f t  a r i s i n g  from t h e  o r b i t a l  motion 
o f  Titan.  The disturbance i n  t h e  continuum, which shows up i n  both these  spec- 
t r a ,  agrees with t h e  predic ted  pos i t i on  wi th in  t h e  r e so lu t ion  element of  t he  
s l i t .  

Figures 2-10 and 2-11 show the  S(O) and S ( l )  l i n e s  obtained during t h e  
1972 appar i t ion  using a  new experimental se tup .  We used a  more s e n s i t i v e  photo- 
m u l t i p l i e r  tube having a  GaAs photocathode and an eche l l e  i n s t ea9  of t h e  usual 
gra t ing .  The resolu t ion  element was reduced t o  a  qua r t e r  o f  an Angstrom. These 
d a t a  depic t  s ing le  observations r a t h e r  than  summations of a  number o f  separa te  
observations.  F inal ly ,  t h e  smoothing technique was a  l e s s  subjec t ive  one, 
optimized from the  modeling o f  t he  power spect ra .  
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Figure 2-8. (a) Summation of t h e  th ree  Titan observations having the  l e a s t  
a i r  mass and covering t h e  s p e c t r a l  neighborhood of t h e  3-0 S(1) 
H2 l i n e .  The scans a r e  superposed i n  Ti tan 's  reference frame,o 
and the  dispersed posi t ions  of weak s o l a r  CN and S i  l i n e s  (4 mA) 
and a weak t e l l u r i c  H20 l i n e  a r e  indicated.  The spec t ra l  resolu- 

7 t i o n  AX and twice the  expected standard deviation 20 a r e  marked. 
The lower arrow points  t o  t h e  wavelength where S(1) absorption 
would. occur. (b) Similar t o  (a) except t h a t  a l l  four observa- 
t ions  a re  summed. After Trafton (197213). Reprinted from 
Astrophys. J . ,  =:288, with permission of The University of 
Chicago Press. O 1972. The American Astronomical Society. 
A l l  r i g h t s  reserved. Printed i n  U.S.A. 
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Figure 2-9. Summation of three  Titan observations covering the  spec t ra l  neigh- 
borhood of the  3-0 S(0) H2 l i n e .  The scans a r e  superposed i n  
Ti tan 's  reference frame, and the  dashes indicate  the  dispersed 
posit ions of the  weak so la r  CN and t e l l u r i c  H20 l ines .  The 
spec t ra l  resolut ion A X  and twice the  expected standard devia- 
t i o n  20 a r e  marked. The arrow points t o  the  wavelength where 
S(0) absorption would occur. The increased s t rength of the  
weak t e l l u r i c  H20 fea tu re  r e s u l t s  from the higher mean a i r  mass 
and absolute humidity. After Trafton (1972b). Reprinted 
from The Astrophys. J . ,  E : 2 8 8 ,  with permission of The 
University of Chicago Press. O 1972. The American Astro- 
nomical Society. A l l  r i g h t s  reserved. Printed i n  U.S.A." 
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Figure 2-10. The 3-0 S(0) H2 l i n e  f o r  Titan during the  1972 appar i t ion .  
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Figure 2-11. The 3-0 S(1) H2 l i n e  f o r  Ti tan  du.ring the  1972 appar i t ion .  
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The arrows i n  Figures 2-10 and 2-11 show t h e  predic ted  wavelengths and t h e  
l i n e s  show the  pos i t i ons  o f  t he  H2 absorption f ea tu res  i n  Saturn ' s  spectrum. The 
S(1) l i n e  exh ib i t s  a n o i s i e r  spectrum a s  one can a l so  see  from t h e  white noise  
level  i n  the  power spectrum. Because of t he  increased noise ,  t h e  smoothing is  
heavier  than f o r  t he  S(0) l i n e .  Nevertheless, t h e r e  i s  an absorption f ea tu re  a t  
t he  pos i t i on  of t he  arrow. The locat ion  i s  i n  b e t t e r  agreement with the  pre-  
d i c t ed  pos i t i on ,  which i s  more Doppler s h i f t e d  than f o r  t he  S(0) l i n e .  The 
absorptions appear t o  be q u i t e  r e a l .  These two l i n e  f ea tu res  suggest a hydro- 
gen abundance of about 5 km-A, assuming t h a t  they indeed a r i s e  from hydrogen. 
Their  t e n t a t i v e  i d e n t i f i c a t i o n  r e s t s  pr imar i ly  on the  coincidences i n  wave- 
length f o r  t he  two fea tures .  

Spectroscopic Evidence f o r  Another Gas 

Additional spectroscopic evidence o f  T i t an ' s  atmospheric composition 
e x i s t s  i n  the  anomalous enhancement of t h e  absorption i n  the  long wavelength 
wing of t he  1-micron methane band. Figure 2-12 shows d i s t i n c t  djgferences 
between Sa tu rn ' s  spectrum and T i t an ' s  spectrum a t  resolu t ion  6.6 A. The most 
prominent d i f ference  occurs f o r  t he  f ea tu re  a t  1.053 um. I t  shows up very  
c l e a r l y  i n  Uranus ' spectrum. 

One can f ind  o the r  Ti tanian  absorption f ea tu res  which a l s o  show up i n  
Uranus' spectrum and which are  e i t h e r  undetectable i n  Saturn ' s  spectrum o r  are  
only marginally de tec table .  The 1.05 t o  1.07 um region of t h e  spec t r a  of 
these p l ane t s  i s  shown with r e so lu t ion  element 4 .4  8 i n  Figure 2-13. This 
f igu re  shows q u i t e  4 number of f ea tu re s  i n  the  spectrum of Titan which a r e  
confirmed i n  t h e  spectrum of Uranus but which a re  not  v i s i b l e  i n  the  spectrum 
of Saturn.  As f a r  as such f ea tu res  i n  T i t a n ' s  spectrum a re  concerned, T i t an ' s  
atmosphere resembles Uranus' a  l o t  more than i t  resembles Sa tu rn ' s .  I t  sup- 
po r t s  t h e  concept of a deep atmosphere f o r  t h e  p l ane t .  

Acetylene can be excluded as t h e  source of these  f ea tu res .  Whether they 
a r i s e  from o the r  l i g h t  hydrocarbons such as  ethylene o r  ethane remains unan- 
swered because the re  i s  almost nothing i n  t h e  l i t e r a t u r e  on the  spec t r a  o f  
these  molecules between 1 and 2 pm. I so top ic  methane i s  a very good candidate 
f o r  t h i s  absorber because i s o t o p i c  absorptions a r e  s h i f t e d  t o  t h e  long wave- 
length p a r t s  of  t h e  CHI, band. I f  t hese  f ea tu res  a r i s e  from the  photolys is  of  
CH4, I think the re  would be d i f f i c u l t i e s ,  becadse you would have t o  explain i t s  
absorption i n  t h e  atmosphere of Uranus, where most of  t h e  methane should be 
frozen out i n  the  upper layers .  Also, I cannot r u l e  out t h e  p o s s i b i l i t y  t h a t  
these  f ea tu res  a r i s e  from very weak methane t r a n s i t i o n s  which do not show up 
as  s t rongly  i n  Saturn ' s  spectrum because the  amount of methane v i s i b l e  i n  
Saturn ' s  atmosphere is l e s s .  I n  t h i s  event,  t hese  f ea tu res  by themselves would 
imply more than an order  of magnitude more methane i n  T i t a n ' s  v i s i b l e  atmosphere. 

Sagan: Regarding your i s o t o p i c  explanation,  a r e  the  i so top ic  r a t i o s  you need 
i n  order  t o  give the  observed l i n e  s t r eng ths  cons is tent  with, say ,  t e r r e s t r i a l  
p l ane t s?  

Trafton:  That ' s  a  good pa in t .  I haven' t  ca l cu la t ed  it. 



Figure 2-12. Comparative spectra of Titan, yranus, Saturn's south central 
meridian, and the Moon from 1.05 11 to 1.07  uncorrected for 
vignetting. The resolution element is 6.6 81. The lines repre- 
sent the optimally smoothed spectra and the pluses denote the 
data. Two observatipns per object were,required to cover this 
range. Titan's spectrum includes a number of strong features 
which are marginally visible in Saturq's spectrum and quite 
pronounced in Uranus' spectrum. After Trafton (1973a). 
Reprinted from Icarus, =:in press, with permission of - 
Academic Press, Inc. All rights reserved. 



Figure 2-13. Comparative spectra for the 1.05 pm to 1.07 pm region for a 4.0 
resolution element. These data were obtained during the latest 
apparition and have been normalized to the white light spectrum 
to remove vignetting effects. Titan's spectrum shows unequivo- 
cally the reality and strength of features hardly visible in 
Saturn's spectrum. The unidentified gaseous constituent respon- 
sible for these absorption features causes Titan's spectrum to 
approxim!te the spektrum of Uranus far better than the spectrum 
of Satgrn. The visible abundance of this constituent may be much 
greater than that visible-in Uranus' deep atmosphere owing to the 
probable saturation of th6 spectral features in Titan's spectrum 
and the low pressures. This $oints to a deep atmosphere for 
Titan. The unidentified feiiture at 1.057 pm must be of gaseous 

' origin'fn orkler to produce this spectral variation. After 
  raft on' (1973a). Reprinted from Icarus, 21 :in press, with -- 
permission'of Academic Press, Inc. All rights reserved. 



Sagan: But you could a t  l e a s t  s e e  whether you're o f f  by 2 orders  o f  magnitude. 

Hunten: The t rouble  with t h a t  is  t h a t  very of ten  t h e  t r a n s i t i o n  p r o b a b i l i t i e s  
f o r  v ib ra t ion - ro t a t ion  bands a re  gross ly  d i f f e r e n t  f o r  i s o t o p i c  forms; again 
the  r e a l  need is  f o r  l o t s  of lab da ta .  

Sagan: But su re ly ,  it would be astounding i f ,  l e t ' s  say,  t h e  C12/13 r a t i o  of 
Ti tan  were o f f  by seve ra l  orders  of  magnitude from what it i s  i n  comets and 
t h e  Earth.  I agree you have t o  use t h e  r i g h t  laboratory da t a .  

Your point  about it being unl ike ly  t h a t  t he  absorber i s  a photolys is  
product is  because it i s  i n  Uranus' atmosphere, where you have t o  go p r e t t y  
deep i n  order  t o  ge t  o p t i c a l  depth uni ty ,  i s n ' t  i t ?  

Trafton: Yes, deep i n  the  H2 t o  ge t  op t i ca l  depth uni ty  i n  t h e  CH4. 

Sagan: Have you ca l cu la t ed  t h a t ?  I mean, how does it work out  quan t i t a t ive ly?  

Trafton:  No, I d id  not  do a quan t i t a t ive  analys is .  One r e a l l y  should do t h i s  
accounting f o r  t he  temperature p r o f i l e  including the  e f f e c t  of  a temperature 
invers ion  i n  the  upper l aye r s  of Uranus' atmosphere. 

Sagan: Also, i f  it were a simple hydrocarbon other  than methane, how would 
you understand t h a t  except by photolys is?  

Trafton: Could t h e r e  be o the r  ways t h a t  hydrocarbons could be formed o the r  
than photolys is ,  perhaps i n  chemistry of t h e  i n t e r i o r ?  

Spectroscopic Evidence f o r  High-Altitude Dust 

The remaining b i t  of  spectroscopic evidence concerning T i t i n '  s atmospheric 
composition i s  t h e  anomalous u l t r a v i o l e t  (UV) absorption.  The r e l a t i v e  r e f l ec -  
t i v i t v  of Ti tan  i s  very c lose  t o  t h a t  of Saturn i n  t h e  s p e c t r a l  range 3000 t o  
4500 1, as  is shown i n  Figure 2-14. This i s  an i n t e r e s t i n g  r e s u l t  because the  
amount of gas i n  T i t a n ' s  atmosphere should produce a marked brightening i n  the  
u l t r a v i o l e t  from Rayleigh s c a t t e r i n g .  Because the  r e f l e c t i v i t y  i s  c lose  t o  , 
t h a t  of Saturn ' s  Ring f o r  a l l  wavelengths i n  t h i s  region ( the  value a t  3000 A 
i s  uncer ta in  because of s t rong  t e l l u r i c  absorption),  one concludes t h a t  t h e r e  
i s  no t r a c e  of Rayleigh s c a t t e r i n g  a t  a l l .  This i nd ica t e s  t h a t  t he re  i s  a 
s t rong amount of UV opacity high i n  T i t an ' s  atmosphere obscuring the  deeper 
gases. The geometric albedo as a function of wavelength o f  Titan i n  t h i s  p a r t  
of t h e  spectrum i s  shown i n  Figure 2-15. F e  c r o s s e s ~ d e p i c t  b4cCord's da ta ;  he 
now disclaims t h e  d iscrepant  poin t '  a t  3000 A. 



TITAN I RINGS 4 

Figure 2-14. Ratio spec t ra  of Titan vs.  Rings, 9/27/72 and 1/12/73. 
After Barker and Trafton (1973). Reprinted from Icarus,  
20:in press ,  with permission of Academic Press,  Inc. 
A l l  r i g h t s  reserved. 



Figure 2-15. Relative r e f l e c t i v i t y  and geometrzcal albedo of Titan. Reflec- 
t i v i t y  normalized t o  1 .0  a t  4330 A. Symbols: s o l i d  curve, 
9/27/72; dashed l i n e ,  1/12/73; $, McCord e t  a l .  (1971). Geo- 
metr ica l  albedo of 0.094 + 0.012 measured 4255 A. After 
Barker and Trafton (1973). Reprinted from Icarus,  20:in 
press,  with permission of Academic Press, Inc. ~ l l r i ~ h t s  
reserved. 
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Any homogeneous model atmosphere explaining Ti tan '  s  u l t r a v i o l e t  albedo 
implies a  UV absorber having a  very l a rge  v a r i a t i o n  with wavelength, even more 
than t h a t  f o r  Rayleigh s c a t t e r i n g .  Axel (1972) was able  t o  expla in  J u p i t e r ' s  
anomalous UV absorption i n  terms of a  f i n e  dus t ;  t h a t  is,  an e n t i t y  which he 
def ines  a s  nonscat ter ing  and varying inverse ly  a s  t h e  wavelength. This i s  the  
case f o r  p a r t i c l e s  small compared t o  t h e  wavelength of l i g h t  when the  complex 
index of r e f r a c t i o n  does not  vary  with wavelength. Because of t h e  success of 
t h i s  model with J u p i t e r ,  an i n t e r e s t i n g  ques t ion  is  whether one can a l s o  explain 
t h e  phenomenon of T i t a n ' s  UV absorption i n  terms of such a  dus t .  This i s  pos- 
s i b l e  onl-y when t h e r e  i s  an appropr ia te ly  inhomogeneous d i s t r i b u t i o n  of t h e  dus t  
i n  T i t a n ' s  atmosphere. I f  t h e  gas dens i ty  f a l l s  o f f  more r ap id ly  than t h e  dus t  
dens i ty  with height ,  it is  poss ib l e  t o  explain t h e  wavelength va r i a t ion  of t h e  
monochromatic UV albedo. I  approximate t h i s  condit ion by a  uniform dust  l aye r  
overlying a  l aye r  which cons i s t s  of a  mixture of a  f i n e  dust and a  Rayleigh 
s c a t t e r i n g  atmosphere. The ca l cu la t ions  ind ica t e  t h a t  sur face  albedo versus 
wavelength i s  qu i t e  compatible with what one f inds  f o r  the  o the r  s a t e l l i t e s  
of  t h e  s o l a r  system. For a  gray cloud underlying t h e  dust l aye r ,  an opposite 
extreme f o r  t h e  underlying atmosphere, t h e  ca l cu la t ions  are  a l s o  i n  f a i r  agree- 
ment with t h e  data.  This UV opacity appears t o  be compatible with the  observed 
albedo. 

Veverka: What phase angles d id  you make these  observations a t ?  

Trafton:  4 .5  degrees. 

Veverka: In the  u l t r a v i o l e t  t h e  phase coe f f i c i en t  i s  q u i t e  appreciable and 
you could be o f f  by as  much a s  7 % .  

Trafton:  Then the  da t a  should be so  corrected.  

Morrison: And what radius did you use? 

Trafton:  I  used the  radius  of 2550 ki lometers .  

Danielson: We have done some ca l cu la t ions  with dus t  absorbing a s  h - 3  mixed 
uniformly i n  an atmosphere and, i n  addi t ion ,  t h e  surface  albedo decreasing with 
wavelength and you can make t h e  f i t  t h a t  way a l s o .  With t h a t  kind of model, 
you can f i t  one o r  two km-A of Rayleigh s c a t t e r i n g  methane. 

Sagan: What i s  the  op t i ca l  depth of t h a t  model, say, a t  5000 L? 

Danielson: The op t i ca l  depth o f  t he  dust  is  about 0 . 2 ,  and t h e  Rayleigh s c a t -  
t e r i n g  is  somewhat l e s s  than t h a t .  



Sagan: Then you're seeing t h e  surface  very wel l .  

Trafton:  I  used t h e  cons t r a in t  t h a t  t h e  o p t i c a l  depth a t  0.3 um is a t  l e a s t  
0.45 f o r  Rayleigh s c a t t e r i n g  alone. In o the r  words, I s e t  a  lower l i m i t  t o  
t he  th ickness  o f  t h e  atmosphere. 

Danielson: I f  dust i s  defined as  something t h a t  absorbs as  1 / A ,  then  it seems 
a very r e s t r i c t e d  de f in i t i on .  I t s  complex index must be independent o f  wave- 
length f o r  t h a t  t o  happen; otherwise,  you can get  anything. 

Veverka: The point  i s ,  you use dust  t o  mean anything t h a t  s c a t t e r s  as  1 / A  t h e  
way you want it, with no p a r t i c u l a r  resemblance t o  anything r e a l .  

Trafton:  Yes. My purpose is t o  see  i f  one can explain T i t a n ' s  phenomenon with 
t h e  same dus t  theory t h a t  Axel used t o  explain J u p i t e r ' s .  

Sagan: I t  seems t o  me the  requirement f o r  an absorbing p a r t i c l e  high i n  the  
atmosphere is  a very r e s t r i c t i v e  one i n  t h e  sense t h a t  a l o t  o f  boundary con- 
d i t i o n s  a re  being forced upon you. For example, it seems un l ike ly  t h a t  t he  
source would be below because of t he  t ransparent  atmosphere underneath the  
dus t .  I t  looks as  i f  your dust  would have t o  be made up the re  a t  t he  top  of 
t he  atmosphere and, i f  t h a t  i s  the  case,  it looks very much l i k e  a photochemi- 
ca l  process.  

Trafton:  Yes, but it is  i n t e r e s t i n g  t o  note t h a t  t h e  shape of Saturn ' s  Ring 
spectrum i n  the  u l t r a v i o l e t  i s  so  c lose  t o  t h a t  of  T i t an ' s  t h a t  t he  same process 
may be opera t ing  on the  p a r t i c l e s  o f  Sa tu rn ' s  Rings. 

Sagan: I s  it poss ib l e  t h a t  a l l  of t h i s  i s  s o l i d  s t a t e  chemistry and doesn' t  
involve the  gas phase very much a t  a l l ?  

Trafton:  Very poss ib le .  

Veverka: You should add 10 t o  t h e  list, because the  spectrum of 10 is very 
l i k e  t h a t  of  Sa tu rn ' s  Rings. 

Spectroscopic Evidence f o r  an Elevated Cloud Layer 

Turning now t o  an i n t e r p r e t a t i o n  of t he  morphology of Ti tan ' s  i n f r a r e d  
spectrum, I  i nd ica t e  how these  d a t a  imply a cloud l a y e r  above most of  T i t an ' s  
methane. Such a cloud would most l i k e l y  be frozen methane p a r t i c l e s ,  i n  which 
case a temperature nea r  90°K would appear nea r  i t s  base. Furthermore, t h e r e  
would be a temperature gradient  a t  i t s  lower boundary s o  t h a t  a greenhouse 
e f f e c t  would be indica ted  i n  t h e  lower atmosphere. This i s  no t  necessa r i ly  



i n  cont radic t ion  with the  temperature invers ion  observed a t  high a l t i t u d e s  s ince  
t h e  l e v e l s  of t h e  atmosphere i n  question are  very d i f f e r e n t .  The l eve l  of t he  
12-micron emission appl ies  t o  o p t i c a l  depth un i ty  i n  t h i s  f ea tu re ,  while op t i ca l  
depth un i ty  i n  t h e  v i sua l  methane bands i s  probably much deeper because these  
bands a r e  h igh overtones and, hence, considerably weaker than t h e  fundamental. 
Some account must be made, however, of t he  r e l a t i v e  band s t r eng th  and abundance of 
of t h e  gas causing t h e  12-micron emission before  t h e  separa t ion  i n  these  l e v e l s  
can be determined. 

Since laboratory da ta  f o r  methane are  not  ava i l ab le  a t  low temperatures 
f o r  t hese  bands, I  employed Saturn ' s  spectrum along the  cen t r a l  meridian a t  
e levated  l a t i t u d e s  t o  derive the  necessary p rope r t i e s  of  t h e  methane bands. 
The absorption i n  t h i s  region should 'be  s i m i l a r  t o  the  spectrum of t h e  c l e a r  
gas,  as  absorption dominatzs t h e  s c a t t e r i n g  process here.  Goody's random band 
model applied t o  the  8900 A and 1 I.lm complexes provided the  r e l a t i v e  absorption 
s t r eng ths  a s  a  function of wavelength by assuming t h a t  these  bands a re  sa tu ra t ed  
i n  t h e  sense t h a t  they l i e  on t h e  square root  p a r t  of t h e  curve of growth. I  
have already shown above ' tha t  t h e  c l e a r  gas model of  T i t a n ' s  atmosphere does no t  
work. S imi lar ly ,  my attempts t o  f i t  an i s o t r o p i c a l l y  s c a t t e r i n g  atmosphere t o  
T i t an ' s  bands f a i l ,  both f o r  a  f i n i t e  and a  semi - in f in i t e  atmosphere, s ince  the  
required degree of washing out  i s  simply not obtained.  Furthermore, adding an 
opacity within the  confines o f  the  band, such as  might r e s u l t  from t h e  increased 
absorption of methane p a r t i c l e s ,  does not  explain t h e  enhanced s t r eng th  o f  the  
weaker f ea tu res  i n  T i t an ' s  spectrum, even though it washes out t he  s t r u c t u r e  i n  
the  bands. In order t o  keep t h e  band centers  from becoming too  dark from the  
added opaci ty ,  one has t o  increase  t h e  volumetric s c a t t e r i n g  coe f f i c i en t  t o  re-  
duce the  s c a t t e r i n g  mean f r ee  path.  This reduces t h e  s p e c i f i c  abundance of t h e  
gas and weakens the  f ea tu res  i n  the  continuum, so t h i s  model must be r e j ec t ed .  

The only model which I have found which works is  the  inhomogeneous one 
cons is t ing  of a  high cloud l aye r  overlying most of t h e  methane i n  the  atmos- 
phere. I  assume the  cloud t o  be  gray and the  s c a t t e r i n g  coe f f i c i en t  t o  be 
cons tant  over each band. I n t u i t i v e l y ,  t h i s  model works because t h e  p a r t i c l e s  
high i n  T i t a n ' s  atmosphere w i l l  r e f l e c t  back a  f r a c t i o n  of t h e  s o l a r  f l u x  
before  the  methane can absorb it.  This w i l l  f i l l  i n  a l l  bands uniformly, but 
t h e  most apparent r e s u l t  w i l l  be t o  f i l l  i n  t h e  centers  of t h e  s t rong bands. 
I f  t h e  o p t i c a l  depth of t h i s  haze l aye r  is  not  too l a rge ,  t he  absorption i n  
t h e  deeper l aye r s  w i l l  be v i s i b l e .  By making t h e  c l e a r  l aye r  below t h e  cloud 
l aye r  deep enough, one can enhance t h e  s t r eng th  of t h e  weak f ea tu res  t o  an 
a r b i t r a r y  f r a c t i o n  of t h e  s t rong ones. Therefore,  t h i s  model appears t o  be 
s a t i s f a c t o r y .  

Pollack:  As I  understand it, you're saying t h a t  t h e  s c a t t e r i n g  model f i t s  
t hese  bands and the  continuum albedo va r i e s  across t h e  band, i s  t h a t  r i g h t ?  

Trafton:  I  take t h e  "continuum albedo" constant  over t h e  band but  add a  gray 
background opacity within the  confines o f  t h e  band. I  do not  l e t  it vary 
across t h e  band although, i n  r e a l i t y ,  i t  probably would vary by some degree 
i f  it a rose  from, say, absorption i n  s o l i d  methane. The only way t o  g e t  t he  
semi - in f in i t e  s c a t t e r i n g  model t o  give the  required washing out  is t o  include 
t h i s  background opacity,  but we a r r i v e  a t  a  cont radic t ion  by doing t h a t  s ince  
the  increase  i n  s c a t t e r i n g  required t o  keep t h e  band centers  from becoming 
too dark causes o the r  f ea tu res  t o  be too weak. 



Rasool: Could the  dust be i n  t h e  form of i c e ?  Can you have l i qu id  p a r t i c l e s  
i n  the  cloud layer?  What do you mean when you day "dust" -- l i qu id  o r  so l id?  

Trafton:  When I  say  "dust", I  am t a l k i n  about t he  u l t r a v i o l e t  opacity which 
occurs a t  wavelengths s h o r t e r  than 4000 1 . In t h e  in f r a red ,  t h e  high cloud 
l aye r  no longer looks l i k e  a dust  layer ,  but l i k e  a s c a t t e r i n g  l aye r .  I  assume 
t h a t  i t s  u l t r a v i o l e t  opacity va r i e s  as  1/A, t o  see  i f  Titan can be explained 
with t h e  model Axel used f o r  Jup i t e r .  

Pollack: Did I  understand you t o  say  t h a t  t h e  1 um observation indica ted  sca t -  
t e r i n g  as  well as absorption,  i s  t h a t  co r rec t ?  

Trafton: Yes. I  be l ieve  t h e  continuum albedo a t  1 pm i s  about 0.36 t o  0.39. 

Danielson: Can you summarize the  key reason o r  reasons why t h e  washing out  of  
t he  bands cannot be explained by t h e  f a c t  t h a t  l i n e s  on Titan must be q u i t e  
narrow? It seems t o  me the  washing out of t h e  bands i s  a  very important p a r t  
of  t he  argument t h a t  you need f o r  a s c a t t e r i n g  l aye r .  I f  t h a t ' s  t r u e ,  your 
explanation w i l l  do i t ,  but it may not be unique. 

Trafton: I  be l ieve  you do need i t ' b e c a u s e  the  l i n e s  a re  so  s t rong t h e i r  Doppler 
cores a re  e s s e n t i a l l y  black.  Any f u r t h e r  absorption depends on the  absorption in 
t h e  Lorentz wings. 

Danielson: But t h e r e  may be spaces between the  l i nes .  

Trafton: However, growth i n  absorption comes from the  Lorentz wings; t h i s  w i l l  
no t  wash out t h e  s t r u c t u r e  of t he  bands. 

Danielson: But doesn ' t  t h a t  mean they make it black between the  cores? 

Trafton:  No. The observed lower l i m i t  t o  t h e  equivalent  width of T i t a n ' s  R(5 )  
manifold, a  r e l a t i v e l y  weak f ea tu re ,  implies t h a t  t he  absorption i n  the  cen te r  
of  i t s  l i n e s  i s  black; any f u r t h e r  absorption must t he re fo re  occur i n  the  
Lorentz wings. The curve of growth i n  t h i s  regime w i l l  be the  square root 
asymptote, which has a r e l a t i v e l y  s t eep  s lope .  You can ' t  explain washing out 
of  t he  cont ras t  with a s lope  t h a t  s t eep .  You could explain it with the  shallow 
Doppler curve of growth, but  I  attempted t o  show t h a t  T i t a n ' s  physical  regime 
l i e s  above t h i s  curve s o  t h a t  t h i s  s i t u a t i o n  i s  excluded. 

Danielson: Even i n  t h a t  regime with c e r t a i n  l i n e  spacings,  you can get  a wash- 
ing  out .  Make l i t t l e  spaces b ig  enough between the  l i n e s  and you su re ly  ge t  i t .  
So, i t  takes  de t a i l ed  modeling t o  r e a l l y  e s t a b l i s h  these  f a c t s ,  doesn ' t  i t ?  



Trafton: What we a re  measuring, and ac tua l ly  accounting f o r  i n  the  anglys is ,  
is  an average of t he  rapid ly  varying monochromatic albedo over t h e  17 A reso- 
l u t ion  element of  t h e  spectrograph. Random band models, as  previously shown, 
e s t a b l i s h  t h e  r e l a t ionsh ip  between t h e  albedo i n  the  band and the  behavior 
with wavelength of t h e  mean l i n e  s t r eng th  i n  terms o f  t h e  equivalent  width 
of a mean l i n e  and t h e  curve o f  growth. 

Danielson: That 's  correc t ,  bu t  one parameter i n  the re  i s  a mean l i n e  spacing. 
This spacing must depend on t h e  t o t a l  abundance you have, because i f  you had 
much more abundance i n  the  l i n e  of s i g h t  on Ti tan ,  you would br ing  i n  f a r  more 
l i n e s  and hence the  mean l i n e  spacing would change, I suspect .  

Trafton: There i s  t h a t  p o s s i b i l i t y .  

Danielson: Your models a re  based on t h e  f a c t  t h a t  t h e  mean l i n e  spacing i s  t h e  
same f o r  Saturn and Ti tan ,  and then your ca lcula t ions  ind ica t e  t h a t  t he  c l e a r  
spaces between the  l i n e s  cannot explain the  washing out  and hence you need some 
sca t t e r ing .  

Trafton:  That i s  r i g h t .  I do assume t h a t  t h e  l i n e  spacings a re  the  same, going 
from Saturn t o  Titan a t  a given wavelength. To get  a washing out ,  one must f i nd  
t h a t  t he  r a t i o  of t h e  equivalent  width of a mean l i n e  t o  the  mean l i n e  spacing 
decreases with respect  t o  t h e  same r a t i o  when no new l i n e s  a re  added as  t h e  
abundance i s  increased.  Adding weak l i n e s  reduces t h e  mean l i n e  spacing; but 
it a l s o  reduces the  mean equivalent  width. I t  i s  not  a t  a l l  c l e a r  t h a t  t h e  
above r a t i o  should become s i g n i f i c a n t l y  l e s s .  

Note: This a r t i c l e  i s ,  i n  p a r t ,  a summary of publ ica t ions  and p rep r in t s  by - 
Barker and Trafton (1973), and Trafton (1972a, 1972b, 1973a, 1973b). 



2.4 PHOTOMETRY AND POLARIMETRY 

J. Veverka 

i 
In t roduct ion  , 

This paper i s  a  review of cu r ren t ly  ava i l ab le  information on. the  photom- 
e t r y ,  polarimetry,  and narrow-band spectrophotometry of Titan.  I t  i s  convenient 
t o  divlde the  discussion i n t o  f i v e  major ca tegor ies :  

(1) Brightness and co lo r  as  a function of o r b i t a l  pos i t i on ,  

(2)  Brightness and co lo r  as  a function of s o l a r  phase angle, 

(3) Geometric and Bond albedo, 

(4) Reflectance as  a function of, wavelength, 

(5) Polar iza t ion  as a function of s o l a r  phase angle. 

These top ic s  are  d e a l t  with i n  tu rn  i n  t h e  next f i v e  sec t ions .  The f i n a l  
s ec t ion  contains conclusions and a summary of the  b e s t ,  cu r ren t ly  ava i l ab le  da ta .  

Brightness and Color: Orbi ta l  pos i t ion  Dependence 

Titan revolves about Saturn once every 16 days. Or ig inal ly  Pickering 
(1913) announced a va r i a t ion  i n  br ightness  o f  0.24 magnitude with t h i s  period.  
Harr is  (1961), however, conclusively showed t h a t  t h i s  reported va r i a t ion  is  
spurious and i s  due t o  e r r o r s  i n  t h e  magnitudes assigned t o  comparison s t a r s .  
H i s  own measurements a t  McDonald showed no d e f i n i t e  v a r i a t i o n s  within k0.08 
magnitude i n  the  V. Nevertheless, v i sua l  observers occasionally repo-t semi- 
permanent markings on Titan ( f o r  example, Lyot, 1953) suggesting t h a t  b r igh t -  
ness  va r i a t ions  may occur. 

Accordingly, UBV observations of Titan were ca r r i ed  out on 14 n igh t s  
during t h e  1968-69 opposit ion with t h e  Harvard 16" r e f l e c t o r  (Veverka, 1970). 
A t  t h i s  s t age  it was assumed t h a t  t he  br ightness  and colors  do not  change 
s i g n i f i c a n t l y  with s o l a r  phase angle. Nine of the  observations were obtained 
during one revolution of Titan about Saturn:  from January 9 t o  January 17, 
1969. During t h i s  time the  s o l a r  phase angle changed only from 6'. 1 t o  6O.0. 
In the  V, no va r i a t ions  i n  br ightness ,  r e l a t e d  t o  o r b i t a l  pos i t i on  were found 
i n  excess of k0.04 magnitude. To about t h e  same degree of accuracy h o  var ia-  
t i o n s  i n  the  (B-V) and (V-B) colors  were de tec ted .  

S imi l a r  conclusions a re  reported by Blanco and Catalano (1971). The 
s c a t t e r  i n  t h e i r  V measurements i s  s l i g h t l y  smal ler  than t h a t  quoted above but  
t he  s c a t t e r  i n  t h e i r  (B-V) and (U-B) measurements is  g rea t e r .  Again, McCord, 
Johnson and E l i a s  (1971) found no change i n T i t a n l s  br ightness  with o r b i t a l  
phase a t  0.56 um. 

I f 



A recent  j o i n t  p ro j ec t  between the  Universi ty o f  Hawaii and Cornell 
Universi ty y ie lded high qua l i ty  photometry of Ti tan  a t  s i x  wavelengths (Noland 
e t  a l . ,  1973). Su f f i c i en t  observations were obtained t o  permit a separa t ion:  -- 
of br ightness  changes due t o  o r b i t a l  pos i t i on  from those due t o  changes i n  the  
s o l a r  phase angle. No evidence f o r  br ightness  va r i a t ions  was de tec ted  a s  i s  
apparent from the  da t a  presented i n  Table 2-2. S imi lar ly ,  t hese  da ta  do not  
show any color  changes r e l a t e d  t o  o r b i t a l  pos i t i on .  

The conclusion i s  t h a t  i f  sho r t  term changes i n  t h e  br ightness  of Ti tan  
occur, t h e i r  amplitude does not  exceed t0.02 magnitude, and they are  not  r e -  
l a t ed  t o  T i t an ' s  o r b i t a l  pos i t i on .  The p o s s i b i l i t y  of  long term (secular )  
changes i s  considered i n  Section 3. 

I f  the  atmosphere of Ti tan  is o p t i c a l l y  t h i c k ,  we would not  expect any 
va r i a t ions  i n  br ightness  with o r b i t a l  pos i t i on .  If t h e  atmosphere i s  o p t i c a l l y  
t h i n ,  then t h e  d i s t r i b u t i o n  of surface  br ightness  must be q u i t e  homogeneous, 6 

unl ike  t h a t  of o the r  Saturn s a t e l l i t e s  and of t h e  Galilean s a t e l l i t e s  o f  Jup i t e r .  
The absence of e s t ab l i shed  co lo r  changes s e t s  l i m i t s  on the  extent  and cont ras t  
of t h e  atmospheric changes reported by some v i sua l  observers. 

Brightness and Color: Phase Angle Dependence 

Important information about Ti tan  can be obtained by measuring t h e  pha:e 
coe f f i c i en t s  a t  various wavelengths. A t  small phase angles a smooth su r face  
o r  a t h i ck  Rayleigh atmosphere w i l l  have an imperceptible phase c o e f f i c i e n t  
(perhaps .002 mag/deg). A microscopically rough surface  with no overlying 
atmosphere ( l i k e  t h a t  of  t h e  Moon) w i l l  have an appreciable phase coe f f i c i en t  
(say 0.025 mag/deg). 

Since the  br ightness  of Ti tan  i s  independent of  i t s  o r b i t a l  pos i t i on ,  i t s  
apparent magnitude, reduced t o  mean opposit ion d is tance  (Harris ,  1961), can b e  
expressed as  : 

where: a .  = phase angle, 

m = magnitude a t  opposit ion,  
0 

8 = phase coe f f i c i en t  i n  u n i t s  o f  mag/deg. 

The phase coe f f i c i en t s  f o r  Ti tan  from the  Hawaii-Cornell photometry a re  
l i s t e d  i n  Table 2-3 and are  shown i n  Figure 2-16. The only o the r  determination 
of a phase coe f f i c i en t  i s  by Blanco and Catalano (1971). Although these  authors 
f i t  t h e i r  da t a  t o  a quadra t ic  expression i n  a ,  a  l i n e a r  equation y i e lds  a n ,  
equally good f i t  with B(V)  = 0.006 + 0.001. This value of t he  phase coe f f i -  
c i e n t  i s  i n  good agreement with t h e  Hawaii-Cornell data.  



Table 2-2. Orbi ta l  Brightness and Color Solar  Phase Angle Dependence 

* Upper l i m i t s  on probable amplitudes. 

WAVELENGTH 

u (0.35 urn) 

v (0.41 urn) 

b (0.47 pm) 

Y (0.55 vm) 

R '  (0.63 urn) 

I' (0.75 pm) 

Table 2-3 .  Phase Coeff ic ients  of  Ti tan  (Noland e t  a l . ,  1973) 

AI,IPLITUDE (MAG)* 

- < .018 

,018 

.006 

.010 

,015 

.015 - 

FILTER 

u 

v 

b 

Y 

R' 

I' 

WAVELENGTH 

0.35 

0.41 

0.47 

0.55 

0.63 

0.75 

PHASE COEFFICIEI'4T (HAGIDEG) 

0.014 + 0.001 

.- 0.010 2 0.001 

0.006 + 0.001 

0.005 + 0.001 

0.002 + 0.001 

0.001 c 0.001 



TITAN 

Figure 2-16. The wavelength dependence of T i t an ' s  phase coe f f i c i en t .  Af ter  
Noland e t  a l . ,  1973. -- 
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The information i n  Figure 2-16 can be used t o  s e t  l i m i t s  on poss ib l e  
Ti tan  models. Opt ica l ly  th i ck  Rayleigh s c a t t e r i n g  atmospheres can immediately 
be excluded, as can models i n  which most of  t h e  l i g h t  comes from a s o l i d  sur-  
face (Noland e t  a l . ,  1973). Furthermore l i m i t s  can a l so  be imposed on allow- 
able  cloud models (M. Noland, work i n  progress) ,  using methods s i m i l a r  t o  those  
used by Arking and Po t t e r  (1968) i n  t h e  case of Venus. 

Geometric and Bond Albedo 

Four determinations of t h e  mean opposi t ion  magnitude of Ti tan  i n  t h e  V 
a r e  l i s t e d  i n  Table 2-4. The values agree t o  f0.02, but a s l i g h t  s ecu la r  
brightening between 1961 and 1971 i s  poss ib le .  In  what follows we adopt t he  
Harr is  va lues  of t h e  UBV colors  s ince  they agree with o the r  determinations.  
Thus we have (B-V) = +1.30 and (U-B) = +0.75 reduced t o  mean opposit ion.  

The corresponding values of t he  UBV geometric albedos given by Harr is  
(1961) a re  s t i l l  v iable :  pu = 0.06; pg f 0.12; pv = 0.21. The low value of 
t h e  geometric albedo i n  the  U p laces  a l l m i t  of  ~ ( 0 . 3 6  pm) 2 0.16 on the  o p t i -  
c a l  depth of any pure Rayleigh s c a t t e r i n g  atmosphere. This upper l i m i t  can be 
lowered considerably using the  OAO-2 observations o f  Caldwell e t  a l .  (1973) 
who repor t  p (0.26 pm) = 0.05. This t r a n s l a t e s  i n t o  ~ ( 0 . 3 6  pm) ( 0.04. 

Younkin has repor ted  (p. 154) new measurements of T i t a n ' s  geometric 
albedo between 0.50 and 1.08 pm. The maximum value i s  sa id  t o  be-0.37 a t  
0.68, 0.75 and 0.83 pm. By assuming an e f f e c t i v e  phase i n t e g r a l  q = 1.3,  
cons i s t en t  with a cloudy atmosphere, he es t imates  t h e  bolometric Bond albedo 
t o  be 0.27. 

There i s  a d i f f i c u l t y  with the  geometric albedo information beyond 0.6 pm 
which must be noted. Harris  (1961) gives broad-bwd values o f  0.32 i n  t h e  R 
(0.69 pm) and 0.27 i n  the  I (0.82 pm) , whereas Younkin (1973) quotes narrow- 
band values of 0.37 near  t hese  wavelengths. That t he  values of Harr is  a r e  lower 
i s  cons is tent  with h i s  use of broad f i l t e r s  i n  a spec t r a l  region of deep absorp- 
t i o n  bands. McCord e t  a l .  (1971) at tempt t o  r e l p t e  t h e i r  narrow band measure- 
ments t o  the  V measurement of Harr is .  I f  t h e i r  t r a n s f e r  r e l a t ionsh ip  were 
accepted, t h e i r  d a t a  would imply narrow-band geometric albedos a t  0.68 and 
0.82 pm of about 0.27 and 0.21, respect ive ly ,  i n  disagreement with both Harr is  
and Younkin. 

Spect ra l  Reflectance of Ti tan  

McCord e t  a l .  (1971) measured t h e  s p e c t r a l  ref lec tance  of Titan from 0.3 
t o  1 .1  pm (Figure 2-17) and found it remarkably s i m i l a r  t o  t h e  spectrum of 
Sa tu rn ' s  equa to r i a l  b e l t .  Large methane absorption bands a re  present  i n  both 
spec t r a  beyond 0.6 Urn, and both spec t r a  show s teep  drop-offs from 0.6 t o  0.4 um. 
The s i m i l a r i t y  of t he  s p e c t r a  outs ide  the  methane bands suggests  t h a t  t h e  mate- 
r i a l  causing t h e  colora t ion  o f  t he  bands of Saturn i s  present  on Ti tan  as  well .  
Below 0.4 pm McCord e t  a l .  f i n d  t h a t  t he  s p e c t r a  d i f f e r  appreciably.  The u l t r a -  
v i a l e t  turnup i n  Saturn ' s  spectrum, probably due t o  a s i g n i f i c a n t  Rayleigh s c a t -  
t e r i n g  component, i s  absent i n  the  Ti tan  spectrum. Recent measurements by Caldwell 
e t  a l .  (1973) down t o  2600 A, and by Barker and Trafton (1973) between 3000 and - -0 
4350 A confirm t h a t  Titan is dark i n  the  UV. More recent  s p e c t r a l  r e f l ec t ance  
measurements between 0.5 and 1.08 pm have been reported by Younkin (19.73), but  
have not  been published i n  f i n a l  form. 
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Table 2-4. Mean, Opposition Magnitudes o f  Titan 

Figure 2-17. The s p e c t r a l  r e f l ec t ance  curve of Ti tan  compared wi th  t h a t  of 
Saturn ' s  equa to r i a l  b e l t ,  sca led  t o  un i ty  a t  0.56 pm. Af t e r  
McCord e t  a l .  (19711. Reprinted from The Astrophys. J . ,  165: -- 
422, with,permission of The Universi ty of Chicago Press.  
O 1971. The Univers i ty  of Chicago. A l l  r i g h t s  reserved.  
Pr in ted  i n  U.S.A. (The turn-up of t he  T i t an  spectrum a t  0.3,um 
is probably spuriotls .) 



Polar iza t ion  Phase Angle Dependence 

Veverka (1970; 1973) measured t h e  d isk- in tegra ted  po la r i za t ion  o f  Titan 
i n  white l i g h t  a t  phase angles ranging from 0°.4 t o  6O.1 during t h e  1968-69 
opposit ion.  The observed po la r i za t ion  was small ,  but p o s i t i v e  throughout t h i s  
i n t e r v a l .  By combining t h i s  f a c t  with Ti tan ' s  low geometric albedo i n  the  U, 
t h e  observations suggest a model i n  which an o p t i c a l l y  t h i n  Rayleigh atmosphere 
ove r l i e s  an opaque cloud deck. 

The observations are  shown i n  Figure 2-18. Note t h a t  Titan i s  i n t r i n s i -  
c a l l y  dark having geometric albedos o f  6 ,  12, and 20% i n  t h e  U ,  B, V ,  respec- 
t i v e l y  (Section 3). Polar iza t ion  curves o f  s o l i d  surfaces  which are  t h i s  dark 
tend t o  have well-defined negat ive  branches a t  small phase angles,  unless  those  
surfaces  a re  unusually smooth -- and t h e r e  i s  no reason t o  expect any p lanetary  
surface  t o  be o p t i c a l l y  smooth. Only f o r  surfaces  having very high r e f l ec t ances  
(say g rea t e r  than 50%) does t h e  negative branch disappear and t h e  po la r i za t ion  
curves begin t o  resemble t h a t  of  Titan.  (The disappearance o f  t he  negative branch 
i s  r e l a t e d  t o  the  f a c t  t h a t  mul t ip le  s c a t t e r i n g  within t h e  surface  achieves a dom- 
inan t  ro l e . )  

However such b r igh t  mater ia ls  cannot explain the  po la r i za t ion  curve of 
Ti tan ,  s ince  the  geometric albedo of Titan i s  very low: about 20% i n  the  v i s -  
i b l e ,  and not  60%! 

I 

I t  i s  i n s t r u c t i v e  t o  compare the  po la r i za t ioh  curve of Pi tan  with those 
of t h e  Moon, Mars, and Saturn (Figure 2-18). The comparison with Mars i s  es-  
p e c i a l l y  i n t e r e s t i n g  s ince  Mars is  s i m i l a r  t o  Titan i n  both color  and albedo. 
(According t o  Harr is ,  1961, t h e  geometric albedos f o r  Mars a re  5,  8, and 15% 
i n  the  U, B,  and V, respect ive ly .  The corresponding values f o r  Titan are  6,  
12, and 21%.) We know t h a t  Mars has an o p t i c a l l y  t h i n  atmosphere, and the  
po la r i za t ion  t h a t  we see  i n  the  v i s i b l e  i s  t h a t  of  t h e  r e l a t i v e l y  dark Martian 
surface .  The po la r i za t ion  curve of Ti tan  i s  q u i t e  d i f f e r e n t ,  and i n  f a c t  
bears a s t rong  resemblance t o  t h a t  of  Saturn,  a p lanet  which c e r t a i n l y  has an 
o p t i c a l l y  th i ck  atmosphere. 

Veverka (1973) discussed t h r e e  a p r i o r i  poss ib le  Titan models shown i n  
Figure 2-19. Model I has an o p t i c a l l y  t h i n  Rayleigh atmosphere (with poss ib ly  
an occasional  cloud) above the  t r u e  surface  o f  Titan.  Since the  geometric 
albedo o f  Titan i s  low, the  surface  must i n  t h i s  case be dark,  and we should, 
as i n  the  case of Mars, s ee  negative po la r i za t ion  a t  very small  phase angles 
(unless t h e  surface  o f  Titan i s  unusually smooth, which seems q u i t e  unl ike ly) .  
Since the  observed po la r i za t ion  i s  on t h e  cont rary  always p o s i t i v e ,  Model I 
can be el iminated.  

E i the r  of  t h e  two remaining models can explain t h e  observed po la r i za t ion  
curve. In Model 11, we have an o p t i c a l l y  th i ck  Rayleigh atmosphere (again,  with 
poss ib ly  occasional  clouds).  Calculat ions by Whitehil l  (1971) p red ic t  a disk- 
i n t eg ra t ed  po la r i za t ion  of about +0.3% a t  a phase angle of 6' f o r  t h i s  case, 
which ,is compatible wi th  the  observations.  However Model I 1  is e a s i l y  r e j ec t ed  
on photometric grounds. Since the  geometric albedo of Titan i n  the  U i s  only 
6%, the  t o t a l  o p t i c a l  th ickness  of any Rayleigh atmosphere cannot exceed ~ s 0 . 1 6  
(Evans, 1965). I n  f a c t ,  t h e  value of p(0.25 um) = 0.05 found by Caldwell e t  aZ. 
(1973) reduces t h i s  upper l i m i t  t o  ~ ( 0 . 3 6  urn),< 0.04. .This c e r t a i n l y  i s  not 
o p t i c a l l y  th i ck  and Model I1 must be r e j e c t e d . .  



P TITAN (1968-69) 

Figure 2-18. Titan measurements'compared with polarization curves of the 
Moon, Mars and 'Saturn in integrated white light (Veverka, 1973). 
The Saturn measurdments were made at the center of the disk 
and were found to be slightly variable from year to year. 
After Veverka (1973). Reprinted from Icarus, E : 6 5 9 ,  with per- 
mission of Academic Press, Inc. Copyright @ 1973 by Academic 
Press, Inc. All rights or reproduction in any form reserved. 



Figure 2-19. Schematic representation of three models of the Titan atmosphere: 
(I) optically thin Rayleigh atmosphere (RA); (11) optically 
thick Rayleigh atmosphere; (111) optically thick cloud deck. 
After Veverka (1973). Reprinted from Icarus, g:660, with per- 
mission of Academic Press, Inc. Copyright @ 1973 by Academic 
Press, Inc. All rights of reproduction in any form reserved. 



In the  l a s t  model, Model 111, we have an opaque cloud top,  above which 
t h e r e  i s  a  small amount of Rayleigh atmosphere: l e s s  than ~ $ 0 . 0 4  from the  
discussion above, a  s i t u a t i o n  s i m i l a r  t o  t h a t  which one might be expected t o  
obtain on Saturn.  (Recall t h a t  Saturn and Ti tan  have s imi l a r  po la r i za t ion  
curves.) I t  i s  a l so  i n t e r e s t i n g  t o  note  i n  t h i s  context t h a t  McCord, Johnson, 
and E l i a s  (1970), found t h a t  t h e  s p e c t r a l  r e f l ec t ance  curves of Saturn and 
Titan a re  almost i den t i ca l .  

Veverka (1973) concluded t h a t  both t h e  photometric and po la r ime t r i c  prop- 
e r t i e s  of  Titan can bes t  be explained i n  terms o f  a  Saturn- l ike  model (Model 111), 
i n  which t h e r e  i s  an opaque cloud deck over la in  by an o p t i c a l l y  t h i n  amount of 
Rayleigh atmosphere. The unusual red color  of  Titan would then be due t o  an 
absorber of blue and u l t r a v i o l e t  l i g h t  within t h e  cloud deck. This substance 
might well  be t h e  sarne.as t h a t  i n  t h e  clouds of Saturn.  

New po la r i za t ion  measurements o f  Titan i n  th ree  colors  (0.36, 0.52, and 
0.83 pm) were obtained by Zel lner  (1973) during the  1971-72 opposit ion (Fig- 
ure 2-20). They confirm and considerably improve upon the  e a r l i e r  white l i g h t  
measurements by Veverka (1970; 1973). Zel lner  concluded t h a t  h i s  observations 
"are not  cons is tent  with s c a t t e r i n g  from e i t h e r  an ordinary p lanetary  surface  
o r  a  pure molecular atmosphere. Apparently an opaque cloud l aye r  with a s t rong 
UV - absorbing cons t i tuent  i s  needed." 

Zel lner ' s  conclusions a re  i n  p a r t  based on model ca lcula t ions  using the  
Rayleigh-Chandrasekhar theory f o r  t h e  po la r i za t ion  produced by a  pure molecular 
atmosphere above a  (non-polarizing) Lambert sur face .  The observed po la r i za t ion  
and geometric albedos cannot be matched simultaneously by such models. 

Ze l lne r ' s  t h r e e  color  observations a re  unique i n  severa l  respects .  The 
0.52 pm measurements i nd ica t e  a  s teep  drop i n  the  po la r i za t ion  from 6' t o  4' 
phase, and t h e  0.36 pm measurements suggest small negative po la r i za t ions  near  
4' phase. Both c h a r a c t e r i s t i c s  a re  incons i s t en t  with Rayleigh s c a t t e r i n g  models. 

No cloud model ca l cu la t ions  have ye t  been ca r r i ed  out t o  match t h e  Titan 
po la r i za t ion  curves. But Coffeen and Hansen (1973) have analyzed Lyot's white 
l i g h t  measurements of t he  cen te r  o f  t he  disk of Saturn which resemble the  Titan 
data  ( c f .  Figure 2;18). Thus t h e  conclusions obtained f o r  Saturn can be extended 
t o  Titan (Figure 2-21). Cloud models having sphe r i ca l  p a r t i c l e s  with mean r a d i i  
of  2-3 pm s i z e  d i s t r ibu t ions  N(r) a r-2 with abrupt cut -of fs  a t  0.75 r o  and 1.25 
ro (where ro i s  the  mean p a r t i c l e  r ad ius ) ,  and indices  of r e f r ac t ion  n  = 1 .3  t o  
1.5 a t  0.55 pm match the  observations (Coffeen and Hansen, 1973). 

Summary and Conclusions 

The ava i l ab le  photometric and po la r ime t r i c  information about Ti tan  can 
be summarized as follows: 

(1) No changes i n  br ightness  o r  color  r e l a t e d  t o  o r b i t a l  pos i t i on  have 
been detec ted .  This i s  consibtent  with the  presence of an o p t i c a l l y  th i ck  
atmosphere ; 



SOLAR PHASE ANGLE 

Figure 2-20. Polar iza t ion observations of Titan. Open c i r c l e s  ind ica te  obser- 
vat ions  i n  u l t r a v i o l e t  l i g h t  (0.36 urn), f i l l e d  c i r c l e s  i n  the  
green (0.52 pm), and t r i a n g l e s  i n  the  near infrared (0.83 urn), 
a l l  made by Zellner i n  1970-71. Crosses represent white-light 
observations by Veverka (1970) made i n  1968-69. After Zellner 
(1973). Reprinted from Icarus ,  2 : 6 6 2 ,  <with permission of 
Academic Press,  Inc. Copyright @ 1973 by Academic Press ,  Inc. 
A l l  r i g h t s  of reproduction i n  any form reserved. 
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Figure 2-21. Locus of fits of Lyot's observations of the center of the disk 
of Saturn with Mie calculations for size distributions of spheres, 
for various multiple scattering dilution factors. After Coffeen 
and Hansen '(1973). Reprinted from Planets, Stars, and Nebulae 
Studied with Photopolarimetry, copyright @ 1974, with permission of 
University of Arizona Press. All rights reserved. 
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(2) A phase e f f e c t  has been detec ted .  The phase c o e f f i c i e n t s  decrease 
with increas ing  wavelength from 0.014 + 0.001 magldeg a t  0.35 pm t o  0.001 i 
0.001 a t  0.75 pm. The l a r g e  value of t h e  phase coe f f i c i en t  a t  0.35 pm, and 
i t s  wavelength dependence a r e  incons i s t en t  with an o p t i c a l l y  th i ck  Rayleigh 
atmosphere. The low values of t h e  phase c o e f f i c i e n t s  i n  t h e  red  a r e  d i f f i c u l t  
t o  expla in  with o p t i c a l l y  t h i n  models of t h e  atmosphere. Clouds a r e  required;  

(3) The mean opposit ion magnitude of T i t an  i n  t h e  V may have changed 
from 8.39 i n  1961 t o  8.35 by 1971, suggesting a poss ib l e  secu la r  brightening.  

(4) The geometric albedo i s  very low i n  the  UV. Typical values a re  
0.05 a t  0.26 pm and 0.06 a t  0.36 pm. This p laces  an upper l i m i t  of  T (0.36 pm) 
< 0.04 on t h e  o p t i c a l  depth of any Rayleigh atmosphere above the  clouds; - 

(5) Outside of t he  methane bands, t h e  geometric albedo may be a s  high 
as 0.37, beyond 0.6 pm; 

(6) No d i r e c t  information on the  phase i n t e g r a l  q e x i s t s .  Since Titan 
seems t o  have an o p t i c a l l y  th i ck  atmosphere, it i s  l i k e l y  t h a t  1 5 q 2 1.5; 

(7) Younkin (1973) es t imates  the  bolometric Bond albedo t o  be 0.27, 
using 4 = 1.3. Because of t h e  lack of information about q,  an uncer ta in ty  o f  
+lo% i n  the  Bond albedo i s  l i k e l y  (0.27 + 0.03); 

(8) Detailed narrow-band spectrophotometry shows t h a t  t he  spec t r a l  
r e f l ec t ance  curve o f  Ti tan  i s  very s i m i l a r  t o  t h a t  of  Saturn ' s  equa to r i a l  b e l t .  
This suggests  a Saturn- l ike  model f o r  t he  atmosphere of Ti tan ,  inc luding an 
opaque cloud deck. However, t h e  amount o f  Rayleigh atmosphere above the  cloud 
top  must be much smal ler  on Titan than on Saturn;  

(9) The sharp drop i n  T i t an ' s  spectrum below 0.6 pm ind ica t e s  a s t rong  
UV absorber i n  the  clouds. This mater ia l  may be the  same as  t h a t  responsible 
f o r  the  orange color  of t h e  b e l t s  o f  Saturn and Jup i t e r ;  

(10) Polar iza t ion  measurements o f  Titan are  incons i s t en t  with e i t h e r  an 
o p t i c a l l y  th i ck  Rayleigh atmosphere, o r  with an o p t i c a l l y  t h i n  atmosphere model 
i n  which a s i g n i f i c a n t  amount of l i g h t  i s  s c a t t e r e d  from a s o l i d  surface .  Opti- 
c a l l y  th i ck  clouds a re  required;  J 

& 

(11) T i t a n ' s  whi te- l ight  po la r i za t ion  curve i s  s i m i l a r  t o  t h a t  of t h e  
equa to r i a l  region of Saturn.  Cloud models with 2-3 ym sphe r i ca l  p a r t i c l e s  
having indices  of r e f r a c t i o n  between 1.3 t o  1.5 ( a t  0.55 pm), a r e  cons is tent  
with t h e  observations;  
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Sagan: Dollfus has repor ted  from v i sua l  observations t h a t  he sees  a changing 
pa t t e rn  on Ti tan  which i s  d i f f e r e n t  from what he sees on other  Jovian and 
Saturnian s a t e l l i t e s .  How does t h i s  t i e  i n  with the  constant  br ightness  and 
color  da ta  f o r  Ti tan  presented i n  Table 2-2. 

Veverka: I th ink t h a t  t h e  con t ra s t  of  t h e  changes has been exaggerated. From 
Lyotls  o r  Dollfus'drawings of Ti tan ,  you might expect br ightness  f luc tua t ions  
of many percent,  whereas, i n  f a c t ,  t o  about 1% you don' t  see  anything. 

Sagan: One o the r  conclusion from t h e  constancy of t h e  brightness of Ti tan ,  which 
I th lnk i s  important, i s  t h a t  it s e t s  some l i m i t  on the  exis tence  of breaks i n  
the  clouds, i f  you bel ieve  t h e r e  a r e  clouds. The question of breaks i n  t h e  clouds 
is,  of course, a c r i t i c a l  question f o r  imaging observations of  Titan.  

Veverka: You probably don ' t  have any very l a rge  breaks, but you can have a l o t  
of l i t t l e  ones .... 
Sagan: .... which when time averaged always represent  t h e  same f rac t ion?  

Veverka: Yes. 

Danielson: With regard t o  model in t e rp re ta t ions  of t h e  phase coe f f i c i en t  var ia-  
t i o n  presented i n  Figure 2-16, would t h e  observed coe f f i c i en t s  be consis tent  
with a snow-covered surface? 

VqYerka: I t  i s  d i f f i c u l t  t o  expla in  t h e  low values of  the  phase coe f f i c i en t  
beyond 0.6 pm i n  t h i s  way, unless  t h e  surface  has a normal r e f l ec tance  of about 
0.6 a t  t hese  wavelengths. Also t h e  snow would have t o  change i t s  re f l ec tance  
r ap id ly  with wavelength, being considerably darker  a t  shor t e r  wavelengths. Even 
then it would be d i f f i c u l t  t o  understand t h e  absence of a negative branch i n  
the  po la r i za t ion  measurements a t  0.5 pm, s ince  t h e  geometric albedo t h e r e  i s  
only about 0.21. 

Morrison: Younkinls value of  0.27 f o r  t h e  radiometric Bond albedo i s  substan- 
t i a l l y  l a r g e r  than t h e  value normally used i n  t h e  pas t .  Is t h e r e  some obvious 
reason why t h e  old values a r e  wrong? 

Veverka: One reason i s  t h a t  according t o  Younkin t h e  geometric albedo of  Titan 
i n  t h e  near in f ra red  i s  higher than formerly believed.  Also, u n r e a l i s t i c  values 
of t h e  phase in t eg ra l s  have been assumed i n  t h e  pas t .  

Trafton: We have made independen? measurements of  t h e  geometric albedo of Ti tan  
i n  t h e  red and our values agree with those of Younkin. 

Hunten: You quoted a value of 1 .3  f o r  t h e  e f f e c t i v e  phase in t eg ra l  used by 
Younkin i n  h i s  computation of bolometric Bond albedo. Where does t h i s  value 
come from? 



Veverka: I t  i s  the  value t h a t  people tend t o  use f o r  t he  ou te r  p l ane t s  and is 
a reasonable value f o r  a cloud-covered p l ane t .  Of course, we don' t  know what 
t he  ac tua l  value is. 

Morrison: I  a l so  have a question about Figure 2-17. I f  you allow f o r  the  f a c t  
t h a t  t h e  two curves a re  normalized together  and remove a l l  t h e  gaseous absorption 
i n  the  atmosphere, would you be l e f t  with much o f  an argument t h a t  t h e  two curves 
a re  s imi l a r ,  except t h a t  t hey ' r e  both red? 

Veverka: McCord e t  a l .  s ay  s p e c i f i c a l l y  t h a t  what they a t t ach  grea t  importance 
t o  i s  the  f a c t  t h a t ,  outs ide  the  methane bands, t he  spec t r a  a re  s imi l a r .  

Morrison: 10 is  red  a lso ,  ye t  t h e r e  i s  no reason t o  think t h e  surface  of 10 i s  
s i m i l a r  t o  t h a t  of Saturn,  although perhaps it i s .  

Veverka: I f  you remove a l l  t h e  methane bands, a l l  you a re  saying i s  Titan i s  
as red  as  t h e  equator ia l  b e l t  of  Saturn,  and so  i s  Io and so  are  the  r ings .  
That ' s  probably a v a l i d  argument. The s t rong  absorber of UV l i g h t  may be the  
same i n  a l l  cases. I t  may occur i n  t h e  cloud p a r t i c l e s  on Titan and Saturn,  
and i n  the  surface  l aye r  on 10 and t h e  r ing  p a r t i c l e s .  

Sagan: Your po la r i za t ion  measurements of  Ti tan  i n  white l i g h t  show no evidence 
of a negative branch a t  small phase angles. Yet Zel lner ' s  u l t r a v i o l e t  da t a  do, 
a t  l e a s t  marginally, i nd ica t e  the  presence of a negative branch. Can you explain 
t h i s  d i f ference?  

Veverka: That is  a perplexing po in t .  I f  you are  saying t h a t  the  reason you see  
some negat ive  po la r i za t ion  a t  0.36 pm i s  because you are  looking a t  a  surface,  
you would expect t o  see-more of the  surface  a t  0.8 pm than a t  0.36 pm. I  think 
i f  t h e r e  i s  a negative branch a t  0.36 pm, it i s  t e l l i n g  you something about t he  
clouds. 

Danielson: What does dust i n  the  atmosphere do? What kind o f  po la r i za t ion  does 
t h a t  cause? 

Veverka: I  don' t  know the  answer t o  t h a t  question,  I t  i s  very hard f o r  me t o  
guess. A l l  I  can say  d e f i n i t e l y  i s  t h a t  a pure Rayleigh atmosphere won't do. 
You need some large  s c a t t e r e r s .  But what t h e  p rope r t i e s  of t he  s c a t t e r e r s  
should be, I  can only guess. Judging from Coffeen and Hansen's ana lys i s  of  
Lyot's Saturn measurements, which are  s i m i l a r  t o  t h e  Titan data  you could ex- 
p l a in  the  Titan observations with a cloud o f  spher ica l  p a r t i c l e s  with indices  
of r e f r ac t ion  between 1.3 and 1.5 ( a t  0.55 ym) and mean p a r t i c l e  s i z e s  of t h e  
order  o f  two t o  th ree  microns. 



Morrison: Although t h e  s p e c t r a l  r e f l ec t ance  curves of Ti tan  and Saturn a r e  
very s imi l a r  t he re  a r e  d i f ferences  i n  t h e  absolute  values of t h e  albedos. 

Veverka: Yes, and it i s  important t o  e s t a b l i s h  accura te ly  what these  d i f f e rences  
a re .  I t  is  hard t o  measure t h e  geometric albedo of Saturn minus i t s  Rings. 

Caldwell: Such d i f ferences  could be due t o  d i f ferences  i n  t h e  clouds o r  pos- 
s i b l y  i n  t h e  amounts of  atmosphere above t h e  clouds. How hard i s  it t o  make 
an u l t r a v i o l e t  po la r i za t ion  observation of Ti tan?  The s igna l  must be very low. 

Veverka: Zel lner  i s  p re sen t ly  measuring r ed  po la r i za t ion  values t o  something 
l i k e  p lus  o r  minus 0.05%, whereas the  u l t r a v i o l e t  values a r e  hard t o  measure 
t o  b e t t e r  than 0.1%. 

Pos t sc r ip t ,  December 4, 1973: Hunten's suggestion (p. 5) t h a t  t h e  su r face  of 
Ti tan  i s  being continuously paved by photochemical ' a spha l t r  f a l l i n g  out  o f  
t h e  atmosphere, provides the  bes t  means of reconci l ing  t h e  photometric and 
po la r ime t r i c  observations with an o p t i c a l l y  t h i n  Ti tan  atmosphere. This photo- 
chemical ' a spha l t1  would be produced copiously by the  ac t ion  of u l t r a v i o l e t  
l i g h t  on t h e  hydrogen-methane atmosphere i n  t h e  manner discussed by S t robe l ,  and 
can probably be i d e n t i f i e d  with t h e  reddish  mater ia l  responsib le  f o r  t h e  colora- 
t i o n  of Titan.  

I f  t h e  production o f  such substance i s  e f f i c i e n t  and planetwide t h e  surface  
of Ti tan  may well  be covered with a f a i r l y  th i ck ,  smooth and uniform l aye r  of  
t h i s  mater ia l .  Then the re  would be no albedo markings on Ti tan ,  which would 
explain why T i t an  shows no br ightness  f luc tua t ions  a s  it revolves about Saturn.  
Second, t h i s  type of surface  could be q u i t e  smooth o p t i c a l l y ,  making t h e  
absence of a negat ive  branch i n  the  po la r i za t ion  curve understandable. F inal ly ,  
it i s  l i k e l y  t h a t  such a su r face  could match t h e  phase c o e f f i c i e n t s  observed 
f o r  T i t an .  

Thus Hunten's suggestion makes it poss ib l e  t o  have an o p t i c a l l y  t h i n  
atmosphere, but only a t  t he  expense of having t h e  surface  cont inual ly  paved 
by photochemical ' a spha l t ' .  Note t h a t  t h i s  r equ i r e s  a modification of Danielson's 
model, because now the  reddish aerosol  must no t  only occur i n  t h e  atmosphere, 
as  pos tu la ted  by Danielson, but  must a l s o  copiously cover the  surface .  



2.5 INTERIOR AND ITS IMPLICATIONS FOR THE ATMOSPHERE 

J.  S. Lewis 

In t roduct ion  

Up t o  now we have been t a l k i n g  about t he  atmosphere. We a l l  know t h a t  
t he  atmosphere represents  a neg l ig ib l e  proport ion of t he  mass of Ti tan  and t h a t  
we know very l i t t l e  about it. I'm going t o  t a l k  about t h e  i n t e r i o r ,  which rep- 
r e sen t s  a much l a r g e r  proport ion of the  mass of Ti tan ,  and we know almost nothing 
about i t .  

Perhaps the  bes t  way t o  proceed i s  t o  review conceptually,  s eve ra l  con- 
t r a s t i n g  i n t e r i o r  models f o r  s o l a r  system bodies and then d iscuss  i n  some d e t a i l  
t h e  thermal h i s t o r y  of t h e  model I p r e f e r  f o r  Titan.  To t h i s  I w i l l  add some 
remarks on compatible atmospheric bulk composition and s t r u c t u r e .  I t  should 
prove i n t e r e s t i n g  t o  see  how t h i s  blends with t h e  Earth-based atmospheric da ta  
presented so f a r  today. 

Conceptual Chemical Equilibrium Model 

The f i r s t  t h ing  i n  deal ing  with t h e  i n t e r i o r  of  Titan i s  t o  j u s t  l i s t  
those raw mater ia ls  which might be of some s ign i f i cance  i n  the  i n t e r i o r ;  t o  draw 
up a l i s t  of  those  abundant mater ia ls  which one might expect t o  be present  a t  
t h a t  po in t  i n  the  s o l a r  system. We need no t  be e i t h e r  very c l eve r  o r  very well 
informed t o  draw up most o f  t he  l ist .  We need only t o  ask what t he  most abun- 
dant elements a re  and what mater ia ls  a re  reasonably easy t o  condense. 

These f i r s t  r e s u l t s  I w i l l  be giving a re  based upon t h e  concept of chemical 
equil ibrium between the  s o l i d  ma te r i a l s  and the  gas of s o l a r  composition. The 
simplest  way t o  run through t h i s  i s  t o  s t a r t  with high temperatures and say t h a t  
f i r s t  rock-forming ma te r i a l s  ( i n  o the r  words, s i l i c a t e s ,  s u l f i d e s ,  and metals) 
condense. We w i l l  assume t h a t  by the  time we have reached t h e  ou te r  p a r t  of  t h e  
s o l a r  system, t h i s  e n t i r e  process of condensing rocks has gone t o  completion and 
s u b s t a n t i a l  amounts of l e s s  dense and more v o l a t i l e  mater ia l  have a l s o  condensed. 
This i s  c e r t a i n l y  borne out by the  low observed dens i t i e s  of  many of t h e  s a t e l -  
l i t e s  and t h e  low pos tu la ted  d e n s i t i e s  of  many o f  t h e  smal ler  s a t e l l i t e s .  
Morrison might have something t o  say about t h e  very low d e n s i t i e s  of  some of 
t h e  s a t e l l i t e s  of  Saturn. Perhaps t h i s  i s  a subjec t  we can come back t o  l a t e r ,  
because I think y o u ' l l  s ee  t h a t  i t ' s  a very important poin t  -- whether t h e r e  
a re  s a t e l l i t e s  with d e n s i t i e s  as small as  un i ty .  

Below the  temperatures a t  which rocks are  formed (again th inking of a 
sequence of decreasing temperatures, s t a r t i n g  with a parent  mater ia l  which has 
t h e  same composition as t h e  Sun) the  next  appreciable mater ia l  t o  condense is  
water i c e .  As t h e  temperature continues t o  drop, t h e  next major mater ia l  t o  
form out o f  t h i s  gas of s o l a r  composition would be a s o l i d  hydrate of ammonia. 
A t  y e t  lower temperatures,  methane c l a t h r a t e  hydrate is  condensed, which i s  not  
s t r i c t l y  a chemically bound compound. This mater ia l  represents  simply s t i c k i n g  



a methane molecule i n t o  each one of t h e  l a rge  vacant s i t e s  i n  t h e  i c e  l a t t i c e .  
This uses up a l l  t h e  water i c e  but  some methane gas i s  l e f t  over. Further 
lowering t h e  temperature, t he  next  important t h ing  t o  condense i s  t h e  l e f t -  
over methane, which condenses a s  a s o l i d .  

Now what are  t h e  d e n s i t i e s  of  t he  objec ts  which a r e  formed during t h i s  
cooling sequence? Densit ies o f  rock- l ike  ob jec t s ,  depending upon formation 
temperature, a r e  on t h e  order  of  4 gm ~ m - ~ ,  but t h e r e  i s  considerable d e t a i l  
ranging from t h e  condensation of m e t a l l i c  i r o n  (density %7) on down t o  %3 a t  
lower temperatures. So 4 is  j u s t  a  round number. When water i c e  i s  condensed, 
the  bulk dens i ty  of everything,  rock p lus  i c e  -- comes out  t o  approximately 
1 . 7  gm ~ m - ~ .  

I am going t o  give r e l a t i v e  dens i t i e s  which are  good t o  a few hundredths 
of a gram pe r  cubic centimeter.  The absolute dens i t i e s  are  not  good t o  anywhere 
near  t h a t  accuracy because o f  t h e  unce r t a in t i e s  i n  t h e  cosmic abundance of t h e  
elements. I  s h a l l  give th ree  s i g n i f i c a n t  f i gu res  f o r  t he  d e n s i t i e s ,  and t h e  
r a t i o s  of those  d e n s i t i e s ,  o r  t h e  d i f ferences  between them, a re  both reasonably 
secure.  However, t he  absolute d e n s i t i e s  may be s l ipped by as much as 0.3 gm cme3 
by changes, f o r  example, i n  t h e  abundance of carbon and oxygen r e l a t i v e  t o  s i l i c o n .  

Once the  ammonia hydrate forms, t h e  mass o f  condensed mater ia l  goes up only 
s l i g h t l y  because the  atomic abundance of n i t rogen is  5 times l e s s  than t h a t  pf 
oxygen, and t h e  dens i ty  would drop s l i g h t l y .  This would give a bulk dens i ty  of 
around 1.65 gm cm-3. Next, methane hydrate forms. Because a por t ion  of t h e  
wa,ter has already been used up i n  making ammonia hydrate,  and because about ha l f  
of t he  oxygen has been used up i n  making s i l i c a t e s ,  t h e  amount of methane t h a t  
is  r e t a ined  i s  not t e r r i b l y  l a rge  and t h e  dens i ty  change i s  not  very l a rge .  The 
bulk dens i ty  a f t e r  t h i s  s t e p  i s  %1.60 gm ~ m - ~ .  

Note t h a t  t hese  a re  zero-pressure d e n s i t i e s ,  and c e r t a i n l y  compression 
a f f e c t s  t he  i c y  mater ia ls  q u i t e  s u b s t a n t i a l l y .  For example, i f  you take  t h e  
observed dens i ty  of Ti tan ,  2.2 gm ~ r n - ~ ,  and correc t  it t o  zero pressure ,  t h e  
dens i ty  comes out about 1.8. So i t ' s  a f a i r l y  important correc t ion  f o r  objec ts  
as  l a rge  as Ti tan .  Let me a l s o  say,  pa ren the t i ca l ly ,  t h a t  t h e  bulk mater ia l  
which i s  formed, containing t h e  four  cons t i t uen t s  down through methane hydrate,  
contains about 4% methane by weight. Once s o l i d  methane i s  condensed, t h e  
amount of methane present  goes up by a r a t h e r  subs t an t i a l  f a c t o r  t o  something 
l i k e  20%. ' 

Notice t h a t  carbon is  a very abundant mater ia l ,  f a r  more abundant than 
any o f  t h e  rock forming elements. I t  i s  more abundant than n i t rogen,  and i t  
has a b ~ u t  h a l f  t h e  abundance of oxygen. Also, methane has a very low dens i ty ,  
about 0.6. That means t h a t ,  upon methane condensation, t he  bulk dens i ty  must 
drop considerably,  and i n  f a c t  it drops t o  1.0 gm ~ m - ~ .  I h e s i t a t e  t o  quote 
th ree  s i g n i f i c a n t  f i gu res  here f o r  a simple reason, namely t h e  dens i ty  i s  q u i t e  
temperature-sensit ive and q u i t e  model-sensit ive.  Let us say t h a t  t he  zero pres-  
sure  dens i ty  i s  %1.0 a f t e r  s o l i d  methane condenses. 

Conceptual Inhomogeneous Accretion Model 

Now l e t  us examine a very d i f f e r e n t  but equal ly  t r a c t a b l e  formation process.  
This competing model assumes t h a t  t he  accre t ion  of s o l i d  p a r t i c l e s  i n t o  l a rge  
bodies t akes  p lace  very rapid ly .  As soon as t h e  temperatures ge t  low enough f o r  



something t o  condense, i t  accre tes  i n t o  a l a rge  body and i s  t he re fo re  unable t o  
i n t e r a c t  chemically with the  gas beyond t h a t  poin t .  I t  makes a profound d i f -  
ference i n  the  chemistry because, f o r  example, ammotiia hydrate i n  a chemical 
equil ibrium model i s  formed by chemical r eac t ion  of ammonia gas with i c e  
which already e x i s t s ,  and requi res  in t imate  contact  between gas and s o l i d .  
Likewise, methane hydrate i s  formed by r eac t ion  of methane gas and s o l i d  i c e ,  
and requi res  contact  between gas and s o l i d .  

So l e t ' s  s t a r t  again with very high temperatures and go through t h e  ca l -  
cu la t ions ,  but  unlike the  equi l ibr ium case,  as  each new condensate appears from 
the  gas, we w i l l  remove it. In physica l  terms,  we accre te  a l aye r  of  t h e  most 
r ecen t ly  formed mater ia l  on t o  the  surface  of a body which is now inhomogene- 
ously accreted.  This is  a genera l iza t ion  of t h e  inhomogeneous accre t ion  model 
of Turekian and Clark (1969) a s  proposed f o r  t h e  Earth. The core forms f i r s t ,  
then  t h e  mantle accre tes  on top  of it ,  then t h e  c rus t  on top  of t h a t .  Their  
model has numerous se r ious  d i f f i c u l t i e s  and I am not advocating it; and I don1 t 
bel ieve  they would f o r  t h i s  case e i t h e r ,  but  i t ' s  t h e  f a r t h e s t  removed from t h e  
simple, s t ra ight forward  equil ibrium approach t h a t  I can conceive of and c e r t a i n l y  
represents  a p o l a r  extreme t h a t  should be s tudied .  

The sequence begins again with rock, but with c e r t a i n  spec ia l  d i f ferences .  
No water-bearing s i l i c a t e s  a re  present ,  because we do not  permit water vapor t o  
eq 'u i l ibra te  with high-temperature s i l i c a t e s .  Also, t h e r e  a r e  no s u l f i d e s ,  and 
no i ron  oxides. This means t h a t  s u l f u r  remains i n  t h e  gas (H2S) long a f t e r  t h e  
condensation of rocky mater ia l  i s  complete. 

Then, continuing t o  cool t h i s  gas, which now has a d i f f e r e n t  composition 
than i n  t h e  equil ibrium example, we would condense water jfce f i r s t .  Af ter  t h a t ,  
we would condense a mater ia l  t h a t  does not  appear a t  a l l  i n  t he  f i r s t  sequence. 
This i s  ammonium hydrosulfide,  which we may a l so  c a l l  an i c e  o r  a s a l t .  I t  i s  
a f a i r l y  s t a b l e  s o l i d  which has a vapor pressure  comparable t o  ammonium chloride.  
You can make it and hold it i n  your hands a t  room temperature, though it i s  ex- 
ceedingly unpleasant .  When f r e sh ly  prepared and pure,  i t ' s  j u s t  as  co lo r l e s s  
as  any i c e ,  o r  common s a l t .  

Going t o  ye t  lower temperatures,  ammonia, f r u s t r a t e d  from i t s  tendency t o  
r e a c t  with water t o  produce s o l i d  ammonia hydrate,  must condense by i t s e l f  as 
s o l i d  ammonia i c e .  This w i l l  occur a t  much lower temperatures than t h e  tempera- 
t u r e s  a t  which t h e  ammonia hydrate would normally form. In o the r  words, t he  
vapor pressure  o f  ammonia i c e  i s  much higher  than the  vapor pressure  of ammonia 
hydrate.  F inal ly ,  going down t o  even lower temperatures, we get  methane i c e .  

The bulk dens i t i e s  along t h i s  sequence look q u i t e  s i m i l a r  t o  those  we 
ca l cu la t ed  e a r l i e r .  Because of t h e  unce r t a in t i e s  i n  the  cosmic abundances, 
t h e r e  i s  no way t o  use t h e  observed d e n s i t i e s  of  bodies i n  t h e  ou te r  s o l a r  
system t o  d i s t ingu i sh  between the  two models. Notice, however, t h a t  i n  the  
inne r  s o l a r  system, the re  i s  a very l a rge  d i f f e rence  i n  t h e  chemistry. Jus t  
knowing t h e  chemical composition of t h e  Earth o r  meteor i tes ,  knowing t h e  bulk 
d e n s i t i e s  of  t h e  p l ane t s ,  and knowing a grea t  deal about t he  s t r u c t u r e  of t h e  
Earth and something (not much) about t he  i n t e r n a l  s t r u c t u r e s  o f  Mars and Venus, 
we can compare how the  d e n s i t i e s  o f  t h e  t e r r e s t r i a l  p l ane t s  ought t o  vary with 



dis tance  from t h e  Sun (from the  predic t ions  of t hese  two kinds o f  models) with 
t h e  observed d e n s i t i e s  and t o  t h e  observed compositional d e t a i l  we have f o r  t he  
Earth. I f  t h a t  i s  done, t he  equil ibrium model comes out looking very good. I t  
p red ic t s  t he  observed dens i ty  dependence, i n ~ l u d i n g  such s u b l e t i e s  as  t h e  in -  
crease i n  dens i ty  going outward from Venus t o  t h e  Earth. That1 s very rewarding. 

I have, however, e l ec t ed  t o  give you the  r e s u l t s  of  both models f o r  the  
purpose of equipping you with a complete l i s t  of  abundant mater ia ls  t h a t  one 
might worry about as s t a r t i n g  mater ia ls .  By "abundant", I mean those ma te r i a l s  
abundant enough t o  e f f e c t  t he  bulk density.  Those which might be abundant 
enough t o  produce a v i s i b l e  t r a c e  of atmospheric gas would requi re  pursuing 
t h i s  list down t o  much, much l e s s  abundant elements, because atmospheres repre- 
sent  such a small  proport ion of t h e  t o t a l  mass of bodies. 

Working Compositional Model . fqr  Titan 

Now, l e t  us take  t h e  equil ibrium concept as  our working compositional 
model. We w i l l  then assemble these  mater ia ls  i n t o  objec ts  comparable i n  s i z e  
t o  the  Gali lean s a t e l l i t e s  o r  t o  Ti tan .  In  o the r  words, la rge  enough so  t h a t  
t h e i r  i n t e r n a l  thermal s t a t e  i s  i n t e r e s t i n g ,  and they a re  not  simple isothermal 
objec ts .  Let us sketch how the  i n t e r n a l  s t r u c t u r e  of these  objec ts  depends upon 
t h e i r  composition, and thus  upon t h e i r  formation temperature. The temperatures 
of formation o r  condensation f o r  these  mater ia ls  range from about 170°K f o r  
water i c e  t o  about 120°K f o r  ammonia hydrate,  t o  about 80°K f o r  methane hydrate,  
and down t o  about 50°K f o r  s o l i d  methane. These condensation temperatures are  
copputed f o r  s o l a r  nebula pressures  of about t o  l o m 7  atmospheres. Within 
a f a c t o r  of 10 o r  even 100 i n  pressure ,  these  temperatures simp]ty a l l  s h i f t  by 
a c e r t a i n  logari thmic increment up and down together .  The sequence of reac t ions  
i s  immutable. We can, t he re fo re ,  sketch cross-sections through these  condensed 
objec ts  as a function of the  formation temperature, as shown i n  Figure 2-22. 

A t  200°K, we have not  q u i t e  condensed water i c e  y e t ,  and we may represent  
thk objec t  as being a l l  rock. I f  we l i k e ,  we could permit t h i s  rock t o  d i f f e r -  
e n t i a t e  by density,  t o  permit t h e  formation of a sulphide core with a s i l i c a t e  
mantle on top of i t ,  but t h i s  i s  a mat ter  o f  t a s t e .  

A t  about 170°K i c e  wil l 'condense,  and I w i l l  allow the  i c e  t o  r i s e  t o  the  
top v i a  density-dependent d i f f e r e n t i a t i o n s .  I w i l l  give my reasons f o r  t h a t  
evenfpally. With i c e  added, t h e  s t r u c t u r e  changes abruptly.  The top of t h e  
rock 'region w i l l  drop down, and we w i l l  have an i c e  l aye r  on top.  The "rock" 
here means a water-bearing s i l i c a t e  rock, perhaps l i k e  serpent ine .  

As we s e t  t h e  temperature y e t  lower, ammonia hydrate w i l l  be present  i n  
the parent  mater ia l  o f  t he  s a t e l l i t e .  Upon p a r t i a l  melting and d i f f e r e n t i a t i o n  
of t h e  s a t e l l i t e  t he  ammonia w i l l  p a r t i t i o n  i t s e l f  between the  various phases 
and, o f  course, ammonia is  exceedingly so luble  i n  water. The r e s u l t  w i l l  be t o  
form a ':mantle" of aqueous ammonia so lu t ion .  A s o l i d  mixture of i c e  and ammonia 
hydrate begins t o  melt a t  a temperature of 173OK which i s  t he  e u t e c t i c  tempera- 
t u r e  i n  t h e  ammonia-water system. This means t h a t  an object  with a surface  
temperature not  much l e s s  than 170°K may have a t h i n  i c e  c rus t ,  and, a t  a r e l a -  
t i v e l y  shallow depth, t h e  temperatures become high enough so t h a t  a melt o r  
s l u r r y  (which i s  a suspension o f  i c e  i n  a l i qu id )  is present .  



TEMPERATURE (OK) 

Figure 2-22. Radial sect ions  of condensed objects  as  a function of formation 
temperature based on the  chemical equilibrium model. 
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The next s t e p  i s  adding a s o l i d  methane hydrate t o  t h e  parent  mater ia l .  
The e f f e c t  o f  making s o l i d  methane hydrate,  you w i l l  r e c a l l ,  is t o  leave l e f t -  
over methane gas and exhaust a l l  t h e  i c e .  That means t h a t  a d i f f e r e n t i a t e d  
objec t  produced from t h i s  composition w i l l  contain not  only an aqueous ammo- 
n i a  so lu t ion ,  but a l s o  a c rus t  which now cons i s t s  o f  methane hydrate.  Methane 
gas w i l l  be given o f f  due t o  melt ing o f  t h i s  i c e  mixture. Some proport ion be- 
tween zero and 100 percent  of  t he  methane w i l l  be re leased as  a gas, which w i l l  
produce an atmosphere. 

The?, a t  temperatures low enough t o  condense s o l i d  methane, a very pro- 
found e f f e c t  occurs,  with t h e  superpos i t ion  o f  an enormous mass of methane on 
top of t he  i c e  c rus t .  Now, t h e  question is,  what is t h e  physical  s t a t e  of  t h i s  
methane? I s  it s o l i d ,  l i q u i d ,  o r  methane gas? I f  a  Titan-sized s a t e l l i t e  con- 
t a ined  such a la rge  quan t i ty  o f  methane, we would f ind  t h a t  t h e  physica l  s t a t e  
of  t h e  methane versus depth would depend upon de ta i l ed  physical  cons idera t ions ,  
such a s  t h e  i n t e r n a l  thermal s t r u c t u r e  of t h e  s a t e l l i t e ,  t h a t  we have no t  ye t  
considered. 

An objec t  formed with methane hydrate (but not  s o l i d  CHI+) present  contains 
enough methane so  t h a t ,  i f  it were f u l l y  outgassed, i t 'wou ld  produce a one k i l o -  
b a r  methane atmosphere. The t o t a l  amount of methane obta inable  when s o l i d  CH4 
i s  included could reach about 5 kb a t  t he  base of t h e  methane, where we have 
indica ted  t h e  presence of an i c e  c r d s t .  

I t  i s  necessary t o  point  out  a t  t h i s  juncture t h a t ,  u n t i l  we r e a l l y  know 
what t he  "surface temperature" i s ,  we can ' t  be c e r t a i n  t h a t  t h i s  i c e  l a y e r  w i l l  
bf? present .  What i f  t h e  atmospheric mass is so  la rge  t h a t  it permits a surface  
temperature above t h e  decomposition temperature of methane hydrate? Then t h e r e  
may be an i n t e r f a c e  between a methane atmosphere and an aqueous ammonia so lu t ion  
with no c r u s t  i n  between. You c m ' t  r u l e  it out .  I t  i s  an exceedingly i n t e r e s t -  
i ng  p o s s i b i l i t y .  

Right noi\r I am addressing myself t o  Sa tu rn ' s  system, s o  I would say  t h e  
boundary temperatyre is so  low t h a t  unless  something l i k e  the  presence of a 
methane atmosphere r a i s e s  t h e  surface  temperature, you won't ge t  ammonia i n  
the  atmosphere. Cer ta in ly  i f  t he  atmospheric mass i s  l a rge  enough, and surface  
temperatures high enough, t a  have even aqueous ammonia so lu t ion  i n  contact  with 
the  atmqsphkre, then the  presenpe of a s i g n i f i c a n t  quant i ty  o f  ammonia i n  the  
lower atmosphere i s  q u i t e  poss ib le .  

In t h e  Jovian system, you might ind,eed have an ammonia-containing s a t e l l i t e ,  
and it might indeed be poss ib le  t o  put ammonia i n t o  t h e  atmosphere, but t h e  par-  
t i a l  pressure  of ammonia would be so  low t h a t  t h e  atmosphere would be photochemi- 
c a l l y  regulated.  

Trafton: What happens t o  your diagram (Figure 2-22) with a l l  t h e  hea t s  o f  s o l i d i -  
f i c a t i o n ?  Does t h a t  upset th ings?  

Lewis: There are  two e f f e c t s .  One i s  t h a t  it changes t h e  s t a t i c  s t r u c t u r e  and 
the o the r  i s  t h a t  it  changes t h e  thermal h i s to ry .  



Let me address t h e  f i r s t  poin t  f i r s t .  The i c e  l aye r  we  t a lked  about i s  
i n  f a c t  i c e - I  only down t o  a level  where the  pressure  i s  about 2 kb, a t  about 
50 o r  60 km depth., There we get  a conversion of i c e  t o  a h igher  dens i ty  form. 
Thus t h e r e  should be a sequence of i c e  l aye r s  going on down t o  ice-VI. This 
could be most e a s i l y  thought o f  as an isothermal s t r u c t u r e  i n  which you j u s t  
take the  isothermal conversion pressures  o f  i c e  i n t o  the  high pressure  forms. 

But now, l e t ' s  switch over t o  the  second point  and ask about a thermal 
h i s to ry  i n  which we consider how t o  ge t  from the  homogeneously accre ted  primi- 
t i v e  ob jec t ,  which contains a l l  o f  t hese  mater ia ls  mixed together  randomly, t o  
a d i f f e r e n t i a t e d  objec t .  The question then is ,  what i s  t h e  time s c a l e  f o r  
heating? We would l i k e  t o  know, f i r s t  o f  a l l ,  t h e  formation temperature i n  
order  t o  know what t h e  bulk composition is .  We would a l so  l i k e  t o  know t h e  
accre t ion  temperature, i , e . ,  t h e  c h a r a c t e r i s t i c  i n t e r n a l  temperature a f t e r  t h e  
sol,id objec t  is assembled, as  a s t a r t i n g  point  i n  thermal h i s t o r y  models. We 
would l i k e  t o  know the  i n t e n s i t y  of heat  sources,, and, of  course, t h e  equations 
of s t a t e  and melt ing behavior of  a l l  components i n  it. 

Here i s  how we do it: We s e t  the  accre t ion  temperature equal t o  t h e  forma- 
t i o n  temperature. I f  t h e  objec t  i s  heated during the  accre t ion  process by con- 
vers ion  of g rav i t a t iona l  p o t e n t i a l  energy i n t o  i n t e r n a l  hea t ,  then it w i l l  be 
e a s i e r  t o  melt. So, I  am saying,  l e t  us make a pes s imis t i c  assumption here,  
Let us s e t  these  two,temperatures equal. Then, with regard t o  the  in t ens i fy  
of t h e  heat  sources,  we dismiss g rav i t a t iona l  energy as  a source of heat .  We 
w i l l  do away with ad iaba t i c  compression of t h e  i n t e r i o r ,  and put t h e  th ing  to -  
ge ther  isothermally.  We w i l l  do away with sho r t - l i ved  radionucl ides ,  because 
the re  i s  now some f a i r l y  good evidence from t h e  study o f *  meteoroids t h a t  t he  
sho r t -  l ived  radionuclides , very popular a few years ago, almost c e r t a i n l y  had 
nothing t o  do with the  thermal h i s t o r y  o f  meteori te parent  bodies. 

So, we a re  l e f t  with two heat ing  mechanisms t o  consider,  one of which 
Fannot be quan t i f i ed  ye t .  That i s  s o l a r  wind heat ing ,  t he  Sonett mechanism. 
The o the r  i s  long-lived nucl ides .  But, i n  t he  case of long-l ived nucl ides ,  
we know the  abundances of t h e  radioact ive  elements i n  meteori tes and i n  the  
Earth. We, t he re fo re ,  can make q u i t e  r e l i a b l e  es t imates  o f  how l a rge  t h a t  
hea t  source is.  The sources of t h i s  heat  a re  uranium, thorium and potassium, 
mostly potassium a t  t h i s  s t age  of t he  h i s t o r y  of t he  s o l a r  system. The h a l f -  
l i f e  f o r  otassium decay i s  about a f a c t o r  of  t h r e e  s h o r t e r  than  t h a t  f o r  2 3 5 ~ ,  
2 3 8 ~ ,  o r  g32Th, which a re  about equal-sized heat  sources nowadays. Thus, back 
a t  the  o r i g i n  o f  t h e  s o l a r  system, potassium was :about an order  of  magnitude 
more important as  a heat  source than urahium o r  thorium. 

We are,  t he re fo re ,  tak ing only one heat  source,  t h e  one we know must be 
the re ,  present  i n  t h e  amounts which are  needed i n  order t o  give the  observed 
dens i ty .  We want t o  know how well  t h a t  hea t  source, by i t s e l f ,  can heat  the  
parent  mater ia l ,  which we s t a r t  a t  t he  lowest possible.  temperature. For Ti tan ,  
t h i s  i s  about 7 0 ' ~ .  We then ask, how long does it take  f o r  t h a t  objec t  t o  heat  
t o  the  point  where it begins t o  d i f f e r e n t i a t e ?  Once it begins t o  d i f f e r e n t i a t e ,  
we have another heat  source:  the  i n t e r n a l  conversion o f  g rav i t a t iona l  p o t e n t i a l  
energy t o  heat ,  due t o  t h i s  s e t t l i n g  of dense mater ia l  through the  l i g h t  mater ia l  
This heat  source, l e t  us c a l l  it AGPE, e x i s t s  only as  a r e s u l t  of  having s t a r t e d  
d i f f e r e n t i a t i o n .  Therefore, t h a t  hea t  source has nothing t o  do with when i t  
s t a r t s  t o  melt. Under these  assumptions, f o r  an object  t h e  s i z e  of Titan,  it 
takes  s0 .8  x l o 9  years t o  begin t o  melt. 



The addi t ional  energy derived from g rav i t a t iona l  separa t ion  is  not by 
i t s e l f  s u f f i c i e n t  t o  supply a l l  t he  hea t  f o r  phase changes. The Earth d i f f e r -  
e n t i a t e d  ca t a s t roph ica l ly  because t h e  g rav i t a t iona l  po ten t i a l  energy re leased 
from separa t ing  each p a r t  of  t h e  Earth was more than enough t o  m e l t  an equal  
mass o f  mater ia l .  For Titan,  t h i s  would not  be t h e  case.  D i f f e ren t i a t ion  
would be f a i r l y  rapid  on a cosmic time s c a l e ,  but i t  would not  be ca tas t rophic .  
The differentiat ion-produced hea t  source is  about four  times too  small f o r  t h a t  
t o  happen. I  could probably change t h a t  f i gu re  by a f a c t o r  o f  2, but ,  i n  round 
numbers, it takes about another 0.8 b i l l i o n  years  t o  do t h e  melting, t o  reach a 
s t eady- s t a t e  s t ruc tu re .  The elapsed time t o  t h i s  poin t  is  about 1.6 x 10' years.  
Thus, within two b i l l i o n  years ,  Titan would d i f f e r e n t i a t e .  Nowadays, it is prob- 
ably f a i r  t o  regard t h e  s a t e l l i t e s  as  being i n  a thermal steady s t a t e .  

The heat  f l ux  t h a t  would be passing through t h e  c rus t  of  t h i s  objec t  t o  
keep i t  i n  a thermal steady s t a t e  is about a thousand times more than t h e  heat  
f lux  needed t o  d r ive  convection i n  a l i q u i d  i n t e r i o r .  So heat  w i l l  be t r ans -  
ported rapid ly .  That means t h a t  t h e  l i q u i d  mantle w i l l  be nea r ly  i s o t h e m a l .  
I t  w i l l  be ad iaba t i c  i n  s t r u c t u r e ,  and we w i l l  have a t h i n  conductive layer ,  
t h e  c r u s t ,  on t h e  surface.  In  t h e  case of T i t an ,  we don' t  know whether o r  not 
t he  atmospheric mass i s  l a rge  enough t o  make t h e  surface  warm. I f  it i s  warm 
enough, we won't have a c r u s t ,  and t h e r e  would be convective heat  t r anspor t  
d i r e c t l y  up i n t o  t h e  base of t h e  atmosphere. I haven1? ye t  s a i d  how much a t -  
mosphere i s  needed t o  g e t  r i d  o f  t h e  c rus t .  I  s a i d  i f  a l l  t h e  methane were 
driven out of  t h e  i n t e r i o r ,  i t  could provide up t o  a k i loba r  of  methane. I t  
would requi re  a t  l e a s t  a  10 b surface  pressure  t o  melt and decompose the  c r u s t .  

Pollack: I f  t h e r e  i s  ammonia i n  the  atmosphere, does your model imply t h a t  we 
a re  see ing t h e  surface ,  t he  aqueous ammonia so lu t ion?  

Lewis: That depends on what I  ca l cu la t e  t o  be t h e  temperature required t o  melt 
t he  c rus t .  I don ' t  s ee  i t  necessa r i ly  requi r ing  the  surface  be melted. I t  inay 
j u s t  have .... 

Pollack: . . . . l i k e  a volcano? 

Lewis: Yes, a  volcano, o r  even s o l i d  ammonia hydrate not  too  f a r  below i t s  - 
e u t e c t i c  melt ing temperature. 

Pollack: Which one of those two methane compounds would you expect a t  t h e  sur-  
face? I f  i t  i s  a methane hydrate i t s  vapor pressure  i s  a l o t  lower than t h a t  
of  methane, so  i f  you f ind  a l o t  of methane i n  t h e  atmosphere, t h a t  implies a 
c e r t a i n  minimum surface;  temperature. 

Lewis: The vapor pressure  of methane over t he  methane hydrate i s  s eve ra l  orders  
of  magnitude lower than t h e  vapor pressure  aF methane over s o l i d  methane, s o  
Pollack i s  saying t h a t  t he  composition of t he  surface  mater ia l  g rea t ly  i n f l u -  
ences your concept of how t h e  atmosphere i n t e r a c t s  with the  surface .  



Hunten: A t  127OK the  vapor pressure  i s  4 ba r s  f o r  methane and 3 x bars 
f o r  t h e  hydrate (Lewis, 1971). 

Pollack:  You see ,  t h i s  has very s t rong  impact on Danielson's model i n  the  sense 
t h a t  he wants t h e  temperature of t h e  su r face  t o  be 80°K and, i f  t h a t  were t rue ,  
I th ink  i t  would be very hard t o  have methane as  we observe it i n  t h e  atmosphere 
with a c l a t h r a t e  surface .  

Danielson: How rap id ly  do you achieve equil ibrium with a c l a t h r a t e  of t h a t  kind,  
and i f  you once sublime i t ,  which means you then form water, what happens? I f  
you take  a c l a t h r a t e  and d i s soc ia t e  it ,  you have water on t h e  surface .  

Lewis: Disordered i c e ,  ac tua l ly ,  o r  an aqueous ammonia so lu t ion . . .  . 

Danielson: .... and then you condense out methane again. Then i t ' s  j u s t  s o l i d  
methane, i s n ' t  i t ?  

Lewis: No, ac tua l ly ,  l ab  experiments were done by Delsemme and Mi l l e r  (1970) 
looking a t  t he  s t a b i l i t y  f i e l d s  o f  these  hydrates t o  see  how re levant  they 
were t o  comets. They were able  t o  make these  hydrates a t  q u i t e  low temperatures. 
I would have t o  go back t o  t h e  o r i g i n a l  a r t i c l e  t o  say exact ly  how low t h e  tem- 
pera tures  are .  They found t h a t  granular  i c e  subjec ted  t o  the  presence of methane 
gas d id  permit formation of methane hydrate.  

Hunten: I have read t h a t  t h i s  hydrate is an important problem i n  na tu ra l  gas 
p ipe l ines .  

Lewis: Yes, i t  bui lds  up 4n  na tu ra l  gas p ipe l ines .  The gas must be dr ied  q u i t e  
scrupulously t o  keep i t  from happening. I t  i s  not  j u s t  methane; a l l  t h e  l i g h t  
hydrocarbons form xhese hydrates.  

6 

Trafton:  For t h e  methane-rich models, what would be t h e  physica l  cha rac t e r  of 
t h e  su r face  of t he  base of t he  methane? 

Lewis: Let me answer t h a t  by proceeding t o  my second and l'ast graph. 

- 

CO-mpatible Atmosphere 

In t h i s  s ec t ion  I w i l l  address t h e  r e l a t ionsh ip  of atmospheric composition 
t o  bulk composition and i n t e r i o r  models. J u s t  f o r  s impl i c i ty  l e t  us consider a 
pure methane atmosphere. We'll leave out temporari ly,  a l l  consideration of am- 
monia, hydrogen, and o the r  gases. Thinking about a singPe component i s  q u i t e  a 
b i t  e a s i e r .  Figure 2-23 i s  t he  phase diagram f o r  t h e  system, pure methane. Note 
t h e  t r i p l e  poin t  o f  methane a t  91°K and 90 mb. By a curious coincidecce of na tu re ,  
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Figure 2-23. Pure-methane atmospheric models for Titan. The heavy line is the 
vapor pressure curve of methane. TB is the Gold-Humphreys boun- 
dary temperature (74'~)~ and Tc is the critical temperature of 
methane. The triple point of methane is indicated at 91°K and 
90 mbar, in good accord with the effective temperature and CH4 
pressure for a pure-methane atmospheric model. The three diagonal 
lines are dry adiabats for pure CH4. Note that the slope of the 
vapor pressure curve (a fully-saturated adiabat) equals that of 
a dry adiabat near the critical point. The cross-hatched region 
contains the allowable surface conditions (Ts 2 14S°K) for pure- 
CH4 atmospheres. The visible level in Titan's atmosphere is 
presumably defined by the triple point of methane, above which 
level a bright solid-CH4 particulate haze may be present, but 
below wpich only strongly forward-scattering liquid droplets 
would be stable. After Lewis and Prinn (1973). Reprinted 
from Comments on Astrophys. Space Phys., 5:4, with permission 
of Gordon and Breach Science Publishers, Inc. All rights . 
reserved. 



t he  pressures  and temperatures observed f o r  Titan correspond f a i r l y  well  with 
the  t r i p l e  poin t  o f  methane. This might be easy t o  r a t i o n a l i z e  i f  we were look- 
ing  down from above i n t o  an atmosphere which contained condensed methane i n  
which the  temperature-pressure p r o f i l e  l ay ,  a t  l e a s t  temporarily, on t h e  vapor- 
pressure  curve of methane. Thus a t h i n  cloud (or  perhaps a t h i ck  cloud, depend- 
ing  on one's  t a s t e )  o f  s o l i d  methane p a r t i c l e s  would be present  down t o  t h e  
l eve l  where the  melting temperature of methane was reached. Beyond t h a t  po in t ,  
t he  cloud would be composed of drople ts  of  l i qu id  methane, o r  t he  atmosphere 
could be c l e a r  o f  clouds. 

Now what i s  t h e  r e a l  temperature s t r u c t u r e  o f  t h e  atmosphere? We do not  
know, but  greenhouse models seem p laus ib l e  t o  me, implying an ad iaba t i c  lower 
atmospheric s t ruc tu re .  The temperature probably follows t h e  vapor-pressure 
curve of methane f o r  some dis tance ,  but how f a r ?  Almost anything could happen. 
A t  one extreme, t h e  lower atmosphere may be isothermal;  then  we are  l ed  t o  pre-  
d i c t  t h a t  t he re  would be a surface  o f  s o l i d  methane. Al ternat ive ly ,  t he  lower 
atmosphere may have clouds i n  it down t o  some g rea t e r  depth and then the  atmos- 
phere may follow a dry adiabat  t o  t h e  surface .  

There i s  a whole family o f  poss ib le  models. I f  we bel ieve  t h a t  the  tem- 
pera ture  o f  145°K o r  150°K r e f e r s  t o  a lower limit on the  surface  temperature, 
then we would expect t h a t  t he  surface  of Ti tan  would l i e  t o  t h e  r i g h t  o f  t he  
150°K isotherm. I f  one imagines t h a t  t h e  lower atmosphere i s  sa tu ra t ed ,  then 
t h e  atmosphere may be sa tu ra t ed  a l l  t he  way t o  t h e  150°K l e v e l ,  where the  atmos- 
phe r i c  pressure  i s  12 b. On the  o the r  hand, 150°K i s  no t  an upper l i m i t  on t h e  
temperature of t h e  surface  f o r  t h i s  model. I t  i s  a lower l i m i t .  I f  t h e  lower 
atmosphere i s  s a tu ra t ed  a l l  t he  way down t o  the  c r i t i c a l  po in t  o f  methane, then  
we may have a methane atmosphere merging gradually i n t o  a dense s u p e r c r i t i c a l  
f l u i d  i n t e r i o r  with no phase change. 

Al ternat ive ly  we could follow an unsaturated dry adiabat  from our postu- 
l a t e d  temperature-pressure point  i n  the  upper troposphere as  f a r  a s  one cares 
t o  do so.  Assuming a minimum surface  temperature of 150°K then,  i n  t h e  context 
of  t he  atmospheric models, it means t h e  ones with the  lowest atmospheric pressure  
a t  t he  surface  of Ti tan ,  compatible with t h e  presence of clouds i n  t h e  upper a t -  
mosphere, would have a t o t a l  pressure  of about 0.5 b on t h e  surface .  

Regarding models with high surface  pressure ,  I have suggested already t h a t  
we probably should not  th ink  of atmospheric pressures  i n  excess of a k i loba r .  I n  
t h e  context o f  t hese  pure methane models, I do not  see  how one can use present  
observat ional  evidence t o  r u l e  out t he  p o s s i b i l i t y  of  having an extremely deep, 
massive atmosphere. Of course, sur face  temperatures of about 150°K should i n -  
s p i r e  those i n t e r e s t e d  i n  exobiology, because a t  t h a t  temperature ammonia gas 
appears. Also, 173°K i s  t h e  e u t e c t i c  temperature i n  t h e  ammonia-water system, 
a t  which point  melting begins.  

We the re fo re  must know exact ly  what t h a t  sur face  temperature is.  A radio  
occu l t a t ion  experiment by Mariner Jupi ter /Saturn  (MJS) would plumb t h e  atmos- 
phere down t o  l eve l s  where pressures  a re  about 10 b.  One should not  th ink  t h a t  
t h i s  pressure  i s  s i g n i f i c a n t  t o  two places because t h e  su r face  temperature is  
s t i l l  negot iable .  There is  q u i t e  a va r i e ty  o f  fea tures  which may be compatible 
with t h e  notion of an atmosphere with temperature increas ing  with depth, mostly 
made of methane which may, by i t s  own presence, make the  lowest atmosphere warm 
enough f o r  ammonia t o  be present .  



Danielson: Why wouldn't your argument apply t o  some of t he  Galilean s a t e l l i t e s ?  

Lewis: Well, f i r s t  of  a l l ,  they do not  have methane atmospheres, which leads 
us t o  suspect  we a re  t a l k i n g  about composition c l a s ses  i n  which methane was 
never re ta ined.  Secondly, t h e  presence of an equil ibrium atmosphere on one of 
t h e  Gali lean s a t e l l i t e s  would be v i r t u a l l y  unobservable. My es t imate  i s  about 
2 x atmospheres, based s t r i c t l y  on chemical equil ibrium considerations.  
Photochemistry w i l l  t u r n  over such an atmosphere very quickly.  I t  i s  note-  
worthy t h a t  t h e  upper l i m i t  s e t  by t h e  10 occu l t a t ion  i s  exact ly  t h e  same, 
u se l e s s  t o  a l l  concerned. Thus, 10 does not  have an atmosphere t h a t  i s  capa- 
b l e  of a f f ec t ing  t h e  surface  temperature. 

Trafton:  Where would you p lace  Tr i ton?  

Lewis: I would p lace  Tr i ton  i n  t h e  solid-CH4 region. The only th ing  t h a t  con- 
vinces me t h a t  Sa tu rn ' s  s a t e l l i t e s  may contain methane i s  t h a t  we see  i t  on 
Titan.  Otherwise, I ' d  have t o  conclude t h a t  it was .a marginal s i t u a t i o n .  The 
s a t e l l i t e s  of  Uranus would f a l l  i n  t h e  same c l a s s  as Titan.  Neptune's s a t e l -  
l i t e s  should f a l l  i n  t he  s o l i d  CH4 region. 

Sagan: Tr i ton  doesn' t  have any methane on it. 

Lewis: I t  may, of  course, because t h e  boundary temperature i s  so  low t h a t  i t  
would a l l  be frozen and thus unobservable. So on Tr i ton ,  we would be t a l k i n g  
about a s o l i d  methane surface .  

Trafton:  What about the  dens i ty  o f  Tr i ton?  

Morrison: John, quote your d e n s i t i e s  f o r  Tr i ton  t h a t  you were t e l l i n g  me about. 

Lewis: I d id  a l i t e r a t u r e  search  on t h i s .  I c a n ' t  claim it was complete, but 
I took what I thought t o  be a l l  of  t h e  r e l i a b l e  est imates of t he  mass and radius 
of Tr i ton  and I came t o  t h e  conclusion t h a t  t h e  dens i ty  of Tr i ton  almost cer -  
t a i n l y  l i e s  between 0.2 and 40 gm ~ m - ~ .  I t  i s  very hard t o  use t h i s  information 
f o r  s u b t l e  compositional d iscr iminat ion .  

Blamont: What about hydrogen and r a r e  gases? 

Lewis: I can say a few b r i e f  t h ings  about noble gases. One i s  t h a t  i f  we 
search f o r  a mechanism f o r  r e t a in ing  helium, the  formation of c l a t h r a t e  hydrate 
wouldn't he lp  because the  holes  i n  t h e  i c e  l a t t i c e  a re  so  l a rge  t h a t  helium c i r -  
cu la t e s  r ead i ly  through it. So the re  i s  no mechanism f o r  helium re t en t ion  here.  



Sagan: I s  t h a t  t h e  r e s u l t  o f  a d i f fus ion  ca lcula t ion?  

Lewis: Yes. 

Sagan: I t ' s  ac tua l ly  ca lcula ted?  

Lewis: The holes a re  l i t e r a l l y  s u b s t a n t i a l l y  l a r g e r  than t h e  helium atom. Also, 
i n  terms o f  forming small gra ins  i n  the  nebula, t h e  question a r i s e s :  what would 
t h e  helium be doing i n  the  i c e  l a t t i c e  i n  t h e  f i r s t  place? Because we would form 
these  gra ins  a t  very low pressures ,  t h e  amount of helium which might be randomly 
trapped i n s i d e  t h e  l a t t i c e ,  j u s t  by having a c r y s t a l  grow around it,  would be 
something l i k e  one p a r t  i n  10 l0 .  

Sagan: Occluded helium, I th ink ,  can be excluded! 

Lewis: Yes, and a l so  absorbed helium. Direct  helium condensation r equ i r e s  a 
temperature which i s  below 1°K. Since the  background temperature o f  t h e  universe 
i s  about 2 . 6 ' ~ ~  I th ink  we should not  take  t h a t  too ser ious ly .  Neon is  a l s o  too  
small an atom t o  form a s t a b l e  c l a t h r a t e .  Neon should condense eventual ly  as 
s o l i d  neon a t  a temperature o f  about 12 t o  15OK, which a l so  seems unreasonably 
low. 

Argon forms a c l a t h r a t e  hydrate which i s  r a t h e r  l e s s  s t a b l e  than  the  
niethane hydrate,  and argon i s  q u i t e  a b i t  l e s s  abundant than methane. I d id  
a ca l cu la t ion  looking a t  t h e  equil ibrium p a r t i t i o n i n g  o f  argon between gaseous 
methane and s o l i d  methane hydrate and came t o  t h e  conclusion t h a t  one argon 
atom would be present  i n  t h e  s o l i d  f o r  every 7,000 methane molecules. There 
a re  c e r t a i n  systematic unce r t a in t i e s  i n  der iv ing t h a t  number, but t h e  number 
i s  not  temperaturq s e n s i t i v e  because the  vapor-pressure curves o f  t h e  hydrates 
a re  q u i t e  n i ce ly  p a r a l l e l .  

Rasool : How about Argon-40? 

Lewis: Radiogenic Argon-40, produced i n  t h e  deep i n t e r i o r ,  might poss ib ly  make 
it t o  t h e  surface  p a r t i c u l a r l y  i f  we bel ieve  t h a t  potassium res ides  i n  so lu t ion  
r a t h e r  than i n  mineral gra ins .  The maximum amount o f  Argon-40 would be about 10 
mi l l i ba r s .  

Blamont: That may not be i n s i g n i f i c a n t .  

Lewis: I f  t h e  t o t a l  pressure  i s  some t ens  o f  mi l l i ba r s  then  it might be q u i t e  
s i g n i f i c a n t .  F inal ly ,  g e t t i n g  back t o  your question about o the r  gases, hydrogen 
condenses a t  about only 7 ' ~ .  Adsorption of gases on s o l i d  surfaces  i s  neg l ig ib l e  
a t  temperatures more than about 3 times t h e .  condensation temperature o f  t h e  pure 
substance,  so ,  i f  we accept %70°K as  t h e  accre t ion  temperature of Tit?,  no ad- 
sorbed hydrogen w i l l  be re ta ined.  
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Veverka: Can we get  back t o  Sa tu rn ' s  o the r  s a t e l l i t e s ?  Did you say t h e  o the r  
s a t e l l i t e s  should have s o l i d  methane surfaces?  

Lewis: I s a i d  t h a t ,  i f  they had a dens i ty  o f  1, then they would have enormous 
q u a n t i t i e s  of methane s i t t i n g  on top  o f  them. From outs ide ,  we would see  gaseous 
methane, I should suspect ,  and they should have s o l i d  surfaces .  Frankly, I am 
skep t i ca l  about such low dens i t i e s .  

Veverka: What ac tual  sur face  mater ia l  do you suspect? 

Lewis : Asphalt. 

Morrison: The inner  s a t e l l i t e s  cannot be covered with a mater ia l  a s  dark a s  
a spha l t  unless  e i t h e r  t he  measured masses a r e  o f f  by an order of magnitude o r  
t he  d e n s i t i e s  a re  a g rea t  dea l ,  l e s s  than uni ty .  

Conclusions 

The bulk composition and i n t e r i o r  s t r u c t u r e  of Titan requi red  t o  explain 
t h e  presence of a s u b s t a n t i a l  methane atmosphere a re  shown t o  imply t h e  presence 
of s o l i d  CHI, 7H20 i n  Ti tan ' s  p r imi t ive  mater ia l .  Consideration of t h e  poss ib le  
composition and s t r u c t u r e  of t h e  present  atmosphere shows p laus ib l e  grounds f o r  
considering models with t o t a l  atmospheric pressures  ranging from $20 mb up t o  
$1 kb. Our expectat ions regarding t h e  physical  s t a t e  of  the  surface  and i t s  
chemical composition a r e  s t rong ly  condit ioned by t h e  mass of atmosphere we 
be l i eve  t o  be present .  A su r f ace  of s o l i d  CHI,, l i q u i d  CH4, s o l i d  CH4 hydrate,  
H20 i c e ,  aqueous NH3 so lu t ion ,  o r  even a non-surface of s u p e r c r i t i c a l  H20- 
NH3-CHI, f l u i d  could be r a t iona l i zed .  I t  i s  an urgent necess i ty  t o  determine 
the  locat ion  o f  t h e  surface  of Ti tan;  i n  o the r  words, t o  f ind  the  su r face  a t -  
mospheric pressure.  

Note: This a r t i c l e  i s ,  i n  p a r t ,  a  summary o f  publ ica t ions  and p r e p r i n t s  by - 
Lewis (1971, 1973), and Lewis and Prinn (1973). 



2.6 MODELS OF TEMPERATURE STRUCTURE AND GENERAL CIRCULATION 

J. B. Pollack 

Rival Models of  T i t an ' s  Atmosphere 

Most o f  t h i s  paper w i l l  deal with greenhouse models of  T i t an ' s  atmosphere. 
Towards t h e  end, I w i l l  summarize some work done by Leovy and myself, i n  which 
elementary, general c i r c u l a t i o n  models o f  i t s  atmosphere are  considered. This 
l a t t e r  subjec t  has s ign i f i cance  both f o r  providing es t imates  of hor izonta l  tem- 
pe ra tu re  va r i a t ions  and i n  i l luminat ing  another unique c h a r a c t e r i s t i c  of  T i t an ' s  
atmosphere. 

Up u n t i l  recent ly ,  i n f r a r e d  br ightness- tempera ture  measurements of Ti tan  
have been in t e rp re t ed  within t h e  context of  greenhouse models. Such models 
imagine t h a t  the  atmospheric pressure  i s  s u f f i c i e n t l y  high s o  t h a t  t h e  lower 
atmosphere i s  opaque over almost a l l  wavelengths containing l a rge  amounts o f  
thermal r ad ia t ion .  Accordingly, t h e  surface  temperature i s  much higher  than  
the  e f f e c t i v e  temperature a t  which t h e  s a t e l l i t e  r ad ia t e s  t o  space and the  lower 
atmosphere i s  charac ter ized  by a decrease o f  temperature with an increase  i n  
a l t i t u d e .  High in f r a red  br ightness  temperatures a re  in t e rp re t ed  as  occurring 
a t  wavelengths of reduced atmospheric opaci ty ,  which permit pene t r a t ion  t o  
warmer temperature l eve l s .  

An a l t e r n a t i v e  model has been proposed by Danielson, e t  a l .  (1973). Accord- 
i ng  t o  t h i s  view, the  upper atmosphere i s  heated t o  a high temperature through 
t h e  absorption o f  much of t h e  s o l a r  energy reaching the  s a t e l l i t e  and t h e  surface  
has a temperature c lose  t o  t h e  e f f e c t i v e  temperature. In t h i s  case,  high i n f r a -  
red br ightness  temperatures a re  understood as occurring a t  wavelengths t h a t  a re  
f a i r l y  opaque, permi t t ing  a view of the  warm upper atmosphere. Danielson's model 
considers almost a l l  of t he  atmosphere t o  be a t  a high temperature, with only a 
narrow region next t o  t h e  surface  serving as a t r a n s i t i o n  region between the  two 
temperature extremes. 

Danielson's model i s  p a r t i a l l y  supported by recent  narrow-band measurements 
made i n  the  8 t o  13 micron region by G i l l e t t  e t  a l .  (1973). As d e t a i l e d  below, -- 
a t  l e a s t  p a r t  of  these  observations do r e f e r  t o  a warm upper atmosphere. I t  
t he re fo re  seems appropriate t o  reconsider my greenhouse models, (Pollack, 1973), 
which were based on broad-band i n f r a r e d  measurements. 

There are  two ques t ions  t h a t  need t o  be addressed and these  a re  q u i t e  sepa- 
r a t e  from one another.  The f i r s t  concerns i t s e l f  with the  o r i g i n  of t h e  high 
br ightness  temperatures found i n  t h e  8 t o  13 micron region.  There is  a con- 
tinuum of poss ib le  answers t o  the  f i r s t  question:  A t  some wavelengths the  r ad i -  
a t ion  may a r i s e  from a hot  upper atmosphere and, a t  t h e  remaining wavelengths, 
from a hot  lower atmosphere. The ends of t h i s  continuum a re  the  pure Danielson 
model and t h e  pure greenhouse model. 

The second question concerns i t s e l f  with whether o r  not  t h e  surface  has a 
temperature s i g n i f i c a n t l y  above the  e f f e c t i v e  temperature. In  p r inc ip l e ,  one 
could imagine a s i t u a t i o n  i n  which a l l  t h e  8 t o  13  micron r ad ia t ion  came from 
a hot upper atmosphere and ye t  t h e r e  was a s i g n i f i c a n t  greenhouse e f f e c t  i n  t h e  
lower atmosphere. For example, clouds could prevent our viewing t h e  lower atmos- 
phere a t  wavelengths shortward of 13 um. The answer t o  t h i s  second question may 



be c ruc ia l  i n  assess ing  t h e  f e a s i b i l i t y  of  a Ti tan  Entry Probe mission. I f  
t h e r e  is  a s i g n i f i c a n t  greenhouse e f f e c t ,  t h e  surface  pressure would be high 
enough, s o  t h a t  measurements from an Entry Probe could commence well above the  
surface .  This s i t u a t i o n  would not  necessa r i ly  hold i f  Danielson's model i s  
co r rec t .  

Greenhouse Model Revisi ted 

Let us now review my p r i o r  greenhouse ca lcula t ions .  Because of T i t a n ' s  
low e f f e c t i v e  temperature, t h e  only way t o  achieve a la rge  greenhouse e f f e c t  i s  
by means of pressure-induced absorptions.  Figure 2-24 i l l u s t r a t e s  t h e  absorp- 
t i o n  coe f f i c i en t  o f  t h e  pressure-induced t r a n s i t i o n s  of hydrogen and methane as  
a function o f  wavenumber. The nota t ion  X -+ Y i nd ica t e s  t h a t  molecule X is  ab- 
sorbing i n  t h e  presence of molecule Y. To cause a s i g n i f i c a n t  greenhouse e f f e c t  
the  wavenumber region from about 50 cm-l t o  700 cm-l should be opaque. We see  
from Figure 2-24 t h a t  i n  an atmosphere containing comparable amounts o f  methane 
and hydrogen, as  is  perhaps suggested by the  spectroscopic observation,  t h e  
methane and hydrogen opacity complement one another q u i t e  n i ce ly .  Where the  
hydrogen absorption is weak, t h e  methane absorption is  s t rong and v ice  versa .  

Figure 2-25 shows a determination of t h e  pressure-temperature s t r u c t u r e  of 
an atmosphere containing equal amounts o f  hydrogen and methane and having a sur-  
face temperature of 1 5 0 ' ~ .  We see  t h a t  t he  atmospheric temperature begins t o  
rapid ly  increase  with pressure  above a pressure  l eve l  of  0.1 atm. Put another 
way, i n  an atmosphere of t h i s  composition, i f  t h e  surface  pressure i s  above 0.1 
atm, the re  w i l l  be a s i g n i f i c a n t  greenhouse e f f e c t .  The spect roscopica l ly  de- 
termined gas amounts of  methane and hydrogen ind ica t e  pressures  o f  severa l  hun- 
dredths of an atmosphere. The amounts of  methane and hydrogen a re  comparable, 
as long as  the re  is  no o the r  major component t o  the  atmosphere, such as  n i t r o -  
gen. Trafton has shown t h a t  much of t h e  l i n e  formation takes  p lace  i n  t h e  
v i c i n i t y  o f  a cloud layer .  Therefore, the  surface  pressure i s  s i g n i f i c a n t l y  
g r e a t e r  than severa l  hundredths of an atmosphere and i s  c lose  t o  o r  above the  
c r i t i c a l  value of 0.1 atm needed f o r  a greenhouse e f f e c t  t o  become important. 

Using model atmospheres of t h e  type shown i n  Figure 2-25, I ca l cu la t ed  
the  dependence of br ightness  temperature on wavelength. Figure 2-26 i l l u s t r a t e s  
t h i s  dependence f o r  atmospheres containing only methane and hydrogen. The curves 
are  labeled  according t o  t h e  value of t he  hydrogen mixing r a t i o  assumed. Also 
shown as  c i r c l e s  a re  the  four  broad-band observations,  ava i l ab le  a t  t he  time the  
ca l cu la t ion  was performed. The hor izonta l  b a r  through the  c i r c l e  represents  t h e  
band pass o f  t h e  instrument used, while t h e  v e r t i c a l  ba r  i nd ica t e s  t h e  est imated 
e r r o r  i n  t h e  br ightness  temperature value. 

The 20-micron observation provides a good discriminant of  t he  hydrogen 
mixing r a t i o  f o r  t h i s  s e t  of  model atmospheres. This poin t  i s  f u r t h e r  i l l u s -  
t r a t e d  i n  Figure 2-27, where the  t h e o r e t i c a l  spec t r a  have been convoluted over 
t he  instrument band pass a t  20 ym. We see  t h a t  approximately even proport ions 
of hydrogen and methane a re  implied by t h e  observed br ightness  temperature. 

Table 2-5 summarizes t h e  broad-band observations t h a t  have cu r ren t ly  been 
made, as well as t h e  recent  narrow-band r e s u l t s  o f  G i l l e t t ,  e t  a l .  (1973). The 
broad-band values used f o r  Figure 2-26 a re  marked with a s t a r .  The narrow-band 
observations force us t o  reconsider our i n t e r p r e t a t i o n  of t h e  8113 micron spect ra .  



WAVE NUMBER, CM-I 

Figure 2-24. The absorption coefficients of the pressure-induced transitions 
of methane and hydrogen as a function of wavenumber. The nota- 
tion X -+ Y indicates that molecuJe X is absorbing in the presence 
of molecule Y. - After Pollack (1973). Reprinted from Icarus, 
19 :48, with permission of Academic Press, Inc. ' ' copyright O 1973 - 
by Academic Press, Inc. All rights of reproduction in any form 
reserved. 
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Figure 2-25. Temperature as a function of pressure for a model atmosphere of 
Titan containing equal amounts of hydrogen and methane and no 
helium. The mean surface temperature is 150°K. After Pollack 
(1973). Reprinted from Icarus, 19:49, with permission of 
Academic Press, Inc. Copyright v1973 by Academic Press, Inc. 
All rights of reproduction in any form reserved. 
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Figure 2-26. Brightness temperature as a function of wavelength for model 
atmospheres containing no helium and ammonia and varying pro- 
portions of methane and hydrogen. Observed temperatures are 
indicated by a circle, with vertical bars indicating the band- 
pass of the instrument. After Pollack (1973). Reprinted from 
Icarus 19:50, with permission of Academic Prdgs, Inc. Copy- -' - 
right O 1973 by Academic Press,\Inc. All rights of reproduc- 
tion in any form reserved. 



Figure 2-27. Theoretic& brightness temperatures applicable to the 20 urn 
observatioq as a function of the methane-to-hydrogen ratio. 
The observed value with its mean and extreme values, per- 
mitted by the quoted error bars, is. indicated by the hori- 
zoptal lines. No helium is present in the model atmospheres. 
After Pollack (1973). Reprinted from Icarus, 2 : 5 0 ,  with per- 
mission of Academic Press, Inc. Copyright @ 1973 by Academic 
Press, Inc. All rights of reproduction in any form reserved. 



Table 2-5. Observed Brightness Temperatures o f  Titan 

Narrow-Band Fleasurements (Gi 11 e t t ,  e t  a1 . 1973) 

Broad-Band Measurements 

* Used in  p r io r  ca lcula t ions .  

+ 

AUTHORS 

Joyce, e t  a l .  (1973) 

*Gi l l e t t ,  e t  a l .  (1973) 

Low (1965) 

*Gi l l e t t ,  e t  a l .  (1973) 

G i l l e t t ,  e t  a l .  (1973) 

*A1 len & Murdock (1 971 ) 

*Morrison, e t  a l .  (1972) 

x 

4.9 

8.4 

10.0 

11 . O  

12.0 

12.4 

20.0 

A X  

0.8 

0.8 

5 .O 

2 .O 

2.0 

4.0 

7.0 

Tb ( O K )  

<I90 

146 -+ 5 

132 +_ 5 

134 + 2 

132 + 1 

125 + 2 

93 ? 2 



The measurement a t  8.0 pm l i e s  well within a very s t rong methane band centered 
a t  7.7 pm. For the  type of atmosphere discussed above, containing approximately 
equal proport ions o f  hydrogen and methane, o p t i c a l  depth uni ty  a t  8.0 pm i s  
reached a t  about the  l o m 3  atm l eve l .  This inference  was based on labora tory  
measurements o f  the  7.7 pm methane fundamental. Thus we a re  l ed  t o  conclude 
t h a t  t h e  upper atmosphere i s  q u i t e  warm and t h a t  a t  l e a s t  some o f  t he  radia-  
t i o n  i n  the  8 t o  13 micron region comes from t h e  upper atmosphere. In addi- 
t i o n ,  t he  apparent l oca l  peak i n  br ightness  temperature near  12 pm may be due 
t o  r ad ia t ion  within a s t rong band of ethane, a s  suggested by Danielson, e t  a l .  
(1973) . 

According t o  Danielson's model, t h e  remainder of t h e  high br ightness  tem- 
pera ture  r ad ia t ion  i n  the  8 t o  13 micron region should be a t t r i b u t e d  t o  a warm 
upper atmosphere, with the  opaci ty  being supplied by a d i f fuse  haze l aye r  located 
throughout t h e  atmosphere, which hascbeen photochemically generated. The haze 
i s  no t  o p t i c a l l y  th i ck  a t  t hese  wavelengths and i t s  opacity i s  decl in ing  with 
increas ing  wavelength. Thus, i n  t h i s  model t he re  i s  some contr ibut ion  from the  
cool surface .  

However, t h e  remaining por t ions  of t he  8 t o  13 micron region can equal ly  
well  be understood within the  context  of a greenhouse model. According t o  Fig- 
ure 2-26, t h e  br ightness  temperature near  12.5 pm should be about 115 '~ ;  t h i s  
p red ic t ion  i s  cons is tent  with t h e  observations i f  we allow f o r  t h e  r a t h e r  s i ze -  
able unce r t a in t i e s  i n  the  shape o f  the  f a r  wings of t h e  hydrogen ro t a t iona l  l i n e s ,  
which a re  responsible f o r  t he  12.5-micron opacity.  These wings have been mea- 
sured only f o r  Hz -t Hz, not  f o r  H2 + CH4. The l a t t e r  i s  by f a r  t he  more impor- 
t a n t  f o r  Titan.  G i l l e t t l s  13-micron observation is  incons i s t en t  with Danielson's 
model. However, it may not be inconsis tent  with some va r i an t  of  t h i s  model. 

Figure 2-28 shows the  br ightness  temperature spec t r a  f o r  atmospheres con- 
t a i n i n g  no ammonia i n  the  lower atmosphere and amounts o f  ammonia d i c t a t e d  by 
i t s  vapor pressure  curve. The l a t t e r  s i t u a t i o n  corresponds t o  t h e  maximum 
amount of ammonia t h a t  could be present .  We see  t h a t  t he  observed narrow-band 
br ightness  temperatures, as  given i n  Table 2-5, a r e  c lose  t o  t h e  values expected 
f o r  t h e  sa tu ra t ed  ammonia model. Thus these  d a t a  po in t s  may ind ica t e  t h e  pres-  
ence of small amounts o f  ammonia i n  the  lower atmosphere. 

The dependence of br ightness  temperature on wavelength f o r  a va r i e ty  of 
surface  temperatures i s  i l l u s t r a t e d  i n  Figure 2-29. These ca lcula t ions  once 
again r e f e r  t o  greenhouse models containing equal proport ions o f  hydrogen and 
methane. They i l l u s t r a t e  t h a t  t he re  i s  some re s idua l  opaci ty  a t  12.5 pm and 
hence surface  temperatures i n  excess o f  the  observed br ightness  temperature of 
12g°K would be required,  within the  context  of  t h i s  model. 

F inal ly ,  i n  Figure 2-30, we show how the  surface  pressure va r i e s  when we 
introduce helium i n t o  the  model atmosphere. The surface  temperature has been 
f ixed t o  a value of 1 5 5 ' ~  and the  atmosphere contains equal proport ions o f  
hydrogen and methane. As t he  helium content  i s  increased,  t he  surface  pressure  
increases .  For the  case of zero helium, perhaps the  most l i k e l y  a p r i o r i  case, 
a surface  pressure  of 0.45 atm i s  required.  
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Figure 2-28. Brightness temperature as  a function of wavelength f o r  model 
atmospheres with and without ammonia. Both model atmospheres 
have equal proportions of hydrogen and methane, no helium, and 
a daytime surface temperature of 155OK. Observed temperatures 
a re  indicated by a c i r c l e ,  with v e r t i c a l  bars indicat ing the 
estimated e r ro r  and horizontal  bars the  band-pass of the  
instrument. After  Pollack (1973). Reprinted from Icarus,  
19:51, with permission of Academic Press, Inc. Copyright 
5 1 9 7 3  by Academic Press,  Inc. 'All r i g h t s  of reproduction i n  
any form reserved. 
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Figure 2-30. Surface pressure as a function of the helium-to-hydrogen ratio 
for model atmospheres having equal proportions of methane and 
hydrogen and a surface temperature of 15S°K. After Pollack 
(1973). Reprinted from Icarus, 19:53, with permission of 
Academic Press, Inc. Copyright m 9 7 3  by Academic Press, InC. 
All rights of reproduction in any form reserved. 
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Future Observations 

Above we have seen t h a t  it i s  not  poss ib l e  t o  deduce a unique model o f  
the  atmosphere of Titan from t h e  present ly  e x i s t i n g  data.  A t  some of t h e  wave- 
lengths i n  the  8 t o  13 micron region,  e.g. ,  8.0 pm, t h e  r ad ia t ion  undoubtedly 
o r ig ina t e s  from a warm upper atmosphere; however a t  o the r  wavelengths, e.g., 
10, 11, 12.5, and 13 pm, t h e  r ad ia t ion  may o r ig ina t e  e i t h e r  from a warm upper 
atmosphere o r  a warm lower atmosphere. The d i s t i n c t i o n  between lower and upper 
atmosphere as  used here  i s  d h a t  t h e  lower atmosphere is  envisioned as  o p t i c a l l y  
th i ck  a t  a l l  important thermal wavelengths, i . e . ,  15 pm < A < 200 pm, while t he  
reverse i s  t r u e  of t he  upper atmosphere. Even should fu tu re  observations i n  
the  8 t o  13 micron region show t h a t  a l l  t he  r ad ia t ion  i n  t h i s  region comes from 
a hot  upper atmosphere, the  p o s s i b i l i t y  o f  a hot  lower atmosphere could not  be 
dismissed. 

Future spec t r a l  observations of Titan a t  wavelengths longward o f  15 pm 
can determine whether t h e  lower atmosphere and surface  have s i g n i f i c a n t l y  h igher  
temperatures than the  e f f e c t i v e  temperatures. Radio observations permit a d i r e c t  
determination of t he  surface  temperature and a re  discussed elsewhere i n  t h i s  re-  
po r t .  Here we consider t he  s ign i f i cance  of fu tu re  spec t r a l  i n f r a r e d  observations 
beyond 15 pm. As can be seen from Figures 2-24 and 2-26, greenhouse models pre-  
d i c t  the  presence of severa l  s p e c t r a l  f ea tu re s  i n  t h i s  wavelength region. In 
p a r t i c u l a r ,  t h e r e  should be comparatively sharp fea tures  centered a t  17 and 28 pm 
due t o  hydrogen pressure  induced t r a n s i t i o n s  and a broader f ea tu re  centered close 
t o  50 pm due t o  the  sum of the  methane pressure-induced t r a n s i t i o n s .  Whether these  
f ea tu res  show up as absorption o r  emission fea tures  depends on t h e  exact tempera- 
t u r e  s t r u c t u r e  of the  atmosphere. In t h i s  regard,  Figure 2-26 should no t  be taken 
l i t e r a l l y .  However, i f  the  greenhouse model i s  co r rec t ,  t hese  fea tures  should be 
present .  Groundbased measurements within the  20-micron region w i l l  permit a search 
f o r  p a r t  of  t h e  s t r u c t u r e  expected from the  hydrogen t r a n s i t i o n s ,  while observa- 
t i ons  from t h e  C-141 a i r c r a f t  w i l l  permit a view of t he  e n t i r e  spec t r a l  region o f  
i n t e r e s t .  

Clouds 

According t o  Danielson's model, aerosols  produced photochemically should be 
present  throughout the  e n t i r e  atmosphere. In addi t ion ,  severa l  types o f  condensa- 
t i on  clouds may a l so  be present .  The model atmosphere shown i n  Figure 2-25 be- 
comes cold enough i n  t h e  upper p a r t  of  t he  troposphere f o r  methane t o  condense 
out .  This occurs nea r  t he  5 x atm pressure  level .  However, whether such 
clouds w i l l  indeed e x i s t  i n  t he  atmosphere of Titan depends on the  d e t a i l s  of  t h e  
s o l a r  energy deposit ion p r o f i l e .  The model atmosphere ca lcula ted  i n  Figure 2-25 
was based upon the  assumption t h a t  a l l  t he  s o l a r  energy is deposited a t  t he  sur-  
face.  The exis tence  of a warm upper atmosphere, as discussed above, may mean t h a t  
the  tropopause i"s too  warm t o  permit methane condensation anywhere i n  the  atmos- 
phere. However, i t  i s  worth not ing  t h a t  s eve ra l  independent p ieces  o f  evidence, 
discussed elsewhere i n  t h i s  r epor t ,  suggest t h e  presence of clouds with a de f i -  
n i t e  bottom, located  nea r  t he  pressure  l eve l s  expected f o r  t he  methane clouds. 

We have a l so  seen i n  t h i s  discussion t h a t  t he  new 10 and 11 micron narrow- 
band temperatures may imply the.presence o f  ammonia-in t h e  lower atmosphere. A t  
the  temperatures appropriate t o  Titan ammonia i s  severely l imi ted  by its sa tura-  
t i on  vapor pressure  curve and, hence, ammonia clouds may be present  i n  t h e  lower 



atmosphere. The poss ib le  presence of ammonia i n  the  lower atmosphere needs t o  
be fac tored  i n t o  considerations of p o t e n t i a l  cons t r a in t s  on t h e  communication 
l ink  between a Titan Probe and i t s  Relay Bus. 

So la r  Energy Deposition 

The above greenhouse ca lcula t ions  have been performed assuming t h a t  a l l  
t h e  s o l a r  energy deposit ion takes p lace  a t  t h e  surface .  It  i s  q u i t e  legi t imate  
t o  inqui re  whether t hese  r e s u l t s  w i l l  s i g n i f i c a n t l y  be modified i f  one allows 
f o r  la rge  amounts of  s o l a r  energy deposit ion within the  atmosphere, because of 
absorption by both t h e  near  i n f r a r e d  v ib ra t ion  bands o f  methane and those of 
t h e  cloud aerosols .  A somewhat analogous s i t u a t i o n  e x i s t s  f o r  Venus, where a 
b r igh t  cloud l aye r  i n  the  upper troposphere absorbs some of t he  inc ident  sun- 
l i g h t  and t h e  atmosphere absorbs a s i g n i f i c a n t  f r ac t ion  of t h e  sunl ight  pene- 
t r a t i n g  beneath the  clouds. Yet t h e  recent  Venera-8 Probe has shown t h a t  some 
sunl ight  does reach t h e  surface  and i s  probably responsible f o r  t he  high surface  
temperature i n  the  sense of a c l a s s i c a l  greenhouse e f f e c t .  This s i t u a t i o n  is 
a l s o  cons i s t en t  with greenhouse ca l cu la t ions  I have performed f o r  Venus, which 
ind ica t e  t h a t  even large  amounts o f  s o l a r  energy absorption within the  atmos- 
phere do not  s i g n i f i c a n t l y  change t h e  greenhouse e f f e c t .  We conclude t h a t  i f  
Titan has a massive enough atmosphere (say, a surface  pressure  g rea t e r  than 
0.1 atm), it w i l l  have a s i g n i f i c a n t  greenhouse e f f e c t .  

Atmospheric Dynamics 

Scal ing  the  equations o f  motion, Leovy and Pollack (1973) have made a 
f i r s t  es t imate  of t h e  atmospheric dynamics o f  Titan.  They considered both 
ba roc l in i c  and a x i a l l y  symmetric general  c i r cu la t ion  models and concluded t h a t  
the l a t t e r  was much more probable. T i t a n ' s  c i r cu la t ion  may represent  an inpor- 
t a n t  intermediate case between the  ba roc l in i c  c i r cu la t ion  typ ica l  of  mid-lat i tude 
regions on the  Earth and Mars on the  one hand and t h e  symmetric c i r c u l a t i o n  of 
Venus on the  o the r  hand. Ti tan  is r o t a t i n g  slowly enough t o  have a symmetric 
c i r cu la t ion .  Yet i n  cont ras t  t o  Venus, which r o t a t e s  much slower, c o r i o l i s  
e f f e c t s  a r e  probably q u i t e  important f o r  Ti tan .  Conceivably by studying T i t an ' s  
c i r cu la t ion ,  as might be poss ib le  with a multiprobe, second generation mission 
t o  Titan,  we might obtain important i n s i g h t s  i n t o  the  c i r cu la t ion  of t h e  Ear th ' s  
equa to r i a l  regions.  

A second important aspect  o f  Leovy and Pollack's  study is  t h e i r  es t imates  
of hor izonta l  temperature gradients  within T i t an ' s  atmosphere and along i t s  sur-  
face.  Let us f i r s t  consider t he  atmosphere. The d iurnal  va r i a t ion  i s  severe ly  
r e s t r i c t e d  by simple considerations o f  thermal i n e r t i a .  Assuming t h a t  the  atmos- 
phere i s  o p t i c a l l y  th i ck  a t  a l l  thermal wavelengths, t h a t  t he  surface  pressure 

. is  1 /3  of a bar ,  and t h a t  t h e  period of ro t a t ion  equals t h e  o r b i t a l  period,  they  
f ind  a d iurnal  temperature amplitude of 0.03'K. To f i r s t  order  t h i s  r e s u l t  w i l l  
s c a l e  inverse ly  as t h e  surface  pressure  and so  w i l l  remain q u i t e  small, even f o r  
the  smal les t  sur face  pressure  considered l i k e l y  ( ~ 2  x lo-* atm). Equator t o  pole  
temperature va r i a t ions  a re  l imi ted  by the  atmospheric meridional c i r cu la t ion .  , F o r  
the  same condit ions given above, Leovy and Pollack est imate a l a t i t u d i n a l  tempera- 
t u r e  va r i a t ion  on the  order  of  O.l°K. This va r i a t ion  sca l e s  approximately as t h e  
surface  pressure t o  the  (-5/3) power. A s  a  r e s u l t ,  t h i s  va r i a t ion  could be i m -  
po r t an t  a t  the  lowest poss ib le  values of su r face  pressure  ( ~ 1 0  mb) . 



We next t u rn  t o  Leovy and Pol lack ' s  es t imates  o f  surface  temperature va r i -  
a t ions .  In t h e  case o f  a s t rong  greenhouse e f f e c t ,  the  atmospheric r ad ia t ion  
w i l l  severe ly  r e s t r i c t  these  temperature va r i a t ions .  For example, with a mean 
surface temperature of 15O0K, t h e  surface  temperature amplitude i s  l e s s  than 
lS°K. In  the  case of Danielson's model, r ad ia t ion  from t h e  atmosphere a l so  
serves t o  prevent extremely l a rge  temperature va r i a t ions .  However, the  atmos- 
phere, which i n  t h i s  model r ad ia t e s  e f f e c t i v e l y  only on t h e  Wien t a i l  of  t he  
blackbody function,  may be l e s s  e f f e c t i v e  n e s r  t he  poles than nea r  t he  equator 
as a r e s u l t  of the  meridional cooling discussed above. Danielson rqsumed t h a t  
there  was no meridional cooling. 

I t  i s  not  c l e a r  t h a t  Danielson's model i s  e n t i r e l y  cons is tent ,  el'en within 
the  context o f  h i s  ca lcula t ions .  According t o  t h i s  model, t h e  amount of methane 
i n  the  atmosphere is  cont ro l led  by the  temperature o f  t he  summer pole,  which he 
f inds t o  be 80°K. The corresponding abundance o f  methane i s  2 km-A. However, 
as discussed above, t h e  observed abundance of 2 km-A may be s i g n i f i c a n t l y  l e s s  
than the  t o t a l  atmospheric content of  methane, s ince  most of t h e  l i n e  formation 
takes place nea r  a d i s c r e t e  cloud layer .  Furthermore, Danielson assumes t h e  
dominant methane surface  i c e  i s  pure methane, while Lewis suggests  t h a t  methane 
c l a t h r a t e  i s  more l i k e l y .  The vapor pressure  curve of methane c l a t h r a t e  i s  
orders o f  magnitude below t h a t  o f  s o l i d  methane. Danielson's model would be 
inconsis tent  with a surface  containing methane c l a t h r a t e .  

Conclusions 

Titan has a warm upper atmosphere. Whether i t  has a warm lower atmosphere 
and hot surface  i s  an open question a t  present ,  which fu tu re  radio  and i n f r a r e d  
observations from the  ground and from a i r c r a f t  can help answer. This question 
i s  important not  only from a pure ly  s c i e n t i f i c  poin t  of view, but  a l so  f o r  assess-  
ing  t h e  v i a b i l i t y  of a Titan Entry Probe. A s  current  en t ry  probes would begin t o  
make measurements a t  about t he  7 mb l eve l ,  t h e  value of Ti tan ' s  sur face  pressure 
o r  a t  l e a s t  a lower bound i s  o f  extreme importance. 

Sagan: The ammonia curve i n  Figure 2-28 i s  f a r  below an observed broad-band 
point .  I s  t h i s  cons is tent  with your suggestion of ammonia i n  the  lower atmos- 
phere? 

Pollack: The new narrow-band po in t s  a re  f a r  below t h i s  broad-band point .  This 
perhaps ind ica t e s  t he  presence of another emission l i n e ,  as suggested by 
Danielson and Caldwell. 

Veverka: From the  measured i n f r a r e d  spec t r a ,  can you exclude the  presence of 
la rge  amounts o f  helium? 

Pollack: Unfortunately, no. 



Danielson: Your greenhouse models requi re  l a rge  amounts o f  methane, on the  
order  of  40 km-A. With such gas amounts, t he re  w i l l  be a s i g n i f i c a n t  amount 
of  Rayleigh s c a t t e r i n g  a t  sho r t  wavelengths and a l o t  of  absorption a t  longer 
wavelengths by gaseous methane. In t h i s  sense,  i s  your model cons is tent ,  t h a t  
i s ,  w i l l  enough sunl ight  reach t h e  surface  t o  cause a greenhouse e f f e c t ?  

Pollack: As I discussed above, i t  i s  even more d i f f i c u l t  t o  have a greenhouse 
work i n  the  case of Venus. Yet, t h e  Venera-8 r e s u l t s  imply t h a t  it i s  opera t ive  
f o r  Venq.  A greenhouse can work as  long as  a minimal amount of sunl ight  reaches 
the  surfgce.  The most s e r ious  cons t r a in t  on a greenhouse o f  Titan i s  t h e  require-  
ment t h a t  t he  atmosphere i s  massive enough, t h a t  i s ,  t h a t  t h e  surface  pressure  
exceeds 0 .1  atm. 

Danielson: The s i t u a t i o n  f o r  Ti tan  may be even worse than f o r  Venus i n  view o f  
t h e  low albedo o f   he clouds. 

Pollack: Not 
o p t i c a l  depth 
the  clouds- on 

r e a l l y .  I f  t h e  clouds have a low albedo because they have an 
not  much above uni ty ,  then more l i g h t  w i l l  be t ransmit ted  through 
Ti tan .  Furthermore, t h e  surface  pressures I  consider f o r  Titan 

a re  order3 o f  magnitude lower than f o r  Venus. When Boese f in i shes  h i s  important 
labora tory  study o f  methane a t  low temperatures, I  hope t o  cons t ruc t  some green- 
house models f o r  Titan t h a t  allow f o r  s o l a r  energy deposit ion i n  t h e  atmosphere. 

Veverka: In performing the  c i r cu la t ion  ca l cu la t ions ,  you made two assumptions 
t h a t  a r e  reasonable, but  we a re  no t  su re  they are  t r u e .  One i s  t h a t  Ti tan  has 
a synchronous r o t a t i o n  per iod  and the  o the r  is  t h a t  i t s  ro t a t ion  pole  l i e s  per-  
pendicular  t o  the  o r b i t a l  plane. 

Pollack: I  would be very su rp r i sed  i f  Ti tan  did not  have a synchronous period,  
s ince  we know t h a t  o the r  l e s s  massive s a t e l l i t e s  o f  Saturn do. 

Hunten: Also, t he  Lewis models o f  t h e  i n t e r i o r  of  Ti tan  imply t h a t - i t  i s  highly 
d i s s ipa t ive .  

Danielson: In t h e  case of a t ransparent  atmosphere, can f r i c t i o n a l  heat ing  by 
winds a t  the  surface  boundary help  equal ize  t h e  surface  temperatures? 

Pollack: Based on my experience with Mars, I am very skep t i ca l  t h a t  t h i s  would 
be important. I  be l ieve  t h e  key f a c t o r  i s  r a d i a t i v e  exchange between the  atmos- 
phere and surface ,  which i s  important f o r  your model as well  as t h e  greenhouse 
mode 1. 

Trafton:  I f  t he re  i s  a high a l t i t u d e  cloud, then i t s  bottom would have t o  be 
located  i n  a zone of changing temperature. 



Pollack: As you mentioned i n  your t a l k ,  your observations appear t o  imply a 
d i sc re t e  cloud layer.  My methane cloud would f i t  t h a t  requirement, and i t  i s  
located i n  a region where t h e  temperature i s  s t i l l  noticeably decreasing i n  my 
model atmospheres. I might mention t h a t  it is  not a t  a l l  c l e a r  how one would 
get  such a d i sc re t e  cloud within the  context of Danielson's model. 

Hunten: Sagan's photochemically produced aerosols  w i l l  eventually c o l l e c t  as 
a deposit  of brown polymer on t h e  surface .  I t  might be as much as a few k i lo -  
meters deep. This layer  could prevent contact  between gaseous methane i n  the  
atmosphere and s o l i d  methane c l a t h r a t e  and hence v i t i a t e  some of  t h e  above 
vapor pressure  arguments. 



2.7 ULTRAVIOLET OBSERVATIONS OF TITAN FROM OAO-2 

J.  J .  Caldwell 

Introduction 

I would l i k e  t o  b r i e f l y  d iscuss  some broad-band photometry measurements 
from OAO-2 and how they r e f l e c t  on atmospheric models og Titan.  These da ta  
extend t h e  observed r e f l e c t i v i t y  of Ti tan  down t o  2600 A and thus  f u r t h e r  c l a r -  
i f y  geometric albedo var ia t ic  1s i n  t h e  u l t r a v i o l e t .  

Observations and In t e rp re t a t ion  

Figure 2-31 summarizes seve ra l  s e t s  of  measurements of t h e  r e f l e c t i v i t y  
of Titan i n  the  wavelength range 0.26 - 1 . 1  pm. In deriving geometric albedos 
from broad-band photometry da ta ,  both Harr is  (1961) and Caldwell (1973) used 
observations o f  so lar - type  s t a r s  t o  e f f e c t  t h e  necessary d iv is ion  of t h e  Titan 
d a t a  by the  Sun, r a t h e r  than us ing  an absolute ca l ib ra t ion .  Instrumental sen- 
s i t i v i t y  i s  e f f e c t i v e l y  canceled by t h i s  technique. In the  reduction of t he  
OAO-2 photometry, T i t an ' s  radius  was taken t o  be 2425 km (Dollfus 1970) and t h e  
s o l a r  v i sua l  magnitude (Vo! was taken t o  be -26.74 (Johnson 1965). The geometric 
albedos o f  Harr is  were modified s l i g h t l y  t o  incorpora te  these  more modern funda- 
mental da ta .  No correc t ion  was made f o r  t he  s l i g h t l y  d i f f e r e n t  s o l a r  colors  
used i n  the  two analyses:  t h e  e f f e c t  of  such a correc t ion  would have been t o  
r a i s e  the  Harr is  albedos s l i g h t l y  r e l a t i v e  t o  t h e  OAO-2 points .  Also shown a re  
the  r e l a t i v e  r e f l e c t i v i t y  measurements o f  McCord e t  a l .  (1971), sca led  t o  match 
t h e  o the r  da ta  i n  the  blue and u l t r a v i o l e t .  The OAO-2 r e s u l t s  a re  summarized 
numerically i n  Table 2-6, and UBVRI colors  i n  Table 2-7. 

For t h e  purpose of t h i s  discussion,  t h e  most important poin t  t o  note  i s  
t h e  extreme drop i n  albedo toward the  u l t r a v i o l e t .  The measurements of Barker 
and Trafton (1973) (see a l so  Section 2.3) a r e  i n  very good agreement with t h e  
present  r e s u l t s .  The OAO-2 da ta  extend t h e  wavelength range s l i g h t l y  over the  
ground-based range, and emphasize t h a t  theoalbedo does not begin t o  tu rn  up again, 
a t  l e a s t  f o r  wavelengths longer than 2600 A. sho r t e s t  wavelength da ta  po in t  
o r i g i n a l l y  published by McCord e t  a l .  a t  3000 considered t o  be un re l i ab le ,  
and has been suppressed.) 

I t  has been emphasized elsewhere (e.g. ,  Veverka, Section 2.4) t h a t  t h i s  
t rend i n  t h e  albedo is  incons i s t en t  with t h e  expected Rayleigh s c a t t e r i n g  of 
t he  amount of a molecular atmosphere invoked by Trafton (1972) t o  explain T i t a n ' s  
spectroscopic p rope r t i e s .  For example, note t h e  u l t r a v i o l e t  Rayleigh s c a t t e r i n g  
of 2 km-atm of CH4 shown i n  Figure 2-31. I t  may be concluded t h a t  t h e r e  i s  an 
add i t iona l  absorbing cons t i tuent  i n  the  u l t r a v i o l e t .  Furthermore, t h i s  absorb- 
t i o n  must occur - i n  the  atmosphere, i f  it i s  t o  mask the  Rayleigh sca t t e r ing .  



TITAN 

0.10 i x  X $ OAO-2 (CALDWELL, 1973) l if+ 
x x  + HARRIS (1961) 

X 
X MCCORO, JOHNSON AND ELIAS (1971) 

0.05 m 2 KM ATM METHANE RAYLEIGH SCATTERING 

WAVELENGTH (pM) 

Figure 2-31. Geometric albedos derived from broad-band photometry from OAO-2, 
together  with ground-based da ta  by Harr is  (1961). Harr is '  d a t a  
have been adjus ted  t o  Vo = -26.74 (Johnson, 1965) and Titan 
radius  = 2425 km (Dollfus,  1970). The r e l a t i v e  r e f l e c t i v i t y  
determined by McCord e t  a l .  (1971) has been sca led  t o  t h e  o the r  -- 
blue  and u l t r a v i o l e t  measurements. Also shown i s  t h e  calculated 
geometric albedo f o r  2 km-atm o f  CH4. 



Table 2-6. OAO-2 Titan Ul t r av io l e t  Geometric Albedos 

Table 2-7. Photometric Colors 

EFFECTIVE WAVELENGTH (i) 

4300 

3360 

3075 

2590 

ALBEDOS 

0.126 t 0.006 

0.070 + 0.005 

0.057 + 0.001 

0.047 t 0.018 

U-B 

B-V 

V-R 

R- 1 

TITAN 

0.75 

1.30 

0.88 

0.11 

SUN 

0.21 

0.65 

-- 
-- 



Summary 

High a l t i t u d e  deposit ion o f  energy i n  T i t a n ' s  atmosphere can have a s ig -  
n i f i c a n t  e f f e c t  on t h e  spec t r a l  d i s t r i b u t i o n  of emitted thermal r ad ia t ion  from 
the  s a t e l l i t e .  This reasoning l e d  t o  t h e  p red ic t ion  (Caldwell e t  a l .  1973) o f  
emission peaks a t  wavelengths corresponding t o  allowed bands of CH4 (7.7 pm) and 
t r a c e  photolys is  products such as C2H6 (12.2 urn). The subsequent publ ica t ion  
( G i l l e t t  e t  a l .  1973) o f  intermediate r e so lu t ion  in f r a red  spectrophotometry has 
encouraged t h i s  i n t e r p r e t a t i o n  o f  t h e  i n f r a r e d  p rope r t i e s  of  Ti tan ,  and provided 
the  b a s i s  f o r  an i n i t i a l ,  d e t a i l e d  model, presented i n  t h e  following paper by 
Danielson e t  a l .  



2.8 AN INVERSION IN THE ATMOSPHERE OF TITAN* 

R. E. Danielson, J. J. Caldwell, and D. R. Larach 

Introduction 

Measurements o f  unexpectedly high i n f r a r e d  br ightness  temperatures on 
Ti tan  i n  t h e  8-14 micron window (Low 1965, Allen and Murdock 1971, G i l l e t t ,  
Forres t ,  and Merr i l l  1973) and a lower temperature i n  the  20-micron window 
(Morrison, Cruikshank, and Murphy 1972) have been widely in t e rp re t ed  i n  terms 
o f  greenhouse models (Pollack 1973, Sagan 1973) where the  8-14 micron r ad ia t ion  
o r ig ina t e s  a t  o r  nea r  t he  su r face  while t h e  20-micron f lux  i s  emitted high i n  
the  atmosphere. A very d e t a i l e d  greenhouse model due t o  Pollack (1973) der ives  
a methane (CH4) t o  hydrogen (Hz) r a t i o  o f  un i ty  (within a f a c t o r  o f  3) and a 
minimum surface  pressure  o f  0.4 atm. Based on a surface  g rav i ty  g = 140 cm sec-', 
t h e  minimum CH4 abundance is  30-40 km-A and t h e  minimum H2 abundance va r i e s  from 
15 t o  85 km-A. 

I t  i s  t he  purpose of t h i s  paper t o  propose an a l t e r n a t e  model of  the  atmos- 
phere of Ti tan  which seems t o  be cons is tent  with observations and requi res  a much 
smal ler  CHI, abundance (of t h e  order  o f  2 km-atm). Although no Hz is  required,  
t h e  presence of some Hp as reported by Traf ton  (1972a) is  r ead i ly  accommodated. 
In t h i s  model, a temperature invers ion  e x i s t s  i n  the  atmosphere due t o  absorp- 
t i o n  of blue and u l t r a v i o l e t  s o l a r  r ad ia t ion  by small p a r t i c l e s .  The absorbed 
r ad ia t ion  i s  re- radia ted  by t h e  dust and by molecules having long wavelength 
bands such as  CH4 a t  7.7 pm and ethane (C2Hs) a t  12.2 pm. The br ightness  tem- 
pe ra tu re  a t  20 pm i s  pr imar i ly  due t o  r e - r ad ia t ion  by the .dus t .  

The Origin of t he  Inversion 

The continuum geometric albedo of Ti tan ,  shown i n  Figure 2-32, is  unusu&lly 
low i n  t h e  blue and u l t r a v i o l e t  f o r  an object  with an extensive atmosphere. The 
presence of a la rge  abundance of CH4 (of  t h e  order  o f  2 km-A) is  s t rong ly  i n d i -  
cated by the  observations of Trafton (1973) which show near- inf rared  bands o f  
CHI, having widths compargble with those  i n  Uranus. The observed geometric albedo 
p = 0.05 2 0.02 a t  2600 A (Caldwell 1973) can be produced by t h e  Rayleigh sca t -  
t e r i n g  o f  about 0.15 km-A CH4 overlying a black surface .  Under the  same condi- 
t i o n s ,  1 km-A CH4 w i l l  produce p = 0.22 and 10 km-A w i l l  y i e l d  p = 0.60. One 
must t he re fo re  conclude t h a t  some substance i s  s t rongly  absorbing i n  the  blue 
and u l t r a v i o l e t .  We propose t h a t  t h i s  absorption i s  due t o  small p a r t i c l e s  
(he rea f t e r  ca l l ed  dust)  produced as  a r e s u l t  of photolys is  i n  t h e  uppermost 
por t ions  o f  t he  atmosphere. A dark reddish-brown polymer with p rope r t i e s  qual- 
i t a t i v e l y  s i m i l a r  t o  those  required o f  t h e  dus t  has been produced i n  t h e  labora- 
t o r y  by Khare and Sagan (1973). 

I f  these  dust  p a r t i c l e s  were very l a rge ,  they would r ad ia t e  l i k e  black 
bodies with emiss iv i ty ,  E z 1, and t h e i r  temperature would approach 90°K, t h e  
black sphere temperature a t  t h e  d is tance  of Ti tan  from t h e  Sun. On the  o the r  

* Reprinted i n  p a r t  from Icarus ,  %:in p re s s ,  with permission of Academic 
Press,  Inc.  A l l  r i g h t s  reserved.  



Figure 2-32. The observed geometric albedo i s  based on t h e  observations o f  
McCord, Johnson, and E l i a s  (1971) normalized t o  p = 0.20 a t  
' A  = 0.555 pin and on the  OAO observations o f  Caldwell (1973). 
The ca lcula ted  curve is  from the  s impl i f i ed  model i n  Section 4. 
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hand, i f  t h e  p a r t i c l e s  are  small compared with t h e  wavelengths c h a r a c t e r i s t i c  
o f  a 90°K Planck spectrum, they w i l l  be poor emi t t e r s  and w i l l  r i s e  t o  tempera- 
t u re s  h igher  than 90°K. The gaseous atmosphere w i l l  be heated t o  nea r ly  t h e  
same temperature as t h e  dust due t o  c o l l i s i o n s  of gas molecules with t h e  dust  
p a r t i c l e s .  The f i n a l  temperature w i l l  be determined by the  emiss iv i ty  o f  t h e  
dust  and the  avai lable  molecular bands. Methane has no allowed bands longward 
of 7.7 pm and hydrogen, which has no allowed dipole  bands, has neg l ig ib l e  opa- 
c i t y  due t o  c o l l i s i o n  induced t r a n s i t i o n s  a t  t he  atmospheric pressures  charac ter -  
i s t i c  of ou r  model (of t h e  order  of  0.01 atmosphere). Among l i k e l y  addi t ional  
cons t i t uen t s ,  t h e  longest  allowed bands a r e  10.5 um (ethylene,  C2H4), 12.2 pm 
(ethane, C2Hs) and 13.7 pm (acetylene,  C2H2). NO p l aus ib l e  molecule has any 
appreciable emission longward o f  15 pm. I f  such a molecule were present ,  no 
l a rge  invers ion  could be sus ta ined.  

The Emission of t he  Titan Atmosphere 

To es t imate  t h e  emission of t he  Titan atmosphere, we assume ( f o r  s impl i c i ty )  
it  i s  isothermal except i n  t h e  boundary l a y e r  near  t o  t h e  surface .  Some j u s t i f i -  
ca t ion  f o r  t h i s  assumption i s  given i n  Section 6. We f i x  the  atmospheric tempera- 
t u r e  a t  160°K by not ing  t h a t  the  br ightness  temperature measured by G i l l e t t ,  
Forres t ,  and Merr i l l  (1973) a t  8.0 um, which i s  nea r  t h e  cen te r  of  t h e  very 
s t rong  CHI, band a t  7.7 pm, i s  near ly  160°K. (See Figure 2-33.) 

The emission of t he  dust i s  ca l cu la t ed  t o  be t h a t  of  an o p t i c a l l y  t h i n  
medium rad ia t ing  a t  160°K. The emiss iv i ty  o f  t h e  atmosphere i s  assumed t o  vary 
a s  A - l ,  which would be c h a r a c t e r i s t i c  of  p a r t i c l e s  which a r e  small compared with 
the  wavelength and which a r e  composed o f  a substance whose complex index o f  re-  
f r a c t i o n  i s  independent of  wavelength. The curve o f  dust  emission shown i n  
Figures 2-33 and 2-34 i s  ca l cu la t ed  by ad jus t ing  t h e  emiss iv i ty  t o  agree with 
observations a t  9 and 10 um. 

We propose t h a t  t he  l a rge  peak near  12 pm is due t o  t h e  12.2-micron band 
o f  C2H6. Based on a band s t r eng th  o f  24 cm-l/cm-~ (Thorndike 1947), we es t imate  
t h a t  t h e  amount of C2H6 requi red  t o  produce a mean emiss iv i ty  of ~ 0 . 1  a t  t h e  
12.2-micron peak i s  of t h e  order  o f  1 cm-A. The width o f  t he  12-micron f ea tu re  
as  shown i n  Figure 2-34 was taken t o  be t h e  same as  a s i m i l a r  f ea tu re  a t  12 pm 
observed i n  Saturn ( G i l l e t t  1973, p r i v a t e  communication) . Laboratory measure- 
ments and de ta i l ed  ca l cu la t ions  on t h e  12.2-micron C2H6 band w i l l  be required 
t o  e s t a b l i s h  i t s  width under t h e  condit ions i n  the  Titan atmosphere. 

The Energy Balance of T i t  an ' s  Atmosphere 

The energy balance o f  t h i s  model of  Ti tan  w i l l  be i l l u s t r a t e d  by an idea l -  
i zed  ca l cu la t ion  i n  which Rayleigh s c a t t e r i n g  i s  ignored f o r  s impl i c i ty .  Adopt- 
i ng  a radius  of 2550 km, as  d id  Morrison, Cruikshank, and Murphy (1972) based on 
a correc t ion  t o  the  measurements of  Dollfus (1970), t he  v i sua l  geometric albedo 
(p) equals 0.20 i f  t h e  v i sua l  magnitude o f  Titan a t  mean opposit ion i s  taken t o  
be 8.39 (Harris  1961) and i f  t he  absolute  v i sua l  magnitude of the  Sun equals 
-26.78 (Allen 1963). Using t h e  observations o f  s p e c t r a l  r e f l e c t i v i t y  given by 
McCord, Johnson, and E l i a s  (1971), one obta ins  the  curve of observed geometric 
albedo shown i n  Figure 2-32. The maximum geometric albedo (p % 0.25) occurs a t  
A x 0.65 pm, o r  approximately t h e  same wavelength as  t he  minimum absorption of 
t h e  brown polymer (dust)  shown i n  Figure 2-35. 
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Figure 2-33. The s o l i d  curve shows t h e  predic ted  emission spectrum based on 
a highly s impl i f i ed  invers ion  model o f  Ti tan .  The peaks a t  
7 .7  pm and 12.2 um a re  due t o  emission by CH,+ and C2H6 bands. 
The emission by the  dust  i s  shown as a 160°K black body having 
an emiss iv i ty  which is  inverse ly  proport ional  t o  t h e  wavelength. 
The r ad ia t ion  from t h e  surface  i s  shown as an 80°K black body. 
Thig graph is constructed i n  such a way t h a t  t h e  a rea  under 
the  curves i s  propor t ional  t o  t h e  energy radia ted .  In both 
t h i s  fZgure and i n  Figure 2-34, t h e  f i l l e d  c i r c l e s  are  da t a  
by G i l l e t t  e t  a l .  (1973), and t h e  f i l l e d  square i s  a  measure- 
ment by Morrison e t  a1 . (1972) . 



Figure 2-34. The energy balance of t h e  inversion model ok  Titan i s  i l l u s t r a t e d  
i n  t h i s  f i gu re  where a rea  i s  proport iohdl t"d"energy. The area  
under the  curve representing t h e  inciden? s o l a r  r ad ia t ion  (T = 
5750°K) i s  equal t o  the  area  under a1900%?'black body curve. Most 
of t h e  s o l a r  r ad ia t ion  is  absorbed by rhe dust  i n  the  atmosphere 
and re- radia ted  i n  t h e  f a r  i n f r a red .  , ,. 
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Figure 2-35. The a p t i c a l  th ickness  o f  t h e  dus t  suspended i n  t h e  Titan atmos- 
phere.., T+ s o l i d  curve shor tyard  of 0.8 pm i s  based on t h e  
measurements of  Khare and Sagan (1973) normalized t o  agree with 
t h e  observed geometric albedo. The curve longward of 5 um i s  
based on an assumed A - ~  dependence normalized t o  agree with the  
observed f lux  a t  9 and 10 pm. 
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In order  t o  have a d e f i n i t e  exploratory model, t h e  surface  albedo of 
Titan i s  taken t o  be propor t ional  t o  wavelength up t o  X = 0.65 vm, above which 
it i s  assumed t o  be 0.65. The r a t i o n a l e  behind t h i s  a r b i t r a r y  choice o f  sur-  
face albedo comes from t h e  working hypothesis  t h a t  t he  surface  o f  Titan i s  
covered by snow whose r e f l e c t i v i t y  i s  governed by the  dust  which has s e t t l e d  
out of  t he  atmosphere. - 

The geometric albedo, p, and Bond albedo, A, of  a pure ly  absorbing atmos- 
phere (obeying Beer's law) which has an o p t i c a l  depth, -c, overlying a Lambert 
sur face  having a r e f l e c t i v i t y  R can be shown t o  be: 

and A = [ l  - -c + r2eT E ( T ) ] ~ ,  (2) 

From Equation 2, p = 0.25 y i e l d s  T = 0.20 which e s t ab l i shes  thebnormalization 
of t h e  v i s i b l e  and u l t r a v i o l e t  por t ions  of t h e  curve of TD,  t h e  o p t i c a l  depth 
of t h e  dust i n  the  atmosphere, shown i n  Figure 2-35. Figure 2-35 i s  based on 
t h e  measurements of t he  transmission o f  a t h i n  l aye r  ( thickness o f  t h e  order  
of 0.03 mm) of  brown polymer by Khare and Sagan (1973). I t  can be shown t h a t  
t h e  o p t i c a l  depth o f  a l aye r  containing p a r t i c l e s  (small compared with t h e  wave- 
length) i s  approximately equal t o  t h a t  of  a s l a b  having the  same mass p e r  un i t  
a rea  i f  k << 1, where k is  t h e  imaginary p a r t  o f  t he  index of r e f r ac t ion .  This 
condit ion i s  s a t i s f i e d  f o r  t h e  brown polymer, f o r  which k i s  t h e  order  o f  3 x 

The adopted va r i a t ions  o f  T D  and R lead  t o  t h e  ca lcula ted  curve o f  p shown 
i n  Figure 2-32. For the  purposes o f  t h i s  paper,  t he  predic ted  geometric albedo 
i s  i n  s a t i s f a c t o r y  agreement with t h a t  observed shortward o f  0.65 urn. The Bond 
albedo shown i n  Figure 2-34 i s  based on the  crude assumption t h a t  Beer's law 
holds f o r  t he  CHI, absorption longward of 0.65 ym. The albedo f o r  the  inc ident  
s o l a r  r ad ia t ion  is 16%; t h e  corresponding black sphere temperature i s  86OK. 

Under the  same assumptions governing equations 1-3, t he  f r ac t ion  o f  the  
in t e rcep ted  s o l a r  r ad ia t ion  which is  absorbed a t  t h e  su r face  i s  given by: 

Based on Equation 4, 23% of t h e  s o l a r  r ad ia t ion  is  absorbed a t  t he  surface .  The 
remaining 61% i s  absorbed i n  t h e  atmosphere. Since the  atmosphere i s  o p t i c a l l y  
t h i n  i n  t h e  f a r  i n f r a r e d  (except near 7.7 pm), approximately h a l f  of  t h e  absorbed 
r ad ia t ion  i s  reemitted downward and i s  absorbed by t h e  surfsrce. This absorbed 
r ad ia t ion  would, by i t s e l f ,  keep the  surface  a t  a temperature o f  67OK. 

Absorbed r ad ia t ion :  1.13 x watts 
cm2 
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From Figure 2-34, t he  r ad ia t ion  emitted (upward) by the atmosphere equals 
1.38 x watts/cm2 which i s  22% l a r g e r  than h a l f  of t h e  r ad ia t ion  absorbed 
i n  the  atmosphere. In  a f u l l y  se l f - cons i s t en t  model, t hese  numbers would be 
eaual .  (They would be e ~ u a l  i f  t he  f a r  i n f r a r e d  emiss iv i tv  of t h e  dus t  de- . . 
creased a l i t t l e  f a s t e r  than I - ' ,  f o r  example.) The important conclusion t o  
be drawn from the  above discussion is t h a t  t he  s o l a r  r ad ia t ion  absorbed by the  
dust i s  s u f f i c i e n t  t o  maintain a l a rge  inversion (temperature approximately 
160°K) i n  the  e n t i r e  atmosphere o f  Titan.  

From t h e  emitted f l u x  and the  hea t  capacity of t he  atmosphere, one may 
compute i t s  r a t e  of cooling when it i s  not i l luminated  by the  Sun. The r e s u l t  
i s  about O . l O ~ / d a y  i f  t he  atmosphere contains 2 km-A o f  CH4. Thus the  change 
i n  atmospheric temperature i s  i n s i g n i f i c a n t  during T i t an ' s  s o l a r  day (16 days 
i f  i t s  ro t a t ion  i s  synchronous with i t s  o r b i t a l  per iod) .  Furthermore, t h e  cool- 
ing  r a t e  i s  s u f f i c i e n t l y  slow t o  allow t h e  atmospheric temperature over t he  
winter  pole t o  be maintained nea r  160°K (except near t h e  surface)  by l a t e r a l  
t r anspor t  (winds). 

The Surface Temperature of Titan 

I f  t he  atmospheric r ad ia t ion  were the  only source o f  heat ing  the  winter  
poles (which a re  inc l ined  27' i f  the  ax i s  of  Ti tan  i s  p a r a l l e l  t o  t h e  ax i s  of 
Saturn) ,  the  surface  temperature would only be 6 7 ' ~ .  The vapor pressure  of 
s o l i d  methane a t  t h i s  temperature i s  about atm corresponding t o  a methane 
abundance o f  about 0.1 km-A. This abundance is  too  small t o  explain the  width 
o f  the  Ti tan  methane bands observed by Trafton (1973). I f  the  minimum surface  
temperature i s  80°K, the  corresponding CH4 abundance i s  2 km-A and the  C2H6 
abundance i s  of the  order  o f  5 cm-A. Extending t h e  ca l cu la t ions  i n  Section 4 ,  
we f ind  t h a t  t h e  surface  temperature a t  the  sub-solar  point  would r i s e  t o  near ly  
100°K assuming the  surface  has neg l ig ib l e  thermal i n e r t i a .  Under t h e  same assump- 
t i o n s ,  Figure 2-36 shows the  va r i a t ion  i n  surface  temperature on the  i l luminated  
por t ion  of t he  surface .  

Undoubtedly some heat ing  of the  unil luminated por t ion  occurs as a r e s u l t  
of  surface  winds driven by surface  temperature d i f ferences .  In our model, how- 
ever,  t he  main source of heat ing  ( i n  addi t ion  t o  the  atmospheric r ad ia t ion )  i s  
by means o f  t he  l a t e n t  heat  re leased as  a r e s u l t  of  t he  condensation of s o l i d  
methane. We propose t h a t  t he  winter  p o l a r  regions a re  kept nea r  80°K as  a r e s u l t  
of  t h e  condensation of CH4 gas. Reduction of t h e  albedo of t h e  po la r  caps by t h e  
dust  which has s e t t l e d  out i s  t h e  v i t a l  f a c t o r  which enables t h e  condensed snows 
t o  be resublimed i n  t h e  po la r  summer. In t h e  absence o f  t he  dus t ,  t he  summer 
pole would be much too  cold. 

During the  30-year long Titan year ,  t he  surface  pressure may vary somewhat 
with time because t h e  sublimation and condensation would not  always be equal .  
We can es t imate  the  m a e i t u d e  o f  t h i s  va r i a t ion  by computing t h e  decrease i n  
CHI, abundance required t o  keep a po la r  cap (down t o  a l a t i t u d e  o f  63') a t  a tem- 
pe ra tu re  of 80°K for.15 years .  The r e s u l t  i s  0.08 km-A of CHI, which i s  small 
compared with t h e  *undance of 2 km-A adopted i n  our exploratory model. 
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, 
Figure 2-36. The su r face  temperature of Ti tan  predic ted  by ignoring t h e  thermal 

i n e r t i a  of t he  surface ,  t he  energy t r a n s f e r  by surface  winds, and 
the  l a t e n t  heat  o f  CH4. Inclusion of t he  l a t e n t  heat  i s  expected 
t o  make the  su r face  temperature more uniform than shown. 



S i m i l a r l y ,  methane condensat ion w i l l  supply  h e a t  t o  t h e  e q u a t o r i a l  reg ions  
a t  n i g h t  and sub l imat ion  w i l l  occur  dur ing  t h e  daytime. Much, i f  n o t  a l l ,  o f  
t h e  s u r f a c e  o f  T i t a n  should be  covered with f rozen  CHI, and o t h e r  i c e s .  I f  t h i s  
be t h e  case ,  t h e  s u r f a c e  tempera ture  w i l l  be  more uniform t h a n  i n d i c a t e d  i n  Fig- 
u r e  2-36 due t o  t h e  t h e r m o s t a t i c  e f f e c t  o f  t h e  s o l i d  CH4. I n  Figures  2-33 and 
2-34, t h e  p r e d i c t e d  r a d i a t i o n  from t h e  s u r f a c e  i s  i n d i c a t e d  a s  an 8 0 ' ~  b lack  
body. 

Summary Discussions o f  t h e  Model 

With t h e  aim o f  i n t r o d u c i n g  t h e  b a s i c  i d e a s  a s  c l e a r l y  a s  p o s s i b l e ,  t h e  
i n v e r s i o n  model o f  T i t a n  p r e s e n t e d  i n  t h i s  p a p e r  i s  h i g h l y  s i m p l i f i e d ,  t h e r e b y  
avoiding premature ly  complex c a l c u l a t i o n s .  I f  t h e  model con t inues  t o  be v i a b l e  
a f t e r  f u r t h e r  s c r u t i n y ,  many o f  i t s  f e a t u r e s  should  be s t u d i e d  i n  more r e a l i s t i c  
d e t a i l .  

A more d e t a i l e d  a n a l y s i s  must i n c l u d e  t h e  e f f e c t s  o f  Rayleigh s c a t t e r i n g .  
We have made some c a l c u l a t i o n s  i n c l u d i n g  s c a t t e r i n g  which i n d i c a t e  t h a t  t h e  
v i s i b l e  and u l t r a v i o l e t  o p t i c a l  depth o f  t h e  dus t  must i n c r e a s e  more r a p i d l y  
t h a n  shown i n  Figure 2-35 i n  o r d e r  t o  e x p l a i n  t h e  observed geometr ic  albedo.  
Macy (1973) f i n d s  t h e  same t o  be t r u e  f o r  Sa turn .  I t  t h e r e f o r e  seems t h a t  t h e  
d u s t  produced i n  p l a n e t a r y  atmospheres e x h i b i t s  a  more r a p i d  i n c r e a s e  i n  absorp- 
t i o n  toward t h e  u l t r a v i o l e t  than  does t h e  subs tance  produced by Khare -and Sagan 
(1973). F u r t h e r  l a 6 o r a t o r y  i n v e s t i g a t i o n s  i n  which mixtures  o f  on ly  CHI, and H2 
a r e  i r r a d i a t e d  with hard  u l t r a v i o l e t  photons may be r e q u i r e d .  The f u l l  index 
o f  r e f r a c t i o n  ( r e a l  and imaginary p a r t s )  o f  t h e  subs tances  produced should  be 
measured. 

We b e l i e v e  t h a t  d e t a i l e d  knowledge o f  t h e  p r o p e r t i e s  o f  t h e  d u s t  w i l l  be 
impor tan t  i n  unders tand ing  o t h e r  p l a n e t s  a s  wel l  a s  T i t a n .  Both J u p i t e r  and 
S a t u r n  e x h i b i t  absorp t ion  f e a t u r e s  which begin i n  t h e  r e d  and i n c r e a s e  toward 
t h e  b lue .  Pre l iminary  a t tempts  t o  e x p l a i n  t h e s e  f e a t u r e s  i n  terms o f  absorp- 
t i o n  by dus t  p a r t i c l e s  s i m i l a r  t o  t h o s e  p o s t u l a t e d  f o r  T i t a n  have been made f o r  
J u p i t e r  (Axel 1972) and f o r  S a t u r n  (Macy 1973). Uranus may a l s o  have some absorb- 
i n g  p a r t i c l e s  i n  i t s  atmosphere (Light  and Danielson 1973). Hence t h e  major 
p l a n e t s  should  have s u b s t a n t i a l  i n v e r s i o n s  i n  t h e  upper  p o r t i o n s  o f  t h e i r  atmos- 
pheres  where t h e  d e n s i t y  i s  --1018 cm-3 o r  l e s s .  Such an i n v e r s i o n  has  been 
observed on J u p i t e r  ( G i l l e t t ,  Low, and S t e i n  1969, G i l l e t t  and Westphal 1973). 
Indeed, i f  T i t a n  should  have a  massive atmosphere o f  t h e  type  proposed by Pol lack  
(1973), an i n v e r s i o n  would occur  i n  t h e  upper  p o r t i o n  o f  i t s  atmosphere. 

We a r e  of  t h e  opinion t h a t  t h e  dus t  p a r t i c l e s  a r e  composed mainly o f  h i g h e r  
hydrocarbons from t h e  by-products  o f  t h e  p h o t g l y s i s  o f  CH4 by s o l a r  u l t r a v i o l e t  
photons having wavelengths s h o r t e r  t h a n  1600 A. S t r o b e l  (1973, s e e  a l s o  S t r o b e l  
and Smith 1973) has  performed d e t a i l e d  s t u d i e s  o f  t h e  photochemistry of hydro- 
carbons i n  t h e  Jov ian  atmosphere. He f i n d s  t h a t  approximately 20% o f  t h e  d i s -  
s o c i a t e d  methane is  i r r e v e r s i b l y  converted t o  h i g h e r  hydrocarbons. If a  s i m i l a r  
percen tage  i s  v a l i d  f o r  T i t a n ,  o f  t h e  o r d e r  o f  10 km-A o f  CH,, should  have been 
converted over  t h e  l i f e t i m e  o f  t h e  s a t e l l i t e .  S t r o b e l ' s  (1973) c a l c u l a t i o n s  
sugges t  t h a t  C2H6 may be t h e  main subs tance  formed. In  o u r  i n v e r s i o n  model, 
almost a l l  o f  t h e  C2Q6 w i l l  f r e e z e  o u t  on t h e  s u r f a c e  l e a v i n g  o n l y  a  few cm-A 
o f  gaseous C2H6 i n  t h e  atmosphere. 



Our most recent  attempt t o  model t h e  emission peak a t  12.2 um i s  shown 
i n  Figure 2-37. Using the  formulae f o r  a symmetric top  molecule given by 
Herzberg (1950) and random band transmission formulae from Goody (1964), t he  
d isk- in tegra ted  thermal emission from an isothermal (160°K) atmosphere o f  
2 km-atm of CH4 and 0.5 cm-atm C2H6 has been ca lcula ted .  Also shown a r e  some 
o f  the  d a t a  o f  G i l l e t t  e t  a l .  (1973). The agreement i s  f a i r  nea r  t h e  cen te r  
o f  t he  band, but breaks down away from t h e  center .  This may ind ica t e  t h a t  t he  
molecular model used i s  not  co r rec t ,  o r  t h e r e  may be addi t ional  t r a c e  mater ia ls  
present .  The discrepancy between t h e  0.5 cm-atm of C2H6 i n  t h i s  ca l cu la t ion ,  
and t h e  5.0 cm-atm quoted e a r l i e r ,  could r e s u l t  from the  uncer ta in  ext rapola-  
t i o n  of measured vapor pressure  da t a  points  t o  low temperature, o r  perhaps 
p a r t l y  from t h e  Ti tan  inversion not  extending down t o  the  surface .  

Based on a surface  temperature of 80°K, the  corresponding abundance f o r  
C2H2 is  cm-A and ~ 4 0  cm-A f o r  C2H4. The l a t t e r  abundance is s u f f i c i e n t l y  
l a rge  t h a t  t h e  atmosphere should be o p t i c a l l y  th i ck  a t  10.5 pm ( the  band s t r eng th  
i s  about 500 cm-l/cm-A) y i e ld ing  a br ightness  temperature of about 160°K. A l -  
though no narrow-band measurement has been made a t  10.5 um, t h e  measured f lux  
from 10-12 pm i s  cons is tent  with a s u b s t a n t i a l  emission peak a t  10.5 pm ( G i l l e t t ,  
Forres t ,  and Merr i l l  1973). In  addi t ion ,  t h e  observed br ightness  temperature a t  
13 Dm suggests  the  p o s s i b i l i t y  of some atmospheric emission a t  13.7 pm due t o  
C2H2. These two poss ib le  emission peaks were no t  included i n  our explora tory  
model. 

A more d e t a i l e d  analys is  o f  t h i s  model should a l s o  include a ca l cu la t ion  
of t he  v e r t i c a l  temperature d i s t r i b u t i o n .  Since the  gra ins  r e r a d i a t e  most o f  
t h e  r ad ia t ion  they absorb, t h e  atmospheric temperature i s  mainly determined by 
t h e  s o l a r  r ad ia t ion  a t  each e levat ion  above the  surface .  The decrease o f  i n c i -  
dent s o l a r  r ad ia t ion  with depth i n  the  atmosphere i s  somewhat compensated by 
t h e  increased amount of outgoing s o l a r  r ad ia t ion  ( r e f l ec t ed  by the  surface)  i n  
the  lower atmosphere. Hence t h e  assumption o f  an isothermal atmosphere may not 
be too u n r e a l i s t i c .  
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Morrison: I would l i k e  t o  r a i s e  a question t h a t  perhaps seve ra l  people would 
want t o  address. A number of you t a l k  about models i n  which a l l ,  o r  a s i g n i f i -  
cant  f r ac t ion ,  of t he  r ad ia t ion  has t o  reach the  surface .  You've s a i d  t h i s  about 
t he  poles and Pol lack ' s  models, as  I r e c a l l ,  assume t h a t  a l l  r ad ia t ion  i s  de- 
pos i ted  a t  t h e  surface .  But Veverka has t a lked  about o p t i c a l l y  th i ck  clouds. 
I wonder what both o f  those th ings  mean. In an o p t i c a l l y  th i ck  cloud, what 
f r ac t ion  o f  t he  t o t a l  r ad ia t ion  can ge t  through t o  t h e  surface?  When you say 
you assume t h a t  l a rge  f r ac t ions ,  o r  a l l ,  of  t h e  r ad ia t ion  reaches the  surface ,  
what r e a l l y  do you mean a re  t h e  l imi t a t ions?  

Danielson: Well, we had a luncheon discussion on t h a t  very sub jec t ,  and i f  I 
may, l e t  me summarize it f o r  you. What Veverka says is t h a t  a dense cloud i s  
needed. An a l t e r n a t e  version o f  t h a t  would be a snow f i e l d  with the  absorbing 
dust i n  the  atmosphere. Veverka agrees t h a t  a snow f i e l d  w i l l  give him the  
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WAVENUMBER (CM-I ) 

WAVELENGTH (pM) 

Figure 2-37. The thermal emission from an atmospheric inversion cons is t ing  of 
a 160°K atmosphere (2  km-atm CH4, 0.5 cm-atm C2H6) above an 8 0 ' ~  
surface.  The emission i s  averaged over a hemisphere. 
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var i a t ions  o f  po la r i za t ion  with phase t h a t  he needs, but it  has t o  be b r igh t ,  
and we know t h a t  Titan is  not  b r i g h t .  However, i f  we put  i n  these  nonscat ter ing  
p a r t i c l e s  which a re  purely absorbing, it is l i k e  pu t t ing  a  neu t r a l  dens i ty  f i l t e r  
i n  f ron t  of the  snow. Then it might have the  same po la r ime t r i c  p rope r t i e s  f o r  a l l  
we know a t  t h e  moment; i s n '  t t h a t  r i g h t ,  Joe (Veverka) ? 

Veverka: In p r inc ip l e ,  yes.  I t  i s  c e r t a i n l y  t r u e  t h a t ,  out  of  hand, one cannot 
r e j e c t  your model on the  b a s i s  of t he  phase coe f f i c i en t s  o r  t he  po la r i za t ion  
measurements. What has t o  be done, o f  course, i s  t o  perform the  ca l cu la t ions  
and s e e  i f  t h a t  kind of model f i t s .  But, I  would a l s o  l i k e  t o  address the  ques- 
t i o n  of g e t t i n g  energy through clouds t o  t h e  surface .  This i s  t h e  problem with 
Venus, r i g h t ?  You have o p t i c a l l y  th i ck  clouds and you have no problem ge t t i ng  
energy t o  the  surface ,  o r  a t  l e a s t  q u i t e  deep anyway. 

Danielson: Well, Venus1 clouds a re  o p t i c a l l y  th i ck  but t h e  albedo i s  high, so  
you have r - l  reaching the  surface  i n  conservative i s o t r o p i c  sca t t e r ing .  

Morrison: Could Pollack o r  Sagan make an e luc ida t ing  comment as  t o  how t h i s  
a f f e c t s  t h e i r  models? I'm not su re  I  understood what was j u s t  s a i d  about Venus. 

Pollack:  Well, l e t  me explain the  Venus s t o r y  i n  a  somewhat d i f f e r e n t  way. That 
i s ,  t h a t  a  greenhouse model, i n  order  t o  work, r e a l l y  doesn' t  need very much s o l a r  
energy reaching t h e  surface .  I t  needs some nonzero amount t o  reach t h e  surface ,  
but  t h a t  nonzero amount, a s  i n  the  case o f  Venus, could be very small .  Now, i n  
t h e  case of Titan,  I  think the  r e a l  ques t ion  i s  how o p t i c a l l y  th i ck  a re  the  clouds. 
To s a t  i s  f y  observational  measurements, l i k e  the  po la r i za t ion ,  I  ' m su re  doesn ' t re-  
qu i r e  huge o p t i c a l  th ickness  as  t he  lower bounds. To ju s t  throw a  number out ,  I  
would r a t h e r  suspect  t h a t  op t i ca l  depths on the  order  of uni ty  would s a t i s f y  a l l  
t h e  observational  cons t r a in t s ,  l i k e  the  po la r i za t ion .  Cer ta in ly  under those con- 
d i t i o n s  a  s i g n i f i c a n t  amount o f  r ad ia t ion  w i l l  reach the  surface .  Now, obviously 
i f  i t ' s  a  l o t  h igher  i t ' s  a  whole new b a l l  game. 

Danielson: I  would l i k e  t o  emphasize t h a t ,  i n  our model, t h e  atmosphere has no 
clouds, and I  am worried about Traf ton ' s  contention t h a t  you must have clouds t o  
f i l l  i n  t hese  methane bands. Frankly I  don ' t  s ee  how clouds i n  the  upper po r t ion  
o f  the  atmosphere can form i n  the  presence of our proposed inversion.  An ac t ion  
item I  am going t o  take  f o r  myself i s  t o  t r y  and see  i f  t h e r e  i s n ' t  some way t o  
ge t  around Tra f ton l s  argument on t h e  clouds. I t  i s  t he  most d i f f i c u l t  one t h a t  
I  am aware o f ,  a t  t h e  moment, f o r  t h i s  atmosphere which has no clouds unless you 
want t o  c a l l  t h e  dust a  cloud. Veverka's cloud i s  a  snow covered surface ,  but 
t h e r e ' s  no way t h a t  t h a t  would s a t i s f y  Trafton.  

Trafton:  But my cloud need not  be a t  t h e  same a l t i t u d e  as  your invers ion .  What 
do you mean by high? You mean o p t i c a l  depth uni ty  i n  your emission bands, don ' t  
you? What do I  mean by high? I  mean a  l eve l  above which t h e  methane absorption 
i s  neg l ig ib l e  compared t o  t h e  observed methane absorption.  



Pollack: I  think we're r e a l l y  deal ing  with methane bands o f  very d i f f e r e n t  
s t rengths .  For example, t h e  8 pm observation r e f e r s  t o  the  fundamental o f  
methane where op t i ca l  depth un i ty  i s  something l i k e  10-3 atm. In the  case of 
Traf ton ' s  observations,  they a r e  overtone o r  combination bands t h a t  a r e  a l o t  
weaker. So presumably h i s  clouds could be a l o t  h igher  and a t  a  pressure  l eve l  
a l o t  h igher  than 10-3 atm. I  think you have t o  be ca re fu l  as  t o  where d i f f e r e n t  
th ings  a re  i n  the  atmosphere. 

Morrison: I s  t h i s  a l so  t r u e  of t h e  po la r i za t ion  measurement? Could Traf ton ' s  
clouds be t h e  clouds tha t .one  sees  photometrically and po la r ime t r i ca l ly  and a l l  
of t h i s  e x i s t  below your dust layer?  

Veverka: Sure. I  th ink  I  can reverse  your argument, Bob (Danielson). I  was 
probably very generous i n  saying t h a t  my observations can be cons i s t en t  with 
what you're saying.  But I  don ' t  s ee  why I  c a n ' t  t u rn  it around. You keep 
t a l k i n g  about your Lambert sur face .  Why c a n ' t  it be a white cloud? 

Danielson: Yes, t h a t ' s  q u i t e  t r u e .  I f  you wanted a greenhouse model i n  addi- 
t i o n  t o  t h e  invers ion ,  you could replace  the  snow-covered su r face  with a cloud. 
I  don ' t  th ink  the  cloud would be white though, because of t he  dus t  which must 
be t h e r e  ac t ing  a s  nuclea t ing  p a r t i c l e s  f o r  it. 

Trafton:  What about t h e  emiss iv i ty  of t h i s  dus t ?  I t  seems a s  i f  your whole 
model i s  predica ted  on t h i s  emiss iv i ty  being s o  low t h a t  t h e  temperature of t h e  
dust  i s  d ispropor t ionate ly  high,  and t h i s  i n  t u r n  r e s u l t s  i n  the  mechanism f o r  
your model o f  a temperature invers ion .  Bas ica l ly ,  i t ' s  t h e  non-unit emiss iv i ty  
of t h e  dust  which allows you t o  construct  your model. What i s  t h e  observational  
evidence t h a t  dust p a r t i c l e s ,  small compared t o  the  wavelength o f  l i g h t ,  a r e  
h ighe r  i n  temperature than t h e i r  surroundings ? 

Danielson: There i s  no observational  evidence. I t  is pure ly  a t h e o r e t i c a l  
argument but  I  think it i s  a p r e t t y  s t rong  one. Think of t he  p a r t i c l e  a s  an 
antenna. Jus t  t r y  t o  r ad ia t e  a t  one meter with such a small antenna and you 
f ind  t h a t  i t ' s  a  very i n e f f i c i e n t  antenna. That ' s  t he  o r i g i n  of t h i s  A-l 
dependence f o r  small p a r t i c l e s .  

Trafton:  You mentioned t h i s  i s  observed i n  i n t e r s t e l l a r  dus t?  

Danielson: Yes, i s n ' t  it t r u e  t h a t  t h e  i n t e r s t e l l a r  dus t ,  i f  it were simply 
i n  equil ibrium with s t a r l i g h t  and such, i t  would be ~ O K ,  whereas typ ica l  tem- 
pera tures  a re  believed t o  be around 100°K. 

Trafton:  Well, contrary t o  t h e  s i t u a t i o n  with t h e  i n t e r s t e l l a r  medium, i n  
T i t a n ' s  atmosphere the  dust  p a r t i c l e s  a re  going t o  be co l l i d ing  with a l o t  of 
methane molecules and s t u f f  l i k e  t h a t .  How do you know t h a t  t he  c o l l i s i o n a l  
i n t e rac t ions  here  won't be enough t o  cool down the  dust? 



Danielson: The dust  and t h e  molecules go t o  the  same temperature. The molecules 
have l imi ted  a b i l i t y  t o  r a d i a t e  it away s ince  they can only r a d i a t e  i n  the  12- 
micron and 7.7-micron bands. I f  you could invent another molecule t h a t  was a 
good s t rong  r a d i a t o r  a t  30 um, then t h e  dust xould cool down and t h e r e  would be 
no invers ion .  But as long a s  you don ' t  have any emissions longward o f  15 um, I 
be l i eve  my argument i s  co r rec t ,  as long as  t h e  p a r t i c l e s  are  small .  That is ,  
small  compared t o  the  40-micron wavelengths, so  1 pm o r  h a l f  a  micron p a r t i c l e s  
would be q u i t e  adequate f o r  t h a t .  

Sagan: In o ther  words, th ings  t h a t  r ad ia t e  a t  30 pm, which i s  the  pure ro ta-  
t i o n  spectrum, l i k e  CHI, and H2,  a r e n ' t  awfully good f o r  t h a t ,  but what about 
any molecule t h a t ' s  not  symmetric? 

Danielson: Well, name one. That ' s  t he  problem. 

Sagan : Asphalt. 

Danielson: That becomes a s o l i d ,  forming my l i t t l e  p a r t i c l e s .  The vapor pres-  
su re  very quickly e l iminates  almost a l l  molecules. That ' s  t h e  t rouble  we found 
a t  f i r s t  when we were t r y i n g  t o  f i l l  up t h i s  8-14 micron region with emi t ters .  
Everything s o l i d i f i e s  very quickly,  and ethane and ethylene a re  r e a l l y  the  only 
two e f f e c t i v e  cons t i tuents  I'm aware of .  Caldwell 's question on s i l a n e  was 
motivated by t h i s  as  a substance whose vapor pressure i s  subs t an t i a l .  We won- 
dered i f  t h a t  might play a r o l e  because it has an emission somewhere i n  t h i s  
region o f  9-12 um. However, unless we can s h o r t - c i r c u i t  some of Lewis' com- 
ments, i t ' s  a l s o  hard t o  ge t .  

I 

Trafton:  There's one o t h e r  poin t  about t he  dust I'm concerned about. You might 
expect t h e  dust t o  have a d i s t r i b u t i o n  r a t h e r  than coming out something l i k e  a l l  
t h e  same s i z e ,  and, t he re fo re ,  a  c e r t a i n  fract 'ion would be l a r g e r  than  the  average. 
Since a l o t  more f lux  from t h e  exponential  s i d e  of t h e  emission function occurs a t  
longer wavelengths, maybe t h i s  could compensate, o r  more than compensate, t o  
t he  point  where you could have s i g n i f i c a n t  long wavelength r ad ia t ion  from t h e  
p a r t i c l e s .  

Danielson: Well, you've got t o  have something l i k e  a 15 pm diameter p a r t i c l e ,  
and t h a t  ' s  going t o  drop out  of  t h e  atmosphere awfully quick. 

J 

Sagan: Let me j u s t  say a word on t h a t .  We have measured t h e  p a r t i c l e  s i z e s  o f  
our  polymers t h a t  you are  using here.  Now I'm su re  t h a t  t h e  p a r t i c l e  s i z e s  a re  
dependent on some condit ions which may no t  be the  same as on Ti tan ,  but ,  t o  what- 
ever  extent  you want t o  use our  models, t h e  average p a r t i c l e  s i z e  i s  100 pm. 

.5. 

~an ie l s lon :  They won't s t a y  i n  the  atmosphere. They' 11- go plop. 
I 



Sagan: They w i l l  go plop, but t he re  w i l l  be o the r s  t h a t ' l l  be made. The ques- 
t i o n  i s :  might t he  cloud be a s t eady- s t a t e  concentrat ion between (1) formation, 
(2)  growth t o  100 um, and (3) Stokes-Cunningham f a l l o u t ?  The answer t o  t h a t  
might be yes. I f  t h e  answer is  yes,  and you have p a r t i c l e s  much l a r g e r  than 
the  i n f r a r e d  emission wavelengths, then ,  i s  i t  t r u e  t h a t  you a r e  i n  t roub le  
t r y i n g  t o  s t a y  h o t t e r  than the  equil ibrium temperature? 

Danielson: I think so .  That would do t h e  t r i c k .  

Hunten: How many s o l a r  constants of  UV do you have i n  your experiments, Carl 
(Sagan)? Grossly, you'd expect t h e  growth r a t e  of t h e  p a r t i c l e s  t o  be propor- 
t i o n a l  t o  the  UV f l ux ,  o the r  t h ings  being equal .  

Sagan: But sure ly ,  t h e  p a r t i c l e  s i z e  depends on the  f a l l - o u t  r a t e  a s  well  
as t h e  UV f lux .  

Hunten: Yes, r ad ia t ion ,  t he  f lux ,  t he  time, t he  r a t e  o f  f a l l o u t ;  and obviously 
f a l l o u t  is  a l o t  slower on T i t an  than i n  your f l a s k .  I t  seems t o  me very d i f -  
f i c u l t  t o  es t imate  p a r t i c l e  s i z e s  i n  T i t an ' s  atmosphere on t h e  b a s i s  of  t hese  
lab  experiments. 

Sagan: Yes, I agree.  

Veverka: Do you have a f ee l ing ,  Bob (Danielson), f o r  how dependent your con- 
c lus ions  are  on t h i s  A - ~  dependence. For example, i f  t h e  dependence is X - l e 5  
does everything f a l l  apar t?  

Danielson: Well, ac tua l ly ,  it would have been more comfortable i n  t h i s  model 
t o  have it X - l a 2 ,  I be l ieve ,  because then we would have exact  balance between 
the  absorbed and emitted r ad ia t ion .  I f  it tu rns  out t h a t  the  complex index 
va r i e s  rapid ly  with wavelength i n  a way t h a t  i s  very d i f f e r e n t  than t h a t ,  then 
a t  some po in t  t h e  model i s  no longer v iable .  How much it i s ,  I don't know.' 

Sagan: There's one o the r  t h ing  I wanted t o  ask about. The C2 molecules a re  a - 
cen t r a l  p a r t  of  t he  Inversion Model s to ry .  They have t r a n s i t i o n s  i n  the  near  
IR and, p a r t i c u l a r l y ,  i n  t h e  nea r  UV. So I wonder what observational  l i m i t s  
have been s e t  on these .  For example, i s  t h e r e  some c r i t i c a l  UV observation 
t h a t  could be made, say with t h e  In t e rna t iona l  U l t r av io l e t  Explorer, o r  from 
Skylab? 

S t robe l :  The problem with ethane i s  t h a t  i t ' s  masked by methane. The onset  
of absorption f o r  ethane i s  100 8, longward o f  t h e  onset  of  methane absorption;  
they almost p a r a l l e l  each o the r .  Since methane is so  much more abundant than 
ethane t h e r e ' s  no way you're going t o  unravel one from t h e  o the r .  



Sagan: Okay, so t h a t ' s  ethane.  What about ethylene and acetylene? 

S t robe l :  They absorb a t  longer wavelengths, out t o  2000 1. 

Sagan: So you might have a measurement the re .  

Hunten: As long as the  dust  doesn' t  ru in  everything.  

S t robe l :  Yes. There the  problAm is  t h a t  as  you approach 2000 1, I th ink  the  
dust i s  g e t t i n g  toyard an op t i ca l  depth o f  one, and a l l  o f  these  cons t i t uen t s  
absorb below 2000 A. 

Sagan: So the  dust does mask the  UV. 

Danielson: The products formed by t h e  r ad ia t ion  you want mask it. I think t h e  
bes t  t e s t  I 've  heard ye t  is  t h e  radio  in ter ferometry  observations t h a t  you men- 
t ioned,  Carl (Sagan), of  t he  surface  temperature. I think t h a t ' s  a  c ruc ia l  
th ing ,  and another th ing  t o  do is  t o  make r e a l l y  d e t a i l e d  ca l cu la t ions  i n  t h e  
8-14 micron region with the  models and j u s t  see  what f i t s  and what doesn' t .  

Pollack: I  th ink ,  though, t h a t  you have t o  be very ca re fu l  here because the re  
a re  two questions t o  be considered which a re  very d i s t i n c t  from one another. 
One question i s :  I s  t he re  a s i g n i f i c a n t  greenhouse so  t h a t  t he  su r face  temper- 
a t u r e - i s  high? Almost independent o f  t h e  answer t o  t h a t  i s  t h e  ques t ion:  
What's mainly responsible f o r  t he  r ad ia t ion  i n  t h e  8-14 micron region? I t  may 
tu rn  out ,  f o r  example, t h a t  i n  t h e  whole 8-14 micron region you're j u s t  see ing 
gases and r ad ia t ion  from clouds, and y e t  have a high surface  temperature. That ' s  
a  p l aus ib l e  model. So, I think we have t o  be very careful  here  i n  sepa ra t ing  
these  two questions.  

Sagan: That 's  a  good point .  So, determining the  surface  temperature i s  not  
a way o f  deciding t h i s  ques t ion  on the  invers ion .  

Danielson: That 's  r i gh t .  I  th ink ,  then,  t h a t  t h e  bes t  way t o  proceed here i s  
t o  simply get  t h e  bes t  measurements and apply t h e  bes t  t heo r i e s  i n  the  8-14 pm 
region.  

Hunten: Clear ly ,  a  d e t a i l e d  Gi l l e t t - t ype  spectrum with po in t s  every 0.1 pm 
would be tremendous. That ' s  poss ib l e  r i g h t  now. 

Pollack:  I  think i n  another h a l f  year,  G i l l e t t  w i l l  give us  absolute informa- 
t i o n ;  so  I  think i n  another h a l f  year  we w i l l  be a l o t  f u r t h e r  along. 



I 

Morrison: J i m  (Pollack),  i s  i t  r e a l l y  t r u e  f o r  t he  greenhouse models, t h a t  you 
could th ink  up a  source of opaci ty  through t h e  10-micron band such t h a t  very 
l i t t l e  r ad ia t ion  would get iout  and the re fo re  one could explain the  whole 10- 
micron spectrum by t h e  Danielson approach and s t i l l  have t h a t  compatible with 
a  l a rge  greenhouse? 

r 

Danielson: Ammonia ... wouldn't t h a t  do i t ?  

Pollack: Yes. That i s ,  t h a t  t he  dip a t  10 pm i s  p e r f e c t l y  cons is tent  with the  
sa tu ra t ed  atmosphere, i. e . ,  t h e  lower por t ion  o f  t h e  atmosphere having ammonia. 
So I  don ' t  th ink  t h e r e  i s  any problem the re .  Even i f  I  d i d n ' t  want t o  say t h a t ,  
I could ju s t  say,  well ... I would have t o  go away from Danielson's small par-  
t i c l e s  .. . but I could say the  clouds a re  o p t i c a l l y  th i ck .  Thick enough, t h a t  
i s ,  i n  t h e  8-13 micron region t h a t  t h a t ' s  a l l  we're see ing the re .  

Sagan: m e n  I get  t o  my presenta t ion  tomorrow, I ' l l  show some substances 
which a re  q u i t e  opaque a t  t h i s  wavelength. So i t ' s  p e ~ f e c t l y  p l aus ib l e  t h a t  
the  clouds might not l e t  t h e  r ad ia t ion  through. 

Hunten: Bob (Danielson), t h i s  i s  r e a l l y  an o p t i c a l  model,, not  a  phys ica l  model 
you put  together .  You have a  medium with dust and gas i n  it. You don ' t  r e a l l y  
have an e x p l i c i t  model f o r  T i t an ' s  atmosphere, do you? 

Danielson: Well, t he  temperature i s  bas i ca l ly  determined, a t  l e a s t  so  f a r ,  by 
t h e  amount o f  f lux  t h a t  fa131s on a  p a r t i c l e  a t  a  given l e v e l .  I th ink  one could 
go through t h i s  ,and i t e r a t e  it once more. I f  you did,  I  think you would f ind  
t h a t  it is  not  a l l  t h a t  va r i ab le  i n  temperature u n t i l  you ge t  r i g h t  nea r  t he  
surface ,  where boundary temperature ques t ions  cloud t h e  i ssue .  



2.9 BLOWOFF AND ESCAPE OF Hz 

D. M. Hunten 

In t roduct ion  

This discussion is  a summary of a recent  paper (Hunten 1973a, herein 
r e fe r r ed  t o  as  Paper I )  on t h e  escape of hydrogen from Titan.  Some extensions 
and r e l a t e d  mater ia l  w i l l  appear i n  two o t h e r  papers. Paper I 1  (Hunten 197313) 
improves one of t he  der iva t ions  and appl ies  t h e  ideas  t o  seve ra l  d i f f e r e n t  
atmospheres. Paper 111 (Hunten and St robel  1974) i s  a d e t a i l e d  ana lys i s  f o r  
t he  Earth,  which v e r i f i e s  t h e  general p r inc ip l e s  discussed here  and i n  Paper I .  

T ra f ton l s  (1972) announcement of t he  poss ib le  presence of Hz on Ti tan  
included a discussion of i t s  los s  by Jeans escape. He d id  not  f i nd  a way t o  
spec i fy  t h e  height  of  t h e  c r i t i c a l  l e v e l ,  from which t h i s  molecular l o s s  can 
be regarded as occurring.  In addi t ion ,  he i m p l i c i t l y  r e j ec t ed  the  p o s s i b i l i t y  
of  hydrodynamic l o s s ,  o r  llblowoffll,  which can give much g r e a t e r  l o s s  r a t e s  
under c e r t a i n  condit ions.  The treatment of  Paper I suppl ies  both these  miss- 
ing  ingredients .  F i r s t ,  it i s  shown t h a t  a pure hydrogen atmosphere cannot be 
r e t a ined  by Titan,  but w i l l  blow o f f  i n  a few hours. Addition of a heavier  
gas,  such a s  CH4 o r  N p ,  i n  comparable abundance gives a g rea t  improvement, 
although t h e  escape r a t e  can s t i l l  be la rge .  Moreover, t h e  ac tual  f l ux  can 
be predic ted  with confidence from t h e  mixing r a t i o  o f  Hz t o  heavy gas. 

Hz Blowoff 

The i n s t a b i l i t y  of an Hz atmosphere follows from i t s  l a rge  s c a l e  height  
HI 7 kT/mlg, which is not  much smal ler  than the  radius  ro o f  Titan.  A con- 
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venient  va r i ab le  i s  A ,  which is  e s s e n t i a l l y  the  r a t i o  o f  g rav i t a t iona l  and 
thermal energies : 

The symbols are :  k ,  Boltzmannls constant;  T, temperature; m l ,  t he  mass o f  an 
Hz molecule; g, t h e  acce le ra t ion  of g rav i ty ;  G ,  t h e  g rav i t a t iona l  constant;  
M, t he  mass of T i t an ;  r, t h e  d is tance  from i t s  center .  My i l l u s t r a t i o n s  were 
f o r  a somewhat a r b i t r a r y  constant  temperature, T = 100°K, but a r e  no t  gross ly  
changed f o r  o the r  l i k e l y  temperatures. For t h i s  temperature, A. = 8.6 a t  t he  
surface ,  and It va r i e s  as l/r. Indeed, t h e  hydros t a t i c  equation f o r  t he  num- 
be r  dens i ty  n can be wr i t t en  

Even a t  an i n f i n i t e  d is tance  A,-A i s  only 8.6,  and t h e  dens i ty  i s  only reduced 
by t h e  f a c t o r  exp(8.6) = 5400. The s t a t i c  s i t u a t i o n  i s  uns table ,  and w i l l  be 
replaced by a p lanetary  wind, whose descr ip t ion  resembles t h a t  of  t h e  s o l a r  
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wind. In t h a t  phenomenon, t h e  speed i s  found t o  be sonic  a t  X = 2, a d is tance  
of 4 . 3  ro o r  11,000 km from t h e  cen te r  o f  Titan.  The time constant  f o r  t h i s  
blowoff i s  found t o  be only 4 hours. 

This descr ip t ion  is  unl ike ly  t o  be modified by changes i n  the  temperature 
p r o f i l e ,  unless  t h e  expansion i s  s o  rapid  t h a t  ad iaba t i c  cooling overcomes con- 
duction and s o l a r  heat ing  t o  produce boundary temperature of 10-20°K.. . 

Danielson: I t  w i l l  f a l l  back i n  then.  

Hunten: Yes, perhaps as  clouds o f  condensed hydrogen (Sagan 1973). I don ' t  
think the  s i t u a t i o n  i s  s t ab le ,  because without very rapid  outflow the  ad iaba t i c  
cooling cannot overcome t h e  hea t  sources.  A p rep r in t  by Gross (1973) begins t o  
a t t ack  t h i s  problem by modeling t h e  atmosphere as  a polytrope.  In a sense,  my 
adoption of a constant  temperature implies an exact  balance of ad iaba t i c  cool- 
ing  with s o l a r  heat ing .  

Pollack:  The normal balance i n  a p lanetary  atmosphere is  between heat ing  by 
the  Sun and rad5ation i n  the ' infrared;  I r e a l l y  don' t  understand t h i s  ad iaba t i c  
atmosphere. 

Hunten: That 's  normally t r u e ;  but  I suspect  t h a t  ad iaba t i c  cooling would be- 
come important as well i n  t h i s  blowoff s i t u a t i o n .  I don ' t  r e a l l y  be l ieve  i n  
the  pure hydrogen atmosphere anyway, because i t  would requi re  a huge source.  

S t robel :  Adiabatic cooling can be important i f  t h e  time sca l e  of t he  expansion 
i s  sho r t  compared t o  t h e  time constant  f o r  heat ing .  

Hunten: That's the  idea;  t h e  time s c a l e  f o r  t h i s  flow i s  l e s s  than an Earth 
day. I f  the  same reasoning i s  applied t o  heavier  and heavier  gases, with t h e i r  
l a r g e r  values of A, s t a b i l i t y  against  blowoff i s  found f o r  masses g r e a t e r  than 6,  
although evaporation by the  Jeans process can s t i l l  take  place.  Thus, methane, 
with i t s  mass of 16, i s  s a f e  unless t he  temperature i s  considerably g r e a t e r  than 
100°K. This temperature i s  a kind of mean f o r  t he  whole atmosphere, t o  be used 
i n  t h e  barometric equation. 

Trafton:  The barometric equation doesn' t  apply i n  such a non-equilibrium s i t u -  
a t ion .  

Hunten: That ' s  t r u e ;  properly speaking, t he  acce le ra t ion  of t h e  gas must be 
included,  and we ge t  t h e  equation of motion used f o r  t h e  s o l a r  wind. But t he  
va r i a t ion  of dens i ty  with he ight  i s n ' t  much d i f f e r e n t ,  e spec ia l ly  f o r  t h e  
heavier  gases t h a t  a r e * s t a b l e ,  o r  almost s t a b l e ,  agains t  blowoff. 



H, Escape Flux from a  Etixed Atmosphere 

Now, t o  tu rn  t o  t h e  case of a  mixture of H2 with a  heavier  gas: i f  t he  
composition doesn' t  vary with he ight ,  t h e  mean mass can be used t o  t e s t  f o r  
blowoff. Thus, a  50 :50 mixture (by number) o f  H2 and CH4, with a  mean mass 
of 9 ,  should be s t ab le .  But what about t he  tendency of t h e  H2 t o  r i s e  through 
t h e  CH4, t ake  up i ts  own s c a l e  he ight ,  and agproach the  s t a t e  of  d i f f u s i v e  equi- 
l ibrium? This is t h e  r e a l l y  new idea  i n  Paper I ,  where I  introduce the  idea  of 
" l imi t ing  flux". (Actually,  t h e  idea  has been used f o r  t e r r e s t r i a l  hydrogen 
f o r  years;  t he  new th ing  i s  j u s t  t he  appl ica t ion  t o  o the r  s i t u a t i o n s . )  The H2 
escapes f r e e l y  from t h e  top of the  atmosphere; t hus ,  it i s  l i k e  a  gas flowing 
through a  b a r r i e r  i n t o  a  vacuum. We must assume an equal source i n  the  lower 
atmosphere o r  i n  t h e  i n t e r i o r  o f  Ti tan .  The r e s i s t ance  o f  t h e  methane (o r  
o the r  gas) t o  flow i s  inverse ly  propor t ional  t o  the  d i f fus ion  coe f f i c i en t  D l  = 
bl  (nl  + na). Here b l  is  a  constant ,  t h e  "binary c o l l i s i o n  coeff ic ient" ,  and 
n l  and na a re  the  number of dens i t i e s  of H2 and the  background atmosphere. The 
r e s i s t ance  therefore  i s  l e s s  a t  g rea t e r  a l t i t u d e s ,  &d the  same H2 f l u  i s  car-  
r i e d  by a  smal ler  dens i ty  a t  a  h igher  speed. In the  l i m i t  of  easy escape from 
the  top,  t h e  r e s u l t  i s  a  " l imi t ing  f lux" $& and a  constant mixing r a t i o  f l  = 
nl /na .  (Note t h a t  f l  i s  the  r a t i o  of H2 t o  everything e l s e ,  not  t o  t h e  t o t a l . )  
Spec i f i ca l ly ,  

Unless f l  approaches o r  exceeds un i ty ,  t h i s  f l ux  i s  propor t ional  t o  f l ,  and 
the re fo re  r e a l l y  represents  a  " l imi t ing  velocity",  inverse ly  propor t ional  t o  
na a s  j u s t  discussed. 

In Paper 111, S t robel  and I r e l a t e  t h i s  s i m ~ l e ,  but generah, descr ip t ion  
t o  a  de t a i l ed  model f o r  t h e  Ea r th ' s  atmosphere, and f ind  t h a t  t h e  descr ip t ion  
i s  very s a t i s f a c t o r y .  1f  t h e r e  is a  temperature gradient ,  Equation 3 includes 
another small term involving thermal d i f fus ion  (Paper 11). 

I f  t h e  ac tua l  f lux  is  l e s s  than $&, t h e  H2 dens i ty  does not  f a l l  o f f  as  
rapid ly  with increas ing  height ,  and much, l a r g e r  dens i t i e s  a re  obtained a t  grea t  
a l t i t u d e s .  This ,is the  way t h e  system tends t o  r eac t  i f  escape from t h e  top i s  
l e s s  than easy; t he  d e n s i t i e s  are  l a r g e r  and tend t o  maintain almost t h e  same 
f lux .  The Jeans equation t e l l s  us t h e  dens i ty  required f o r  a  given f lux ,  not 
t h e  f lux  t h a t  i s  obtained f o r  a  given dens i ty .  I f  escape is  s t i l l  more d i f f i -  
c u l t ,  t h e  system r e v e r t s  t o  the  usual  descr ip t ion ,  i n  which t h e  (lux i s  derived 
from the  dens i ty .  But t h i s  s i t u a t i o n  i s  highly improbable f o r  H2 (and He) on 
Titan.  

I f  t h e  l imi t ing  f lux  i s  s t r i c t l y  r ea l i zed ,  s o  t h a t  t h e  mixing r a t i o  i s  
independent of he ight ,  then it does not  mat ter  whether o r  not  t h e  atmosphere 
i s  v e r t i c a l l y  mixed by eddy d i f fus ion  o r  o the r  forms o f  v e ~ t i c a l  motion. These 
processes tend t o  produce a  constant  mixing r a t i o  too ,  but they make no d i f -  
ference i f  t h a t  is  already t h e  case. Usually we lump a l l  t he  mixing processes 
i n t o  an eddy coe f f i c i en t ,  whose value i s  always a  problem when we study an 
upper atmosphere. For our purpose, it i s  i r r e l e v a n t .  



Danielson: Surely t h a t ' s  only t r u e  up t o  some l imi t ing  mixing r a t e ?  

Hunten: Yes - i f  t he  mixing is  too  in t ense ,  t h e r e  may be no p a r t  of t h e  atmos- 
phere where Equation 3  can be applied t o  get t h e  ac tual  f lux .  This i s  t r u e  " fo r  
helium, and heavier  gases, on Earth. I  don ' t  want t o  go i n t o  d e t a i l s  now, but 
t he re  i s  a  discussion i n  Paper 11, with a  c r i t e r i o n  t o  t e l l  which s i t u a t i o n  
appl ies  t o  a  given gas. 

Pollack: In the  lower pa r t  o f  t h e  atmosphere, where mixing dominates over d i f -  
fusion,  how do you get  a  value f o r  t he  f lux? 

Hunten: You're pe r fec t ly  r igh t  -- i n  such a  region t h e  f lux  can be almost any- 
th ing ,  but t he  H2 mixing r a t i o  i s  constant .  To f i n d  t h e  f lux ,  we must f i nd  a  
region dominated by molecular fd i f fus ion ,  namely t h e  region above the  homopause 
(or  turbopause). Some people c a l l  it t h e  heterosphere,  o thers  t h e  diffusosphere.  
In t h i s  region Equation 3  can be applied t o  ge t  t he  f lux .  Paper I  gives values 
of t he  coe f f i c i en t  t h a t  mu l t ip l i e s  f l / ( f l  + 1 ) ;  i t  i s  a  l i t t l e  under 2  x  1012 

,cm-2 sec - l  f o r  a  CH4 atmosphere, and twice as grea t  f o r  N 2 .  The temperature 
dependence i s  very s l i g h t ,  because b l  va r i e s  as  TO.^ and Ha as T. I f  we focus 
on the  methane atmosphere, we obta in  t h e  following typ ica l  l imi t ing  f luxes ,  i n  
molecules cm-2 sec - l :  

The t h i r d  case uses the  5 km-A o f  Hz from Trafton (1972a) and the  2  km-A 
of CH4 from Trafton (1972b). The second i s  t h e  composition favored i n  Pol lack ' s  
(1973) greenhouse model. The l a s t  ent ry ,  with a  mean mass of 3.3, would have t o  
be examined c r i t i c a l l y ,  because it is subjec t  t o  blowoff. Even though the  Hz i s  
blowing away, it does not  necessa r i ly  car ry  along the  CH4, became they can p a r t  
company a t  very high a l t i t u d e s  (Paper 11).  

Paper I  contains a  model o f  the  ou te r  atmosphere, o r  corona, f o r  t h e  modest 
f lux  of 1.3 x  1011 secy l .  The methane i s  confined t o  low a l t i t u d e s ,  and 
above t h a t  t he  H;! t akes  up i ts  own s c a l e  he ight .  A t  4 .3 Titan r a d i i ,  where X = 2, 
i s  t he  c r i t i c a l  l eve l ,  and the  ef fus ion  ve loc i ty  i s  100 n/sec. Thus, t h e  lo s s  i s  
s t i l l  s l i g h t l y  sho r t  o f  being hydrodynamic. I f  t h e  corona is  not isothermal,  as  
we discussed e a r l i e r ,  t h e  c r i t i c a l  l eve l  w i l l  ad jus t  i t s e l f ,  but I  don' t  expect 
any major d i f ference .  

Possible Sources of H2 

I  am convinced t h a t  the  f luxes  shown i n  t h e  t a b l e  above a r e  correc t  f o r  
the  mixing r a t i o s  'assumed. I f  we bel ieve  Traf ton ' s  da ta  o r  Pol lack ' s  model, we 
must a l so  be l ieve  t h a t  Titan has a  source of H2 amounting t o  1012 molecules cm-2 
sec - l .  I f  we do not  l i k e  t h a t ,  we must add something l i k e  the  50 km-A o f  N2 
t h a t  I suggested l a s t  year (Hunten 1972). The f lux  is then 1 .7  x  1011 cm-? 
sec - l ,  which i s  s t i l l  la rge .  



Danielson: You can l i v e  with Traf ton ' s  abundances? 

Hunten: Yes, i f  t he  f lux  i s  acceptable.  

Trafton: But those abundances are  very uncer ta in .  There could be l e s s  methane 
i f  some o the r  gas is present ,  and the  labora tory  c a l i b r a t i o n  i s  another source 
of e r r o r .  For H 2 ,  t he  e r r o r  could e a s i l y  be a f a c t o r  of 2 because it i s  hard 
t o  determine the  continuum pos i t i on .  

Hunten: Anyway, your da ta  and Pol lack ' s  greenhouse model seem t o  t $ l l  us t o  
look f o r  a s t rong source of H2. Methane photolys is  begins a t  1550 A, and the  
Sun provides only 10 l0  photons cm-2 sec- l  a t  s h o r t e r  wavelengths, too  small by 
a f a c t o r  of  l o o . . .  

Sagan: What about i n d i r e c t  photolys is ,  s ens i t i zed  by some o the r  molecule? 

Hunten: Perhaps, but we can a l so  think about NH3. Paper I contains some e s t i -  
mates, based on a suggestion by Lewis (1971). There should be a small amount 
o f  ammonia near  t he  surface ,  and it could j u s t  provide theosource i f  everything 
worked a t  top e f f i c i ency .  The s o l a r  r ad ia t ion  below 2250 A would have t o  reach 
the  surface ,  and the  quantum y i e l d  f o r  H2 production would have t o  be high.  
Neither seems r e a l l y  probable t o  me, and Lewis has been t e l l i n g  me t h e  same 
th ing.  

I am much more disposed t o  favor a source i n  the  i n t e r i o r  of  Ti tan .  Lewis' 
models suggest the  presence o f  a s t rong NH3-H20 so lu t ion ,  which i s  f a i r l y  cor- 
ros ive  and might r eac t  with o the r  th ings  t o  make H2. Again, it seems improbable 
but perhaps we should not  r u l e  i t  out j u s t  ye t .  Radiolysis by a ,  6, and y emis- 
s ions  from radioact ive  decay i s  a l so  a p o s s i b i l i t y .  While a f lux  of 1012 cm-2 
sec- l  seems large  f o r  an atmosphere, i t  is probably t r i v i a l  f o r  an i n t e r i o r .  

I no t i ce  Lewis' eyebrows g e t t i n g  h igher  and higher,  and he may want t o  
say something. Nevertheless, I think we a re  log ica l ly  forced t o  be l ieve  i n  t h e  
presence of some potent  Hg source, i f  we be l i eve  t h a t  l a rge  amounts o f  i t  are  
present  i n  the  atmosphere. 

Possible Recycling from the  Toroid around Saturn 

What about t he  influence of t h e  to ro id  of gas o r b i t i n g  around Saturn,  
suggested by McDonough and Brice (1973) and the  p rep r in t  by Sul l ivan (1973) 
t h a t  j u s t  reached us? Both papers po in t  out t h a t  hydrogen can be recycled 
back t o  T i t an ' s  atmosphere, 2nd suggest t h a t  t he  n e t  l o s s  r a t e  may be much 
l e s s  d r a s t i c  than suggested here  and by o the r s .  I have not  considered t h e  
question adequately, but I suspect  t h a t  t he  response of Titan t o  such recy- 
c l i n g  w i l l  be t o  increase  its outward f lux  t o  compensate, u n t i l  t he  d i f f e r -  
ence between the  outward and recycled f luxes  i s  again equal t o  The 
mechanism i s  t o  bu i ld  up the  coronal dens i ty  by whatever f a c t o r  i s  needed 



t o  r a i s e  the  outward f lux .  I f  t he  ne t  f lux  i s  much l e s s  than $R, t h e  s c a l e  
height  of Hz above the  homopause w i l l  be la rge ,  i n s t ead  of being equal t o  t h a t  
of CH4. E f f i c i en t  recycl ing  would probably requi re  the  dens i ty  o f  t he  to ro id  
t o  approach the  dens i ty  a t  i n f i n i t y  required by (2) ,  with t h e  reference  den- 
s i t y  no taken a t  the  homopause. Toroid dens i t i e s  of  10l0  cm-3 o r  more might 
be required,  f a r  g r e a t e r  than any th ing  suggested by McDonough and Brice. 
Sul l ivan ,  on t h e  o the r  hand, adopts an approach s i m i l a r  t o  t h e  one j u s t  out-  
l ined ,  and obtains a  dens i ty  as  high a s  1011 cmq3. 

McDonough: What s i z e  atmosphere a re  you t a l k i n g  about? 

Hunten: In my example, t he  diameter is  8.6 Ti tan  r a d i i ,  b ig  enough t o  sweep 
up q u i t e  a  l o t  o f  hydrogen i n  your model. But t he  problem I  s ee  i s  t h a t  your 
to ro id  may need a  very high dens i ty  t o  be e f f e c t i v e  i n  recycling.  Your model 
does not  include the  c o l l i s i o n s  between molecules, and they w i l l  dominate the 
s i t u a t i o n  i f  t he  dens i ty  is  as  high a s  I  suspect .  Perhaps the  c o l l i s i o n s  can 
be included, but  the  f i n a l  model may be a  very d i f f e r e n t  one. 

Sagan: A remark on the  source of the  hydrogen. Experiments i n  prebio logica l  
organic chemistry s t a r t  with methane, ammonia, and water, but no hydrogen. As 
the  i r r a d i a t i o n  proceeds, and organic molecules bu i ld  up, and a  s u b s t a n t i a l  
f r ac t ion  of t he  i n i t i a l  mass o f  hydrogen becomes f r ee  Hz .  I f  we bel ieve  t h a t  
organics a re  made t h i s  way on Ti tan ,  we must a l s o  be l ieve  t h a t  Hz i s  being 
produced. 

Hunten: Cer ta in ly .  But t he re  i s  s t i l l  a  question about the  t o t a l  r a t e  of  
production.  A t  unis  quantum e f f i c i ency ,  the  process must use a l l  the  s o l a r  
photons up t o  2300 A t o  ge t  t h e  i n f e r r e d  f luxes  of Hz.  

Sagan: But you can a l s o  do i t  by i n e f f i c i e n t  photolys is  up t o  3400 A, a s  i n  
our experiments, and t h a t ' s  no t  out  of the  ques t ion .  The o the r  p o s s i b i l i t y  i s  
t o  l e t  the  s o l a r  r ad ia t ion  dr ive  t h e  weather and produce thunderstorms. V i s i -  
b l e  l i g h t  can do t h i s  and l e t  you draw on a  much l a r g e r  energy source, can- 
ver ted  i n e f f i c i e n t l y  i n t o  e l e c t r i c a l  discharges.  

Now, what about t he  mater ia l  l e f t  behind by the  escaping hydrogen? I f  
1011 t o  10l2 molecules ~ r n - ~  ?ec-l  escape from Ti tan  over geological  time, how 
much i c e  i s  v o l a t i l i z e d ?  By a  quick ca l cu la t ion ,  the  column seems t o  be sev- 
e r a l  ki lometers deep. . . 

Hunten: O r  a  comparable l aye r  of  organic  compounds (see Paper I ) .  

J 
Sagan: Now, the  idea  of mel t ing  a  few kilometers o r  a  few t ens  o f  ki lometers 
of  p l ane ta ry  surface  over geological  time i s  no t  unknown t o  us on t h e  p l ane t  
Earth.  I don ' t  f i nd  anything b i z a r r e  about a  s i m i l a r  turnover on Ti tan .  What 
about methane and ammonia volcanoes, wi th  l i q u i d  ammonia lava ,  t o  he lp  with 
outgassing? 



Lewis, Sagan: (Discussion of such volcanoes and the  p o s s i b i l i t y  of observing 
them through breaks i n  the  clouds. Lewis f e e l s  t h a t  volcanic a c t i v i t y  i s  a t  
bes t  no e a s i e r  t o  generate under Ti tanian  condit ions than t e r r e s t r i a l  ones.) 

Hunten: A t  any r a t e ,  volcanoes w i l l  merely r e l ease  gas i n t o  t h e  atmosphere. 
They don ' t  he lp  make hydrogen out of  it. 

Lewis: I j u s t  d id  a quick ca l cu la t ion  about r ad io lys i s  i n  the  i n t e r i o r .  I f  
a l l  t h e  energy from radioact ive  decay i n  Ti tan  were deposited i n  t h e  r i g h t  kind 
of mater ia l ,  and with the  usual  r u l e  of thumb t h a t  1 percent  of i t  goes i n t o  
new chemical bonds, t he re  i s  no problem i n  making enough hydrogen f o r  you. In 
f a c t ,  t he re  i s  a f a c t o r  of  1000 t o  spare.  

Hunten: Provided the  radioact ive  mater ia l  i s  not  segregated from the  H20, NH3, 
and CHq. 

Lewis: There should be p lenty  of water of  hydration r i g h t  i n  the  s i l i c a t e s ,  
provided the  i n t e r n a l  temperature d id  no t  ge t  high enough t o  dehydrate s i l i -  
ca tes  and physica l ly  separa te  a l l  t h e  water.  

(Post-meeting Note: Regrettably,  a l a t e r  check on t h i s  es t imate  showed it t o  
be f a r  too  op t imis t i c .  Lewis takes a chondr i t i c  radioact ive  energy r e l ease  o f  
5 x e rg  gm-l s ec - l  d i l u t e d  by 3 times the  mass of i c e s .  I f  25% of the  
energy is  i n  1 MeV 6 p a r t i c l e s ,  and i f  they have a 1% rad io lys i s  e f f i c i ency ,  
the  production r a t e  p e r  cm2 of surface  is  5 x l o 8  H2 molecules. While t h i s  
es t imate  might be r a i sed  somewhat by a d e t a i l e d  ca lcula t ion ,  it is f a r  sho r t  
o f  the  des i red  1011 - 1012 cm-2 sec.  The N2 source mentioned below by Lewis 
is s t i l l  of i n t e r e s t :  the  f lux  est imated above, divided by 3, would give an 
accumulation of 10 km-atm.) 

Trafton:  What about o the r  i c y  s a t e l l i t e s ;  shouldn ' t  hydrogen be produced in  
them by t h e  same process? 

Hunten, o thers :  Some s a t e l l i t e s  may not  have i n t e r n a l  convection t o  b r ing  the  
gas nea r  t h e  surface .  In any case,  unless t he re  i s  an abundant heavy gas,  l i k e  
methane, t o  r e t a r d  the  lo s s  of  HZ, a measurable dens i ty  of hydrogen cannot be 
b u i l t  up. 

Lewis: According t o  experiments G,I, f o r  example, organic c r y s t a l s ,  r ad io lys i s  
by 1 MeV B p a r t i c l e s  is  almost 100 percent  e f f i c i e n t  i n  i n i t i a l l y  breaking 
chemical bonds. Many of them ther. recombine, but  new compounds are  a l s o  formed. 

One l a s t  word on r ad io lys i s .  I f  it is taking place,  I expect water t o  be 
the  compound t h a t  i s  broken up t o  make H2. The oxygen w i l l  r e a c t  with ammonia 
r a t h e r  e f f i c i e n t l y  t o  make n i t rogen.  



Danielson: Then why don ' t  we ge t  t he  same th ing with t h e  Gali lean s a t e l l i t e s ' ?  
We should see  n i t rogen there .  

Pollack: Yes, why don' t  some of the  J u p i t e r  s a t e l l i t e s  have n i t rogen i n  t h e i r  
atmospheres? For two o f  them, the re  a re  occul ta t ion  experiments t h a t  have s e t  
very severe l i m i t s  on t h e  surface  pressure .  

Lewis: There a re  seve ra l  poss ib le  answers; a  s a t e l l i t e  may not  contain ammonia, 
o r  the  r ad ioac t iv i ty  may be segregated from the  water and ammonia. Several  con- 
d i t i ons  must be s a t i s f i e d  f o r  r ad io lys i s  t o  be e f f e c t i v e .  I am only g iv ing a 
p l a u s i b i l i t y  argument f o r  a source o f  Hg and N2.  

Blamont: But s eve ra l  s a t e l l i t e s  may contain a hydrogen source? 

Lewis: Yes, i f  only by r ad io lys i s  of  water. 



2.10 GASEOUS TOROID AROUND SATURN 

Thomas R. McDonough 

In t roduct ion  

I t  has been suggested (McDonough and Brice 1973a) t h a t  T i t an ' s  escaping 
atmosphere could be trapped i n  the  Saturnian System i n  the  form of a t o ro ida l  
r i ng  o r  "doughnut". The radius  of t h e  t o r o i d  would be comparable t o  Ti tan ' s  
o r b i t ,  o r  about ten  times l a r g e r  than the  v i s i b l e  r ings .  Theore t ica l  analyses 
o f  t he  to ro id  have been made by McDonough and Brice (1973b), Dennefeld (1973), 
Tabari.6 (1973), and Sul l ivan (1973). 

The condit ion t h a t  t h e  majori ty of escaping atoms o r  molecules from Ti tan  
be unable t o  escape Saturn ' s  g rav i t a t iona l  a t t r a c t i o n  i s  t h a t  the  exospheric 
thermal ve loc i ty  be l e s s  than o r  comparable t o  the  o r b i t a l  speed of Ti tan ,  VT, 
o r  numerically, 

where m is  t h e  atomic o r  molecular weight, and Tex i s  the  exospheric tempera- 
t u r e  i n  O K .  Thus, i f  the  exospheric temperature i s  within an order  o f  magnitude 
of T ra f ton l s  (1972a) Ti tanian  exospheric temperature of 74O~,  most o f  t he  escap- 
ing  atmosphere w i l l  o r b i t  Saturn regardless  of  i t s  composition. 

The p o s s i b i l i t y  of much higher  exospheric temperatures has been suggested 
independently by Gross and Mumma (1973) i n  which case the  temperature might vio- 
l a t e  Equation l. Then, while most o f  t h e  gas might escape Saturn,  some f r a c t i o n  
of it would s t i l l  be re ta ined,  with the  Ti tanian  escape f l u x  s t i l l  y i e ld ing  a 
s u b s t a n t i a l  amount of gas o r b i t i n g  Saturn.  However, the  models presented  here  
a t  t he  Workshop p red ic t  temperatures t h a t  e a s i l y  s a t i s f y  Equation 1. 

A cons t r a in t  on the  composition and dens i ty  o f  a Saturnian to ro id  i s  given 
by the  paper of Franklin and Cook (1969). They s tud ied  p r i n c i p a l l y  the  con- 
s t r a i n t  on the  amount of sodium vapor surrounding Saturn ' s  v i s i b l e  r ings .  They 
derived an upper limit of %I00 Na atoms cm-3 f o r  a gas r i n g  comparable i n  s i z e  
t o  the  v i s i b l e  r ings ,  which y i e lds  an upper l i m i t  Q10 times smaller  f o r  t h e  
proposed to ro id .  Thei r  paper placed no c o n s t r a i n t s  on t h e  probable cons t i t u -  
e n t s  of  t h e  to ro id  (H, H2, CHI+, e t c . ) .  

S ize  of t h e  Toroid 

Charac t e r i s t i c  i nne r  and ou te r  r a d i i  o f  the to ro id ,  r,, are given, from 
c e l e s t i a l  mechanics, by: 

- 



where r~ i s  Ti tan 's  o r b i t a l  radius and Vth is the RMS thermal speed of the 
p a r t i c l e  immediately a f t e r  escape from Titan.  The thickness of the  toroid ,  
AZ, perpendicular t o  the  equator ia l  plane, i s :  

For 7 0 ' ~  hydrogen atoms (or  1 0 0 ' ~  hydrogen molecules o r  2 8 0 ' ~  methane molecules), 
r-/rT, r+/rT, and A Z / r T  a re  0.4, 3, and 0.5, respectively.  A schematic top view 
of t h i s  to ro id  i s  shown i n  Figure 2-38. 

Hydrogen Density i n  the Toroid 

I f  the average to ro id  p a r t i c l e  survives f o r  a period of time T, and i f  we 
estimate the volume of the to ro id  t o  be *rT3, then its mean density,  NT, is:  

where F i s  the  atmos h e r i c  esca  e r a t e  from Titan.  Trafton (1972a) estimates 
F t o  be from 2 x loz9 t o  4 x loe9 Hz molecules sec- l  and Hunten1s (1973a) naxi- 
mum escape f lux i s  s l i g h t l y  smaller than the  l a t t e r  f igure.  I f  we take as a 
c h a r a c t e r i s t i c  l i fe t ime the ionizat ion l i f e t ime  of hydrogen atoms a t  Saturn 's  
distance,  T is  6 y r  and Equation 4 implies dens i t i e s  from ~ 1 0  t o  *lo4 molecules 
cm- 3. 

Tabari6 (1973) independently es t imates ,  f o r  a s e r i e s  of Titanian model 
atmospheres, escape fluxes o f  hydrogen molecules from 5 x l o z 7  t o  9 x mols 
sec - l .  The associated atomic hydrogen escape fluxes range from 8 x loz6  t o  
l o z 7  atoms sec - l .  I t  would appear from these estimates t h a t  the  density of 
atomic hydrogen i n  the  toroid  i s  g rea te r  than 10 atoms cm-3 and would thus be 
op t i ca l ly  th ick a t  Lyman-a wavelengths. However, the  above density estimates 
may need t o  be lowered because of recapture of the hydrogen by Titan as d is-  
cussed below. 

Recycling of Ti tan 's  Atmosphere 

Pa r t i c l e s  which escape Titan but not Saturn w i l l  o r b i t  i n  e l l i p t i c a l  t r a -  
j ec to r i e s  t h a t  i n t e r s e c t  Ti tan 's  o r b i t ,  unless they are  perturbed. Since the 
p a r t i c l e  can o r b i t  Saturn many times, Titan and the p a r t i c l e  may happen t o  pass 
through the  same region a t  the  same time, allowing t h e  p a r t i c l e  t o  be recaptured. 
The e f fec t ive  area of Titan f o r  recapture of toroid  p a r t i c l e s  may be much l a rge r  
than Ti tan 's  v i s i b l e  area because i t s  exospheric radius may be an order of mag- 
nitude l a rge r  than the  v i s i b l e  radius (Trafton 1972a, Hunten 1973a), due t o  T i t an ' s  
weak gravi ta t ional  f i e l d .  I t  i s  estimated (McDonough and Brice 1973a,b), using 
a s impl i f ied  o r b i t a l  model, t h a t  up t o  *98% of 100°K hydrogen molecules could be 
recaptured i n  t h i s  way, i f  t h e  radius of the  base of Ti tan 's  exosphere is  of the  
order 2.5 x l o 4  km. I t  remains t o  be invest igated whether i n t e r p a r t i c l e  c o l l i -  
sions,  gravi ta t ional  per turbat ions ,  o r  radia t ion pressure s i g n i f i c a n t l y  a l t e r  
the o r b i t s  t o  hinder t h i s  atmospheric recycling phenomenon, 
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Effec t s  of  a Saturnian Magnetosphere 

I f  Saturn has a magnetosphere s i m i l a r  t o  J u p i t e r ' s ,  which extends t o  the  
v i c i n i t y  of T i t an ' s  o r b i t ,  i t  w i l l  p r o t e c t  t o r o i d  p a r t i c l e s  from d i r e c t  ioniza-  
t i o n  by solar-wind p a r t i c l e s ,  although some ion iza t ion  by solar-wind p a r t i c l e s  
t h a t  penet ra te  t h e  magnetopause and d i f fuse  t o  the  to ro id  i s  poss ib le .  Photo- 
i on iza t ion  and photodissocia t ion  would probably be important. Furthermore, 
co ro ta t ing  magnetospheric plasma could ion ize  the  t o r o i d  p a r t i c l e s .  Observa- 
t i o n  o f  t he  to ro id  dens i ty  a s  a funct ion  o f  radius  could thus  provide informa- 
t i o n  on the  presence o r  absence of a Saturnian magnetosphere. 

S c i e n t i f i c  Usefulness o f  t he  Toroid 

The composition o f  the  to ro id  would r e f l e c t  t he  composition of T i t an ' s  
atmosphere, and could provide information (possibly even from Earth o r b i t )  on 
whether the  Ti tanian  atmosphere i s  i n  a condit ion of blow o f f ,  on whether hydro- 
gen i s  present  i n  s u b s t a n t i a l  amounts i n  t h e  atmosphere of Ti tan ,  and on the  
r a t i o  o f  atomic t o  molecular hydrogen. I f  t h e  to ro id  can be mapped, e.g., by 
u l t r a v i o l e t  photometry, the  Ti tanian  exospheric temperature and n e t  l o s s  r a t e s  
may be found from Equations 2 through 4. The dens i ty  o f  the  to ro id  as  a func- 
t i o n  of radius  and azimuth could provide information on day-night asymmetries 
a t  Ti tan ,  t he  poss ib le  Saturnian magnetosphere, and the  r o t a t i o n  r a t e  of  Titan.  

This a r t i c l e  is ,  i n  p a r t ,  a summary of publ ica t ions  by McDonough and Brice 
(1973a,b). The research  was sponsored, i n  p a r t ,  by t h e  NASA Physics and Astron- 
omy program under Grant no. 33-010-161, and t h e  National Science Foundation 
Atmospheric Sciences Section under Grant nos. GA-11415 and GA-36916. 

Pollack:  Can we compare Traf ton ' s  and Uunten's escape f luxes?  Were they re-  
f e r r ed  t o  the  same level?  

Trafton:  Mine were shown f o r  both the  c r i t i c a l  level  and t h e  surface ;  t h e  t o t a l  
escape r a t e  was up t o  5 x molecules/sec. 

Hunten: And mine were a l l  r e f e r r e d  back t o  the  surface .  I f  we take a t y p i c a l  
f lux  o f  1011 cm-2 sec - l ,  the  t o t a l  r a t e  i s  almost s e c - l ,  s o  we a r e  bas i -  
c a l l y  i n  agreement. However, I remind you t h a t  my ca l cu la t ion  depends only on 
the  r a t e  of  d i f fus ion .  I f  t he  exosphere temperature i s  changed, o r  hydrogen 
i s  recycled from the  to ro id ,  t h e  s t r u c t u r e  o f  t he  corona changes t o  maintain 
the same n e t  l o s s  r a t e .  

S t robel :  What i s  t he  time requi red  t o  f i l l  t he  to ro id  t o  equil ibrium, i f  it 
s t a r t e d  out empty? 

McDonough: The average atomic-hydrogen l i f e t i m e  i n  t h e  to ro id  i s  about 150 o r b i t s  
o r  6 years and is  determined by the  r a t e  of  i on iza t ion  of t h e  hydrogen. The time 
t o  f i l l  t he  to ro id  would be of t h i s  same order ,  unless recapture  i s  important. 



Hunten: Regarding your estimate of up t o  98% of the  hydrogen being recaptured; 
i f  t h a t  were t o  occur, the  lower ne t  escape f l u x  w i l l  increase the  exospheric 
densi ty ,  hence, re-es tabl ishing the  o r ig ina l  n e t  escape f lux.  The flows may be 
more hydrodynamic than molecular a t  t h i s  point ,  which could fu r the r  i n h i b i t  your 
suggested high recapture f lux .  

Regarding per turbat ions  of the  atomic o r b i t s ,  I calculated some time ago 
t h a t  f o r  a  p a r t i c l e  densi ty  i n  the  toroid  of l o 3  p a r t i c l e s  ~ m - ~ ,  t he  mean f r e e  
path i s  about equal t o  the  to ro ida l  circumference. I am not sure  what t h i s  
mean f r e e  path  does t o  the  densi ty  d i s t r i b u t i o n  but it should randomize the  
o r b i t s  rapidly .  

Sagan: Would the  to ro id  have a  detectable e f f e c t  on the  s o l a r  wind? 

McDonough: Yes, it has a  depth of one mean f r e e  path f o r  charge exchange when 
the  density i s  l o 3  ~ r n - ~ .  So it w i l l  c a s t  a  shadow i f  it  i s  a t  l e a s t  t h a t  dense. 

Pollack: How br ight  would the  toroid  be i n  Lyman-a? 

Blamont: Maybe as much as 500 Rayleighs which i s  somewhat greater  than the  
300 Rayleigh d i f fuse  background glow. 

McDonough: I think the s c a t t e r i n g  from the to ro id  could be dist inguished i f  
there  were enough spec t ra l  resolut ion t o  separate  the components by t h e i r  
Doppler s h i f t s .  An OAO-type spacecraf t  would be idea l  f o r  looking a t  the  
toroid ,  although the  f i e l d  o f  view and the  s l i t s  are probably too narrow on 
the Copernicus spacecraft .  

Caldwell: The f i r s t  OAO did t r y  t o  detect  Lyman-a from Saturn, but as I r e c a l l ,  
it did not succeed f o r  several  reasons. 



2.11 ATOMIC HYDROGEN DISTRIBUTION 

Introduction 

Molecular hydrogen (Hz) has  been i d e n t i f i e d  i n  T i t an ' s  atmosphere by i t s  
quadrupole absorption l i n e ,  with an est imated t o t a l  quant i ty  o f  5 km-A (Trafton 
1972). There must then be some atomic hydrogen (H) i n  T i t an ' s  atmosphere, which 
may be access ib le  t o  observation i n  Lyman-a a t  1216 A. 

In t h i s  study we have examined seve ra l  poss ib l e  H2 v e r t i c a l  d i s t r i b u t i o n s  
with t h e  cons t r a in t  o f  5 km-A as a  t o t a l  quan t i ty ,  and have ca l cu la t ed ,  with 
approximations, the  corresponding v e r t i c a l  d i s t r i b u t i o n s  o f  atomic hydrogen. 
I t  was found t h a t  the  H d i s t r i b u t i o n  i s  q u i t e  s e n s i t i v e  t o  two o the r  parameters 
of T i t an ' s  atmosphere: the  temperature and the  presence o f  o t h e r  cons t i tuents .  
The escape f luxes  of H and H2 were a l so  est imated as well  as t h e  consequent 
d i s t r i b u t i o n s  trapped i n  the  Saturnian system. 

Models of  H2 Dis t r ibut ion  

The cons t r a in t  o f  5 km-A o f  H2 makes impossible an atmosphere of pure Hz, 
s i nce  it would escape s o  f a s t  t h a t  t he  t o t a l  mass of Titan would vanish i n  l e s s  
than l o 6  years.  Additional cons t i t uen t s  with molecular weight h igher  than H2 
have t o  be present  t o  accommodate the  5 km-A o f  H2. Two cons t i t uen t s  were con- 
s idered  separa te ly :  (1) N2 a f t e r  a  s u  ges t ion  by Hunten (1972), ,wi th  various H mixing r a t i o s  ranging from t o  10- f o r  H2/N2; and (2) CH4, which was posi-  
t i v e l y  i d e n t i f i e d  by Kuiper (1944), with a  mixing r a t i o  o f  1. 

For the  sake of s impl i c i ty  t h e  atmosphere was considered t o  be sphe r i ca l ly  
symmetrical and isothermal,  with a  temperature of e i t h e r  80, 100, o r  1 2 0 ' ~ .  By 
analogy with the  t e r r e s t r i a l  atmosphere, t h ree  d i f f e r e n t  zones were considered: 
The turbosphere where the  mixing i s  cons tant ,  the  diffusosphere where each con- 
s t i t u e n t  follows i t s  own s c a l e  he ight ,  and the  exosphere where c o l l i s i o n s  are  
not  important. The turbopause l eve l  was defined as  the  a l t i t u d e  Za where the  
t o t a l  number dens i ty  i s  1011 mols ~ r n - ~ .  The exobase l eve l  was defined as  t h e  
a l t i t u d e  Zc  where the dens i ty  of H2 is l o 7  mols ~ m - ~ ,  except i f  it was found t o  
be h igher  than t h e  blow o f f  l eve l  ( k i n e t i c  energy equal t o  g rav i t a t iona l  energy), 
i n  which case the  exobase was located  a t  the  blow o f f  l e v e l .  These l e v e l s  a r e  
indica ted  i n  Table 2-8, together  with t h e  escape f luxes o f  H2 a t  the  exobase 
est imated from the  Jeans formula. The various ca lcula ted  Hz d i s t r i b u t i o n s  are  
ind ica t ed  i n  Figure 2-39. The main f ea tu re  of these  H2 d i s t r i b u t i o n s  is the  
exis tence  o f  a  very la rge  diffusosphere when compared t o  the  t e r r e s t r i a l  case. 
This is  due t o  the  low g rav i ty  of Titan and t o  t h e  high t o t a l  quan t i ty  o f  Hz.  

Models f o r  H Ver t i ca l  D i s t r ibu t ion  

Photodissociat ion o f  H2 and CH4 by the s o l a r  f l ux  was considered as  the  
only source of H, compensated by escape a t  the  exobase and by three-body re-  
combinations a t  lower a l t i t u d e s .  For each Hz p r o f i l e  a  corresponding H p r o f i l e  



Table 2-8a. H2 Fluxes f o r  Titan Atmospheric Models 

* Exobase = B l w - o f f  leve l  i n  t h i s  case. 

TOTAL FLUX 
(Hz) 

m l s  sec-' 

4.8 x 102' 

5.9 x 1028 

1.6 x 1030 

4.6 x 1028 

6.3 x l oz9  

1.3 x 103' 

2,4 x 10z9 

4.8 x 1030 

4.2 x 10" 

1.4 x 

8.6 x 1032 

ESCAPE FLUX 
(Hz) 

mols cm-2sec-1 

2.3 x 109 

1.3 x 10'0 

7.0 x 1010 

1.5 x 1010 

6.8 x 1O1Q 

5.0 x 1011 

5.5 x 1010 

1 0 V . 6  x 1011 

2.3 x 10'2 

3.2 x 1012 

3.2 x 10'3 

FLUX 
AT GROUND 

(Hz1 
mols cm %ec-' 

5.9 x l o 9  

7.0 x 1010 

2.0 x 10 l2  

5.6 x 1O1O 

7.7 x 10" 

1.6 x 10'3 

3,O x 10" 

5.8 x 101" 

5.1 x 1013 

1.7 x 101" 

10'7 

EFFUSION 
VELOCITY 

C~(!E!-' 

2.3 x 102 

1.3 x 103 

7.0 x 103 

1.5 x 103 

6.8 x 103 

1.4 x l o 4  

5.5 x 103 

1.6 x 

1.6 x l o 4  

1.2 x l o 4  

1.6 x 104 

DENSITY 
AT Zc 
(Hz) 

mols cm-3 

107 

107 

107 

107 

107 

3.6 x 107 

107 

1.7 x 107 

1.5 x l o 8  

2.7 x 108 

2.3 x 109 

DENSITY 
AT GROUND 

(Hz) 
mols cm-3 

11.0 x 1018 

10.5 x 10'8 

9.5 x 1018 

8.0 x 10'8 

8.0 x 1018 

7.0 x 1018 

6.4 x 1018 

6.3 x 1018 

5.6 x 10 l8  

2.7 x 1018 

2.1 x 1018 

TEMP. 

"OK 

[Hz-Nz) 

l o o O K  

) 

1200K 
(H2-Nz) 

(HZ-CHI,) 

l o o O K  

(Hz-CHI,) 

TURBO- 
PAUSE 

Za 
km 

520 

470 

460 

670 

610 

590 

840 

750 

730 

1470 

2070 

MIXING 
RATIO 

10-3 

lo - '  

10-3 

10-I  

10-3 

l o - '  

1 

1 

EXOBASE 
Zc 
km 

1570 

3420 

8950 

2410 

6050 

12060* 

3470 

9600* 

9600* 

15710* 

12060* 



Table 2-8b. .H Fluxes f o r  Titan Atmospheric Models 

* Exobase = B low-o f f  l e v e l  in t h i s  case. 

- - 

TEMP. 

80°K 
(Hz-N2) 

100°K 
( H ~ - N ~ )  

120°K 
( H ~ - N ~ )  

80°K 
(Hz-CH+) 

100°K . 
(Hz-CH4J 

- - 

MIXING 
RATIO 

, 

10-I 

10-3 

lo-' 

10-I 

l o - 3  

10-I  

1 

1 I 

TURBO- 
PAUSE 

Za 
kp 

520 

4 70 

460 

6 70 
r 

610 

590 

840 

754 

730 

1470 

2070 

EXOBASE 
Zc 
km 

1570 

3420 

8950 

- - 

2410 

6050 

12060* 

. 

3470 

9600* 

9600* 

15710* 

12060* 

DENSITY 
A? Zc 

(H) 
a t o m  cmU3 

I 7-50 lo' 
2.50 x  10" 

7.80 x  l o 3  

2.30 x  l o 4  

7.40 x  l o 3  

104 

" 

1.10 x  l o 4  

5.60 x  103 

1.60 x  l o 4  

3.00 x  104 

1.25 x  l o 3  

FLUX RATIO 
HIH, 

1.6 x  lo - '  

2.0 x  lo -z  

1.7 x  10-3 

2.0 x  

2.0 x  

6.0 x  

6.5 x  

6.8 x  
1 

2.0 x  ID-" 

2.0 x  l o +  

lo -G 

- - 

ESCAPE LUX . 
(HI- 

a t o m  cm 2 s e ~ - 1  

3.7 x  l o 8  

2.7 x  l o 8  

1.7 x  l o 8  

2.9 x  l o 8  , 
1.7 x  l o 8  

3.0 x  TO8 

2.5 x  l o 8  

1.8 x  108 

5.5 x  108 

8.0 x  l o 8  

3.7 x  l o 7  

TOTAL FLUX 
(H) 

a t o m  sec-I 

8.0 x  loz6 

1.2 x  lo2 '  

s 2.8 x  l o z 7  

9.0 x  l o z 6  

1.5 x  1QZ7 

8.0 x  l o z 7  

1.1 x  l o z 7  

3.3 x  l o z 7  

1.0 x  l o z 8  

3.3 x  l o z 8  

l o z 7  



ALTITUDE, Z (KM) 

Figure 2-39. P ro f i l e  of molecular hydrogen f o r  H2-N2 and H2-CH4 model atmos- 
pheres a t  temperatures of 8 0 ' ~  and 100°K. Za i s  the  turbopause 
level and Z, i s  the  exobase level .  



was ca l cu la t ed  along the  v e r t i c a l  a t  t he  sub-solar  poin t  by solv ing simultane- 
ously the  d i f fus ion  equation and the  con t inu i ty  equation i n  the  sphe r i ca l  case: 

where: H(r) = s c a l e  he ight  o f  atomic hydrogen. 

He(r) = s c a l e  he ight  of t he  atmosphere. 

'$H(r) = t he  d i f fus ion  f lux  of atomic hydrogen i n  a t s  cm-2 sec - l ,  

P( r )  = p r ~ d u c t i o n  r a t e  o f  H through photodissociat ion o f  Hz, 

F( r )  = l o s s  r a t e  o f  H by three-body recombinations with H2 and N 2 ,  

D(r) = d i f fus ive  coe f f i c i en t :  

D(r) = '019 i n  the  case o f  d i f fus ion  o f  H i n  an 

n ~ 2  ( r )  

atmosphere of H2,  

3.19 x  1016 He(') 
~ ' ( r )  = i n  the  case of d i f fus ion  o f  H, 

n 
N2 ( r )  

i n  an atmosphere e s s e n t i a l l y  of N2 .  

The exospheric d i s t r i b u t i o n  wsjs ca lcula ted  with no s a t e l l i t e  p a r t i c l e s  from 
Chamberlain's theory. 

For Hz-Nz model atmospheres the  e f f e c t  of the  mixing r a t i o  (H2/N2) a t  
ground level  i s  i l l u s t r a t e d  i n  Figure 2-40 f o r  T = 8 0 " ~ .  When t h i s  r a t i o  in-  
creases the  dens i ty  maximum b f  H, loca ted  i n  the  turbosphere, decreases,  while 
the  dens i ty  of H i n  the  d i f f u s o ~ p h e r e  increases  subs t an t i a l ly .  Above l o 4  km 
a l t i t u d e  i n  the  exosphere, t he  dens i ty  i s  in sens i t i ve  t o  the  mixing r a t i o .  

The e f f e c t  of  the  isothermal temperature (T) on the  H dens i ty  i s  i l l u s -  
t r a t e d  f o r  an H2-N2 mixing r a t i o  of 10-I i n  Figure 2-41. The H dens i ty  increases  
s u b s t a n t i a l l y  with T i n  the  diffusosphere.  Again the  dens i ty  i n  the  e x o ~ p h e r e  i s  
not  very s e n s i t i v e  t o  the  temperature. 
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Figure 2-40. P ro f i l e  of atomic hyd$ogenyfor ~ ~ - ~ ~ ~ m o d e . l  atmospheres a t  a 
temperature of  80°K. The e f f e c t s  of  t h r d  d i f f e r e n t  mixing 
r a t i o s ,  H2/N2 equal t o  and 1 0 - l ~  a re  shown. Za 
i s  t he  turbopause l eve l  and Zc  i s  the  exobase level .  
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Figure 2-41. P ro f i l e  of  atomic hydrogen f o r  H2-N2 model atmospheres f o r  
temperathres af 80°K, 10o°K, and 1 2 0 ' ~ .  A mixing r a t i o ,  H2/N2, 
of 10-1 i s  assumed. Za i s  the  turbopause l eve l  and Zc i s  the  
exobase l eve l .  



For H2-CH4 model atmospheres the  e f f e c t  of temperature is  i l l u s t r a t e d  i n  
Figure 2-42 f o r  a mixing r a t i o  o f  uni ty .  The dens i ty  p r o f i l e s  o f  H a r e  q u i t e  
d i f f e ren t  than f o r  t he  H2-N2 models; t he  dens i ty  a t  5 x l o 3  km and on i n t o  the  
exosphere is  much higher  f o r  t he  same temperature of 80°K. The e f f e c t  of  T is  
a t  variance with H2-N2 models i n  t h a t  an increase  i n  T r e s u l t s  i n  a decrease 
i n  the  H dens i ty  i n  an H2-CH4 model. This d i f ference  between the  two types of 
models is  due p a r t l y  t o  t h e  h igher  mixing r a t i o  i n  the  H2-CH4 model and p a r t l y  
t o  t h e  increase  of H production through photodissociat ion of CH4. This l a t e r  
process i s  underestimated i n  our approach, s ince  only photodissocia t ion  giving 
CH3 + H was considered. 

H and H7 Escape Fluxes 

The t o t a l  f luxes of H and H2 i nd ica t ed  i n  Table 2-8 were ca lcula ted  by 
assuming sphe r i ca l  symmetry which might lead  t o  an overestimation by a f a c t o r  
of  2 f o r  H. In any case,  t h e  t o t a l  f l ux  of H i s  found t o  vary q u i t e  widely 
with the  atmospheric parameters between 7.9 x atoms sec-I  f o r  t h e  H2-N2 
model t o  3.3 x atoms sec-I  f o r  the  H2-CH4 model a t  80°K. The f l u x  o f  H2 
is  even l a r g e r  than the  f l u x  of H f o r  a l l  models by a f a c t o r  o f  between 6 and 
l o 6 .  For H2-CH4 models t he  H2 f l ux  i s  much l a r g e r  than f o r  H2-N2 models, and 
a hydrodynamic approach would be more appropriate than the  assumption of hydro- 
s t a t i c  equilibrium. 

I t  has been suggested by Brice and McDonough (1973) t h a t  a l a rge  escape 
f l u  of H2 from Titan would r e s u l t  i n  a t o ro id  of hydrogen around Saturn.  
Dennefeld (pr iva te  communication) has ca l cu la t ed  the  d i s t r i b u t i o n  of atomic 
H r e s u l t i n g  from the  escape o f  H and Hz.  He found t h a t  a f l u x  o f  2 x 
atoms cm-3 sec-I  of H would r e s u l t  i n  a mean dens i ty  of 22 a t s  cm-3 i n  the  
whole volume indica ted  i n  Figure 2-43 around the  o r b i t  of Ti tan .  With a den- 
s i t y  of 22 a t s  cmd3, such a to ro id  o f  H should be e a s i l y  de tec ted  by i t s  reso- 
nant  Lyman-a emission, with an i n t e n s i t y  o f  s eve ra l  hundred Rayleighs. In 
addi t ion ,  s ince  10% of escaping H2 molecules w i l l  be photodissociated i n t o  2 H 
atoms when they a re  around Saturn,  a  f l ux  of 1031 H2 molecules (corresponding 
roughly t o  a l l  encountered blow o f f  condit ions) would r e s u l t  i n  a much l a r g e r  
mean dens i ty  of 22 x 100 = 2200 a t s  ~ m - ~ ,  g r ea t ly  increas ing  d e t e c t a b i l i t y  o f  
the  toroid .  

Summary 

The d i s t r ibu t ions  which we have obtained show t h a t  a determination of t he  
v e r t i c a l  d i s t r i b u t i o n  of atomic hydrogen could e a s i l y  be f i t t e d  t o  a model and 
t h a t  t he  two s i g n i f i c a n t  parameters, temperature and mixing r a t i o ,  could then 
be determined. However, s ince  the d i f ferences  between H2-N2 and H2-CH4 models 
a re  no t  very la rge ,  a  high s p a t i a l  r e so lu t ion  i n  the  measurements would be neces- 
sary .  

Hunten: Going back t o  my discussions of t h e  l imi t ing  escape f lux ,  t he  d i s t r i b u -  
t i ons  of H and H2 a re  independent of  K ( the  eddy d i f fus ion  coe f f i c i en t )  u n t i l  it 
reaches a value even l a r g e r  than was assumed here  (2  x lb8  cm2 sec - l )  . For very 
l a rge  values,  t he  dens i t i e s  a re  decreased. (K is  r e l a t e d  t o  the  number dens i ty  
a t  the  turbopause, na, by K = 2 x 1019/n,.) What is  the  s torage  time i n  the  
to ro id  f o r  hydrogen atoms and molecules? 
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Figure 2-42. P ro f i l e  of atomic hydrogen f o r  Hz-CH,, model atmospheres f o r  
temperatures of 8 0 ' ~  and 1 0 0 ~ ~ .  A mixing r a t i o ,  H2/CH4, of  
uni ty  is assumed. Za i s  the  turbopause level  and Zc i s  the  
exobase l eve l .  



Figure 2-43. Cross-section of t o ro ida l  zone H and Hp concentrat ions i n  the  
Saturnian system. 
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Tabarie': About 2 x l o 8  s ec  which is  determined by charge exchange and photo- 
ioniza t ion  of the  atoms. 

McDonough: You w i l l  be able  t o  see  Lyman-a both from resonance s c a t t e r i n g  by 
H and photodissociat ion o f  H2.  Do you have any i d e a  what t he  r a t i o  i s ?  

Hunten: This was an i s sue  a f t e r  t he  Mariner 5 f lyby o f  Venus. Equal i n t e n s i t i e s  
from the  two sources required an H2/H r a t i o  of about lo5 ;  

Blamont: ... which may be what we w i l l  have on Titan and i n  the  to ro id ,  but the  
l i n e  from H2 f luorescence w i l l  be much wider and a good measurement o f  the  l i n e  
shape w i l l  allow you t o  discriminate.  

Rasool: What w i l l  t h e  Mariner Jupi ter /Saturn  (MJS) mission be able t o  do nea r  
Titan? 

Broadfoot: MJS w i l l  have two spectrometers,  one observing airglow, with a 6 
arc-minute f i e l d ,  and one observing s o l a r  occul ta t ion  ( i f  i t  goes through T i t an ' s  
shadow) with a 1-minute f i e l d .  Occultat ion w i l l  give H, H 2 ,  and CH4. Airglow 
w i l l  give H, but  with poorer v e r t i c a l  resolu t ion .  

Blamont: I t  seems doubtful t h a t  MJS can de tec t  H by occu l t a t ion ,  because the 
s o l a r  Lyman-a l i n e  i s  so  much wider than the  p lanetary  absorption. 

Hunten: The height  resolu t ion  i s  not too bad i f  you can ge t  close enough t o  
Titan.  One arc-minute a t  30,000 km i s  10 km, which i s n ' t  bad a t  a l l .  

Sagan: I f  your instrument can measure as f a i n t  as 100 Rayleighs, i t  would be 
exc i t i ng  t o  map the glow from the  t o r o i d  o r  t a i l  o r  whatever i s  there .  

Broadfoot: We w i l l  be able t o  do t h a t  as we approach the p lanet ;  we can take 
days t o  scan over t h e  whole Saturnian system. 



2.12 ORGANIC CHEMISTRY IN THE ATMOSPHERE 

C. Sagan 

Introduction 

There seems l i t t l e  doubt about the  existence of an a t  l e a s t  moderately 
complex organic chemistry on Titan.  There i s  c l e a r  evidence of methane, and 
a t  l e a s t  presumptive evidence of  hydrogen i n  the  atmosphere. The r a t i o  o f  
methane t o  hydrogen i s  the  h ighes t  of any atmosphere i n  the  s o l a r  system. The 
i r r a d i a t i o n  of methane/hydrogen mixtures is  well-known t o  produce aromatic and 
a l i p h a t i c  hydrocarbons. In addi t ion ,  we know t h a t  Titan i s  cloud-covered and 
t h a t  the  clouds a re  red. A very reasonable hypothesis i s  t h a t  the  clouds a re  
made of organic chemicals. I want i n  t h i s  paper t o  describe some experimental 
work which bears upon the  poss ib le  organic chemistry of the  Titanian environment 

Titan Organic Chemistry 

F i r s t ,  suppose we have a mixture of the  f u l l y  sa tu ra t ed  hydrides of  the  
cosmically most abundant react ive  elements, hydrogen, oxygen, nitrogen and car- 
bon. I f  we i r r a d i a t e  t h i s  mixture of  methane, ammonia, water and hydrogen with 
shor t  wavelength u l t r a v i o l e t  l i g h t  -- o r  i f  we spark it i n  an e l e c t r i c a l  dis-  
charge, o r  indeed i f  we supply energy i n  any way which produces f r e e  r ad ica l s  
which can recombine a t  lower temperatures -- we produce the  following simple 
organic compounds: the  simple two carbon hydrocarbons, ethane (C2H6), ethylene 
(C2H4), and acetylene (C2H2); the  simplest  n i t r i l e s ,  hydrocyanic ac id  (HCN) and 
a c e t o n i t r i l e  (CH3CN) ; and, i n  the  presence of water, the  simplest  aldehydes, 
formaldehyde (HCHO) and acetaldehyde (CH3CHO). Carbon monoxide is  a l so  pro- 
duced. The abundance of C2 compounds i n  these experiments is  var iable  but  char- 
a c t e r i s t i c a l l y  ranges from l o y 2  t o  10-6 by number, compared with the  i n i t i a l  
CH4. These compounds are  formed i n  experiments i n  which the re  i s  a great  ex- 
cess of hydrogen t o  o the r  const i tuents ,  as well  as i n  experiments i n  which the  
precursors are  present i n  approximately equimolar quan t i t i e s .  Such experiments 
are  c h a r a c t e r i s t i c a l l y  performed a t  pressures ranging from a few tenths  of a 
b a r  t o  1 bar ,  and a t  temperatures from room temperature t o  7 7 O K .  There does 
not appear t o  be a s t r i k i n g  dependence of the  r e s u l t s  on t h e  s t a r t i n g  tempera- 
tu res  and pressures.  In addit ion,  a l l  such experiments are  performed i n  g lass  
vesse ls  -- but  i f  there  are  wall  e f f e c t s ,  s i l i c a t e s  are  not  unl ikely  c a t a l y s t s  
i n  a p lanetary  environment. These r e s u l t s  a r e  a l so  obtained i n  computer quenched 
thermodynamic equilibrium experiments. Although t h e  s o l a r  f l u x  i s  down by a 
f a c t o r  of 100 a t  Titan compared t o  the  Earth,  the  u l t r a v i o l e t  i r r a d i a t i o n  dose 
may s t i l l  be s ign i f i can t .  In addit ion,  e l e c t r i c a l  discharges i n  the  Titanian 
clouds are  t o  be expected. Therefore adequate energy sources probably e x i s t  i n  
Titan.  Also of i n t e r e s t  is t h e  f a c t  t h a t  -- except f o r  the  hydrocarbons which 
have no permitted microwave l i n e s  -- a l l  of  the  above molecules are found i n  
the i n t e r s t e l l a r  medium by radioastronomical l i n e  experiments. 

Consequently the re  seems nothing very daring i n  proposing two-carbon hydro- 
carbons i n  the  upper atmosphere of Titan.  A t  lower depths, i f  ammonia i s  present,  
n i t r i l e s  can be expected. I f  t he  surface  temperatures on Titan a re  high enough 



t o  permit a s i g n i f i c a n t  vapor pressure  of water vapor, aldehydes might a l s o  
e x i s t  i n  the  lower atmosphere. But these  compounds are  not  the  s t a b l e  end 
products of  t he  photochemistry of the Ti tanian  atmosphere and we must i nqu i r e  
f u r t h e r  about l a r g e r  molecules. 

Laboratory Simulation Experiments 

There a re  of course no co lo r  photographs of Titan bu t  t he  color  of  Ti tan  
and Saturn are  not  very d i f f e r e n t ,  and co lo r  photographs of Saturn are  well-  
known t o  show a range o f  yellows, oranges, browns and reds. That polymeric 
mater ia l  with such colors  i s  r ead i ly  produced under simulated Saturnian o r  
Ti tanian  condit ions is  a simple consequence of the  appropriate simulation ex- 
periments. Figure 2-44 shows a c h a r a c t e r i s t i c  experimental design from our  
Laboratory, i n  which a reac t ion  vesse l  f i g l e d  with precursor  gases is  i r r a d i -  
a ted  i n  cy l ind r i ca l  geometry by the  2537 A and i n  some experiments a l s o  by the  
1849 A l i n e  o f  mercury. The r eac t an t s  are  c i r cu la t ed  Hg-free by a grease less  
solenoid pump through a l i qu id  water bath (more p rec i se ly ,  a NH40H bath) and 
then back again t o  t h e  reac t ion  vessel;,  Because hydrogen, methane, ammonia 
and water a re  a l l  t ransparent  a t  2537 A, these  experiments use e i t h e r  H2S o r  
HCHO as  t he  i n i t i a l  photon acceptor.  The i n i t i a l  photodissociat ion event pro- 
duces a ho t  hydrogen atom which is a few e l ec t ron  v o l t s  superthermal, and which 
i n i t i a t e s  chain reac t ions  i n  c o l l i s i o n  with o the r  gases. S imi l a r  r e s u l t s  a r e  
obtained, f o r  example, by e l e c t r i c a l  discharges o r  shocks i n  e s s e n t i a l l y  the  
same manner -- by producing f r e e  r ad ica l s .  These p a r t i c u l a r  experiments were 
designed t o  u t i l i z e  the longest  poss ib l e  wavelengths o f  u l t r a v i o l e t  l i g h t ,  but 
any o t h e r  energy source which produces f r e e  r ad ica l s  should y i e l d  e s s e n t i a l l y  
s i m i l a r  r e s u l t s .  We are  a t  the  present  time engaged i n  experiments which more 
p rec i se ly  simulate Ti tanian  condit ions.  

Simulation Products 

Af ter  a few days the  r eac t ion  vesse l  becomes e n t i r e l y  coated with a red- 
dish brown polymeric mater ia l ,  o f  which a color  photograph has been published 
(Sagan 1971). The polymer i s  a f l aky  powder of t yp ica l  p a r t i c l e  s i z e  about 
100 um, which, on ac id  hydrolys is ,  y i e lds  a very subs t an t i a l  harves t  of  pro- 
t e i n  and non-protein amino acids.  From t h i s  polymer we have i s o l a t e d  some 40 
o r  50 ninhydrin-posit ive peaks on the  automated amino ac id  analyzer -- almost 
a l l  o f  which a r e  amino acids.  We have made the  f i r s t  prebio logica l  organic  
synthes is  of the  su l fur -conta in ing amino ac id  cys t ine  i n  such experiments. 
E i the r  p o l y n i t r i l e s  a re  produced, which, upon so lu t ion  i n  l i q u i d  water,  give 
amino acids through the  S t r ecke r  synthes is  ; o r  polypeptides -- polymers o f  
amino acids -- are  produced d i r e c t l y  and hydrolyzed under ac id  hydrolys is .  

The amino ac id  y i e lds  i n  these experiments are  enormous. A good way of 
charac ter iz ing  them is t o  ask what column dens i ty  of amino ac ids  would be pro- 
duced a f t e r  l o 9  years o f  u l t r a v i o l e t  i r r a d i a t i o n  on the  pr imi t ive  Earth. The 
answer i s  about 200 kg ~ m - ~ ,  which is  more than the  carbon content  of t he  sedi -  
mentary column. This simply means t h a t  amino ac ids  are  destroyed as well  as  
made. When amino ac id  des t ruc t ion  a t  t yp ica l  t e r r e s t r i a l  temperatures i s  in -  
cluded, t h e  r e s u l t  corresponds t o  about 1 kg cm-2 i n  l o 9  years,  o r  approximately 
a 1 percent  so lu t ion  of organic  compounds o f  amino acids i n  the  p r imi t ive  oceans. 
On Titan the  thermal degradation o f  amino acids should be much slower, and prob- 
ably slow enough t o  compensate f o r  t he  f a c t o r  of 100 lower u l t r a v i o l e t  f lux .  



To Power 

Figure 2-44. Schematic illustration of the ultraviolet organic synthetic 
experiment at Cornell University. After Khare and Sagan (1973). 
Reprinted from Icarus, =:in press, with permission of 
Academic Press, Inc. All rights reserved. 



D r .  Khare and I have examined the  brownish polymer by u l t r a v i o l e t ,  v i s i b l e ,  
and i n f r a r e d  spectroscopy, gas chromatography and mass spectrometry. The pre- 
liminary r e s u l t s  a r e  t h a t  the  p r inc ipa l  cons t i t uen t  is  a long s t r a igh t - cha in  
hydrocarbon -- an alkane. While polymeric s u l f u r  i s  made i n  the  aqueous solu-  
t i o n  it i s  not  a p r inc ipa l  cons t i tuent  of  t he  brown polymer. A s  f a r  as we can 
t e l l ,  the  major chromophores a re  hydrocarbons. The polymer a l s o  contains car-  
bony1 and amino groups, but  they do not  cont r ibute  s i g n i f i c a n t l y  t o  the  colora- 
t i on .  

Polymeric Transmission Spect ra  

In Figure 2-45 i s  t he  u l t r a v i o l e t  and v i s i b l e  transmission spectrum o f  
the  brown polymer. This i s  a double-beam analys is  i n  which a fragment o f  the  
vesse l  coated with polymer has i t s  transmission spectrum automatically compared 
with a comparable fragment of a s i m i l a r  r eac t ion  vesse l  without the  polymer 
coating.  You can see  the  very sharp decl ine  i n  transmission from yellow t o  
u l t r a v i o l e t ,  giving t h i s  mater ia l  i t s  reddish colora t ion .  A t  long v i s i b l e  
wavelengths, the  transmission i s  moderately cons tant .  A t  sho r t  op t i ca l  f r e -  
quencies the  transmission corresponds t o  something l i k e  and the  o p t i c a l  
depth t o  There i s  no reason t o  th ink  t h a t  t h i s  i s  the  reddes t  mater ia l  
t h a t  can be produced under these  condit ions;  and indeed we have succeeded i n  
separa t ing  v i a  paper chromatography a yellow component of  t h i s  polymer which 
runs with the  so lvent  f ron t .  This mater ia l  appears t o  be s u b s t a n t i a l l y  redder 
than the parent  brown polymer. I would n o t  a t  a l l  be su rp r i sed  i f  mater ia ls  
with op t i ca l  depth proport ional  t o  A - ~  o r  a r e  easy t o  come by i n  such ex- 
periments. 

A s  I ' ve  mentioned, t he  p a r t i c l e  s i z e  i n  these  experiments i s  something 
l i k e  100 pm with a dispersion of a f a c t o r  of  3 o r  4 o r  5.  The p a r t i c l e  s i z e s  
are  c e r t a i n l y  determined i n  p a r t  by wall  e f f e c t s  and by the  time of i r r a d i a t i o n ,  
and I do no t  know t o  what ex ten t  t he  100 um p a r t i c l e  s i z e  is c h a r a c t e r i s t i c  o f  
Ti tanian  condit ions.  However the  r e s u l t s  do suggest  some caution i n  concluding 
t h a t  t he  p a r t i c l e s  produced i n  t h e  Ti tanian  clouds must be smal ler  i n  diameter 
than the  near  i n f r a r e d  wavelengths. 

The u l t r a v i o l e t  absorption coe f f i c i en t  i s  f a i r l y  la rge ,  about l o 3  cm-' i n  
t h e  nea r  u l t r a v i o l e t  -- which means t h a t  a s i n g l e  100 um p a r t i c l e  has an o p t i c a l  
depth i n  the  u l t r a v i o l e t  of  about 0.1. I t ' s  a p r e t t y  s i zab le  absorber. You 
don ' t  need a l o t  of t h i s  mater ia l  i n  order  t o  produce the  kinds of op t i ca l  depths 
t h a t  a r e  ta lked about i n  models o f  the  clouds of Ti tan .  Therefore it i s  e n t i r e l y  
poss ib le  t o  imagine a s i t u a t i o n  i n  which ma te r i a l s  such as  t h i s  polymer are  being 
made on Ti tan ,  f a l l  out i n  accordance with t h e  Stokes-Cunningham equation,  and a re  
replaced by f u r t h e r  production -- s o  t h a t  t he  s t eady- s t a t e  abundance is adequate 
f o r  a l l  op t i ca l  p rope r t i e s  of t h e  clouds. 

In Figure 2-46 i s  an in f r a red  transmission spectrum of two polymeric 
components -- I i s  the  f u l l  brown polymer, and I 1  t h e  yellow chromatographic 
f r ac t ion  which I r e fe r r ed  t o  above. There are  a number o f  po in t s  of  i n t e r e s t :  
one i s  the  enormous absorption f ea tu re  a t  3 pm which is  due t o  t h e  C-H s t r e t c h  
of t he  hydrocarbons which a re  the  primary cons t i tuent  of the  polymer. 



Figure 2-45. Visible and near-LW transmission spectrum of the brown ultra- 
violet polymer. The spectrum was obtained on a double-beam 
spectrometer against a glass s~mple undercoated by polymer. 
After Khare and Sagan (1973). Reprinted from Icarus, g:in 

, press, with permission of Academic Press, Inc. All rights 
reserved. 
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Figure 2-46. Infrared transmission spectrum of the brown polymer and the 
yellow-chromatographic fraction of this polymer. After Khare 
and Sagan (1973). Reprinted from Icarus, g:in press, with 
permission of Academic Press, Inc. All rights reserved. , 



Next the re  is  s u b s t a n t i a l  and complex absorption i n  the  7-11 micron region. 
Therefore i t  is  conceivable t h a t  some o f  the  observed absorption f ea tu res  i n  t h e  
8-13 micron region a re  due, no t  t o  atmospheric emission, but  t o  aerosol  absorp- 
t i on .  I t  i s  ,a l so  reasonable t h a t  t he  clouds have s u b s t a n t i a l  opacity a t  10 ym 
and t h a t  t he re fo re  we a r e  not  see ing t o  t h e  sur'face a t  such wavelerrgths. 

Another poin t  o f  i n t e r e s t  has t o  do with the  5-micron window. In mater ia l  
of  t h i s  s o r t ,  the  c h a r a c t e r i s t i c  absorber nea r  5 um i s  t he  n i t r i l e  group, CN. 
The f a c t  t h a t  we a re  reasonably t ransparant  a t  these  wavelengths means t h a t  we 
a re  not  producing a g rea t  many p o l y n i t r i l e s .  In work by Cyr i l  qonnamperuma i n  
which h i s  s t a r t i n g  mater ia ls  were ammonia and HCN, he d id  produce a l a rge  quan- 
t i t y  of  p o l y n i t r i l e s  and h i s  i n f i a r e d  transmission spec t r a  d id  show a grea t  
dea l  o f  absorption a t  5 pm. This i s  of course a r e f l e c t i o n  of h i s  s t a r t i n g  
condit ions:  n i t r i l e s  i n ,  n i t r i l e s  ou t .  The r e s u l t s  suggest t h a t  t he  examina- 
t i o n  of t he  i n f r a r e d  spectrum of such clouds might give some information on the  
s t a r t i n g  condi t ions .  

I f  our i n f r a red  spectrum (Figure 2-46) i s  typ ica l  of t he  Ti tanian  clouds, 
then we might see  s u b s t a n t i a l l y  deep i n t o  t h e  atmosphere a t  5 pm, and experi-  
ments of  t h i s  s o r t  r ecen t ly  reported i n  a prel iminary way by Owen a r e  well  
worth following up. There i s  of course mul t ip le  s c a t t e r i n g  i n  the  clouds and 
even a very la rge  s i n g l e  s c a t t e r i n g  albedo may imply a small penet ra t ion  of 
i n f r a r e d  l i g h t  through the  clouds.  But t h i s  i s  t r b e  a t  a l l  i n f r a red  wavelengths 
and the  f a c t  t h a t  the  opacity i s  lowest i n  t h e  v i c i n i t y  of 5 pm suggests  t h a t  
t h i s  should be a p a r t i c u l a r l y  important wavelength f o r  i n f r a r e d  radiometry. A t  
i n f r a r e d  wavelengths longer than 15 ym I have the  impression t h a t  t he re  a re  no t  
a l a rge  number of i n t e r e s t i n g  absorption f ea tu res ,  but  we a re  s t i l l  studying 
t h i s  region.  

I have t a lked  about very simple products,  with a s  few as th ree  t o  s i x  
atoms, and very complex polymeric ma te r i a l .  What about material '  o f  in termedia te  
complexity? We do n o t  ye t  have a good handle on t h i s .  We go from simple t o  com- 
p l ex  molecules so  f a s t  i n  such experiments t h a t  we a re  l e f t  b rea th l e s s .  J u s t  t o  
give an idea:  suppose we take  a simple mass spectrum of the  polymeric ma te r i a l .  
We f i n d  t h a t  every mass-to-charge number from 1 t o  1000 i s  occupied. The com- 
p l e x i t y  of t he  mater ia l  i s  s t r i k i n g .  

I have not '  mentioned much about the  chemis tkj of t he  aqueous phase i n  
these  experiments because thkre  i s  s t i l l  a s u b s t a n t i a l  ques t ion  of whether 
ammonia hydroxide oceans can e x i s t  on Ti tan .  But the  organic chemistry i n  
such a l i q u i d  medium i s  of  considerable i n t e r e s t .  

Conclusions 

There is a t r a d i t i o n  i n  astronomy of extreme caution on the  question of 
biology on t h i s  o r  t h a t  p l ane t .  I be l ieve  t h a t  Titan looks b io log ica l ly  very 
promising. There might be as s e r ious  an e r r o r  i n  being prematurely over-cautious 
as  i n  being prematurely over-enthus ias t ic .  I do not  think we would be doing any 
d i s se rv ice  i f  we s a i d  t h a t  t h e  planning of exobiological  experiments on Titan 
makes some sense.  However, even i n  the  absence of any biology on Ti tan ,  the  
presence of i n t e r e s t i n g  organic chemistry -- poss ib ly  r e l a t e d  t o  the  o r i g i n  of 
l i f e  on Earth -- looks s o  promising t h a t  I think s u b s t a n t i a l  support from the  



b io log ica l  community could be forthcoming i n  planning, f o r  example, gas chroma- 
tograph/mass spectrometer e n t r y  probes i n t o  t h e  Ti tanian  atmosphere. Apart from 
the  Viking GC/MS which i s  intended as  a post- landing experiment, t h e  gas chro- 
matograph being planned f o r  Venus Pioneer en t ry  probes might be an appropr ia te  
precursor  instrument. 

While the  r e l a t i v e  hydrogen abundance elsewhere is g r e a t e r  than on Ti tan ,  
it a l s o  seems poss ib l e  t h a t  t h e  Ti tanian  organic chemistry is c h a r a c t e r i s t i c  of 
t h a t  o f  t he  ,puter  s o l a r  system i n  general .  Since Ti tan  i s  t h e  e a s i e s t  body with 
an atmosphere t o  e n t e r  i n  the  o u t e r . s o l a r  system, the  explora t ion  of Ti tan  may 
be the  primary s t age  i n  t h e  study of t h e  organic,chemistry of t h e  e n t i r e  outer  
s o l a r  system. 
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Pollack:  In d iscuss ing  the  la,boratory experiments, d i d  you imply t h a t  t he  
aldehydes were produced i n  passing through l i q u i d  water? 

i 

Sagan: The i n i t i a l  experiments were a l l l n  t h e  gaseous phase. However, i f  a - 
somewhat a r t i f i c i a l  experiment was performed whereby the  products from photol-  
y s i s  o r  pyrolys is  of  methane, ammonia and hydrogen were formed i n  the  absence 
of water vapor, but were then ca r r i ed  i n t o  l i q u i d  water, t he  r e s u l t s  would be 
s i m i l a r .  The experiment shown i n  Figure 2-44 has water i n  both the  vapor and 
l i q u i d  phases. , 

Danielson: Am I r i g h t  i n  saying t h a t  you use H2S as  an experimental conven- 
ience o r  a re  you ,simulating a Ti tanian  atmosphere? 

Sagan: Although the re  hasahpen some discuss ion  of t he  p o s s i b i l i t y  of  H2S i n  
the  atmospheres of the  Jovian p l ane t s ,  and indeed The cosmic abundance o f  
s u l f u r  i s  high, we have used H2S as  a convenient laboratory source f o r  hot  
hydrogen atoms. I should s t r e s s  t h a t  none of t he  color  e f f e c t s  which we see  
i n  the  brown coating a r e  due t o  polymeric s u l f u r .  

Blamont: I would be happy t o  provide you with a Lyman-a source which would 
f i t  i n s ide  your experiment, , , 

' I  

Sagan: Tn'ank you; t h a t  would be exce l l en t .  To s u b s t i t u t e  Lyman-a e x c i t a t i o n  
f o r  H2S would, be very useful .  



Chapter 3 

ADDITIONAL CONTRIBUTIONS 

3 . 1  RADIO OBSERVATIONS OF TITAN 

F. H. Briggs 

Saturn and Titan have been observed a t  t h ree  frequencies (1420, 2695, and 
8085 MHz) with the  NRAO in ter ferometer .  A s  ye t ,  Titan has not  been detected.  
The observing technique used t o  separa te  T i t an ' s  s i g n a l  from t h a t  of Saturn 
requi res  long base l ines .  A t  t he  h ighes t  frequency, where the  s igna l  i s  s t rong-  
e s t  and detec t ion  most l i k e l y ,  t he  in ter ferometer  "resolution" i s  s o  g rea t  t h a t  
T i t an ' s  pos i t i on  must be known t o  b e t t e r  than a h a l f  second o f  a r c  throughout 
the long in t eg ra t ions  needed t o  reach a low noise  l eve l .  I  have n o t  been able 
t o  obta in  ephemerides o f  t h i s  accuracy no r  t o  f i n d  an opinion on the  accuracy 
of pos i t i ons  ca l cu la t ed  from the  L, M ,  0, and y tabula ted  i n  the  American 
Ephemeris and Nautical Almanac. A t  1420 MHz, where pos i t i ona l  accuracy i s  
not  a problem, the  s i g n a l  is  much weaker and an upper l i m i t  o f  1 5 0 0 ° ~  can be 
placed on t h e  br ightness  temperature of T i t an .  

Pos t sc r ip t ,  December 3, 1973: A c l e a r  p o s i t i v e  de tec t ion  has now been obtained 
a t  8085 MHz with t h e  NRAO in ter ferometer .  Assuming T i t a n ' s  r ad ius  i s  2500 km, 
the  r ad io  br ightness  temperature ( i . e .  f o r  u n i t  emiss iv i ty)  is 115 i 3S°K. 
A complete desc r ip t ion  w i l l  be submitted f o r  pub l i ca t ion  elsewhere. 



3.2 TEMPERATURE OF THE THERMOSPHERE 

D. F. Strobe1 

The g lobal ly  averaged v e r t i c a l  temperature con t r a s t  (exospheric tempera- 
t u r e  minus mesopause temperature) i n  p lanetary  thermospheres depends on heat ing  
by absorption of s o l a r  EUV energy, energy l o s s  through i n f r a r e d  r ad ia t ion  by 
polyatomic molecules and energy t r a n s f e r  by thermal conduction between the  
regions of energy depdsit ion and lo s s .  On t h e  bas i s  of  such a descr ip t ion ,  
S t robe l  and Smith (1973) est imated a v e r t i c a l  temperature con t r a s t  f o r  t he  
thermosphere of Titan s90°K f o r  CH4/H2 mixing r a t i o s  In t e rp re t a t ion  
of current  observational  da t a  suggests  t h a t  the  CH4/H2 mixing r a t i o  z1. As 
a consequence the separa t ion  d is tance  between energy deposit ion and lo s s  i s  
s u b s t a n t i a l l y  l e s s  and we would expect v e r t i c a l  temperature con t r a s t s  <10 
degrees. Complications do a r i s e  however f o r  the  thermosphere of Ti tan .  Light 
cons t i t uen t s  such 'as Hz can r ead i ly  escape from i t s  qtmosphere and t h e  flow 
v e l o c i t i e s  can be l a rge  (Hunten 1973). I t  i s  qui te!poss ib le  t h a t  t he  l i g h t  
cons t i t uen t s  could undergo s i g n i f i c a n t  ad iaba t i c  cooling and hence have tem- 
pera tures  s i g n i f i c a n t l y  l e s s  than the  background dtmoiphere. In addi t ion ,  a 
la rge  r e l a t i v e  ve loc i ty  d i f ference  between t h e  l i g h t  cons t i t uen t  and the  back- 
ground atmosphere can r e s u l t  i n  considerable energy t r a n s f e r  between t h e  gases 
and f r i c t i o n a l  hea t ing  of t h e  gases. I t  i s  h ighly  probable t h a t  H2 and CHI, 
w i l l  no t  be i n  thermal equil ibrium i n  t h e  thermosphere f o r  l a r g e  Hz escape r a t e s .  



3.3 8-13 MICRON OBSERVATIONS OF TITAN* 

F. C. G i l l e t t ,  W. J. For re s t ,  and K. M. Merr i l l  

Abstract  

Narrow-band (AA/A 2 0.015) observations of Titan a t  s e l ec t ed  wavelengths 
i n  the  8-13 micron range show evidence f o r  a s t rong  temperature invers ion  and 
the  exis tence  o f  a t  l e a s t  one more spect roscopica l ly  ac t ive  component i n  t h e  
atmosphere i n >  addi t ion  t o  H2 and CH4. 

Introduction 

Titan has r ecen t ly  been t h e  objec t  of  numerous inves t iga t ions ,  both obser- 
va t iona l  and t h e o r e t i c a l .  This surge i n  i n t e r e s t  has been pr imar i ly  due t o  t h e  
de tec t ion  of H2 (Trafton 1972) and the  observations of high br ightness  tempera- 
t u re s  i n  the  8-20 micron range? the  l a t t e r  of which suggeqt t h a t  t he  atmosphere 
of Titan may be mapsive enough t o  produce a s u b s t a n t i a l  greenhouse effect: 
(Morrison, Cruikshank, and Murphy 1972). This paper descr ibes  observations of 
Titan i n  the  range o f  8-13 pm with a r e so lu t ion  Ah/X 2 0.015 and d iscusses  some 
of t he  impl ica t ions  of these  observations.  

Observations 

The observations reported here  were obtained using a cooled f i l te r -wheel  
spectrometer together  with t h e  UCSD-University o f  Minnesota 60-inch (152-cm) 
telescope on Mount Lemmon. The data  acqu i s i t i on  and reduction have been d i s -  
cussed elsewhere ( G i l l e t t  and Forres t  1973). The r e s u l t s  a r e  shown i n  Figure 
3-1, where the  observed surface  br ightness  i s  p l o t t e d  as  a function of wave- 
length,  assuming t h e  radius  of Titan t o  be 2.44 x l o 3  km (Allen 1963). The 
surface  br ightnesses  a re  reduced by about 10 percent  using the  radius proposed 
f o r  Titan by Morrison e t  a l .  (1973). Ver t i ca l  ba r s  i nd ica t e  21 standard devia- 
t i on  of t he  mean of measurements a t  t h a t  wavelength, and the  ho r i zon ta l  bars  
i nd ica t e  the  half-power bandpass of t h e  f i l t e r  used. Also included i n  t h i s  
f igure  a re  broad-band measurements taken a t  various times, and curves of con- 
s t a n t  br ightness  temperature. 

I f  the  ac tua l  spectrum of Ti tan  can be approximated by smooth curves join- 
ing  the  spectrometer da t a  po in t s ,  the  8.4-micron and 12.5-micron broad-band ob- 
servat ions  appear t o  be i n  good agreement with t h e  spectrometer r e s u l t s ;  however, 
the  11-micron broad-band measurements seem t o  be high by a f a c t o r  of  about 1.5. 
This may ind ica t e  the exis tence  o f  f u r t h e r  s t r u c t u r e  i n  the  spectrum between 10 
and 12 pm. 

* Reprinted from The Astrophys. J . ,  =:L93-L95, with permission o f  t h e  
Universi ty o f  Chicago Press.  d 1973. The American Astronomical Society.  
A l l  r i g h t s  reserved.  P r in t ed  i n  U.S.A. 
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Figure 3-1. Surface brightness of Titan as a function of wavelength. Spectrom- 
e t e r  observations: f i l l e d  c i r c l e s ,  1/1/73 and 2/15/73. Broad-band 
observations: open c i r c l e s ,  1/1/73; open t r i ang les ,  9/29/72; open 
squares, 11/16/71. Horizontal l ines  indicate  bandpass of f i l t e r  
used. 



Discussion 

The most s i g n i f i c a n t  fea tures  of these  da t a  are :  

(1) The observations requi re  the  presence of a t  l e a s t  one spectroscopi-  
c a l l y  ac t ive  component i n  addi t ion  t o  the  previously de tec ted  Hn and CH4. I f ,  
i n  the  l eve l s  where the 9-13 micron r ad ia t ion  o r ig ina t e s ,  the  temperature is  
decreasing with increas ing  he igh t ,  then a s t rong absorber around 10 vm would 
be required t o  explain t h e  temperature minimum nea r  t h i s  wavelength. Such an 
absorber could be NH3 with i t s  v2 fundamental nea r  10.5 pm. The models calcu- 
l a t ed  by Pollack (1973), including the  e f f e c t s  of  NH3 absorption,  give b r igh t -  
ness temperatures i n  the  NH3 band of about 120°K which i s  cons i s t en t  with the  
observations.  On the  o the r  hand, i f  the  r ad ia t ion  o r ig ina t e s  above a tempera- 
t u re  invers ion  (as suggested by Caldwell, Larach, and Danielson 1973), then an 
addi t ional  r a d i a t o r  is  required t o  explain t h e  maximum i n  br ightness  tempera- 
t u re  around 12 pm (probably C2H6). , The wavelength coverage and s t a t i s t i c a l  
accuracy of t h e  da ta  presented here  are  not  s u f f i c i e n t  t o  r u l e  out  e i t h e r  of 
these  p o s s i b i l i t i e s ;  

(2) The high br ightness  temperature within the  7.7-micron CR4 band shown 
by the measurement a t  8.0 pm d e f i n i t e l y  ind ica t e s  t he  presence of a temperature 
inversion.  A s i m i l a r  e levated  br ightness  temperature within the  vt, fundamental 
of CHI, has been found e a r l i e r  i n  the  spectrum o f  J u p i t e r  ( G i l l e t t ,  Low, and 
S te in  1969), and i t s  associa t ion  with a temperature inversion was demonstrated 
by the de tec t ion  of limb br ightening a t  7.9 ym ( G i l l e t t  and Westphal 1973). A 
su rp r i s ing  aspect  of the observations of Ti tan  i s  the  s t r eng th  of t h i s  tempera- 
t u r e  inversion.  The surface  br ightness  of Titan a t  8.0 pm is  about 6 times t h a t  
of  J u p i t e r  a t  the  same wavelength and about 20 times t h a t  of Saturn.  The most 
l i k e l y  reason f o r  t h i s  is  t h a t  t he  CH4/H2 r a t i o  i s  much l a r g e r  f o r  Ti tan  than 
f o r  J u p i t e r  o r  Saturn,  thus H2 cooling of t h e  upper atmosphere of Titan is  much 
l e s s  e f f ec t ive .  Another p o s s i b i l i t y  i s  t h a t  the  r a t e  a t  which energy i s  absorbed 
p e r  u n i t  a rea  i n  t h e  upper atmosphere of Ti tan  may be somewhat h igher  than f o r  
Saturn, depending on the  mechanism producing the  invers ion ,  but  t h i s  e s f e c t  alone 
cannot account f o r  the  d i f ference  i n  the  8.0-micron surface  br ightness .  

For the inversion on J u p i t e r  i t  was suggested by G i l l e t t  e t  a l .  (1969) 
t h a t  t he  energy balance i n  t h e  invers ion  layers  was determined by absorption 
of s o l a r  r ad ia t ion  i n  the  3.3-micron band o f  CH4 p lus  poss ib ly  some contribu- 
t i on  i n  overtone bands, and r ad ia t ion  through the  7.7-micron CH4 band and 
coll ision-induced t r a n s i t i o n s  i n  H2. For Titan i t  appears t h a t  t he  r a t e  a t  
which energy i s  being r ad ia t ed  from the  upper atmosphere by the  7.7-micron 
CHq band alone, cannot be balanced by absorption of s o l a r  r ad ia t ion  v i a  the  
3.3-micron and 2.35-micron CH4 bands. In f a c t ,  it is no t  c l e a r  whether t he  
observed invers ion  could be maintained even i f  one considered a l l  t he  overtone 
bands of CH4. 

A poss ib le  a l t e r n a t i v e  source of energy f o r  an inversion t h a t  does no t  
s u f f e r  from t h i s  d i f f i c u l t y  i s  t he  mechanism proposed by Caldwell e t  a l .  (1973), 
i n  which s o l i d  p a r t i c l e s  i n  t h e  upper atmosphere absorb v i sua l  and u l t r a v i o l e t  
r ad ia t ion  from the  Sun and i n  t u r n  t r a n s f e r  t h i s  energy t o  t h e  gas through col-  
l i s i o n s .  These authors have proposed t h a t  the  e levated  br ightness  temperatures 
i n  the  8-13 micron range reported e a r l i e r  (hlorrison e t  a l .  1972) a r e  due t o  



emission from above a temperature invers ion  and predic ted  emission peaks a t  
7.7 pm (CHI+) ,  12.2 um (C2H6) and 10.5 um (C2H4) .  The d a t a  reported here show 
s t rong  emission peaks i n  the  7.7-micron CH4 band and a t  12 Dm. Unfortunately, 
no measurements were made a t  10.5 um. 

Additional i n s i g h t  i n t o  the  p rope r t i e s  of T i t an ' s  atmosphere could be 
obtained from model ca l cu la t ions  taking i n t o  account t he  observations reported 
here.  Important addi t ional  observational  da ta  would include h igher  spec t r a l  
resolu t ion  observations around 20 pm and b e t t e r  wavelength coverage i n  the  
8-13 micron range. 
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3.4 STELLAR OCCULTATIONS 

J. Veverka 

Introduction 

S t e l l a r  occul ta t ions  provide a unique way of obtaining rigorous informa- 
t i o n  on t h e  composition and thermal s t r u c t u r e  of T i t an ' s  upper atmosphere. 
Although de ta i l ed  predic t ions  by Taylor (1973) ind ica t e  t h a t  no s u l t a b l e  occul- 
t a t i o n s  by Ti tan  w i l l  occur during 1973 and 1974, s t a t i s t i c a l  ca l cu la t ions  by 
OILeary (1972) p r e d i c t  about 2 "passable" occul ta t ions  p e r  year ,  and one "good" 
occul ta t ion  every 5 years .  A "passable" occu l t a t ion  involves an i n t e n - i t y  drop 
of a t  l e a s t  10% i n  the  U; f o r  a "good" occul ta t ion  the  i n t e n s i t y  drop exceeds 
50% of the  U. 

No occu l t a t ion  by Ti tan  has ever  been observed pho to -e l ec t r i ca l ly .  To 
ind ica t e  t h e  kinds of information t h a t  p o t e n t i a l l y  can be obtained from occul-  
t a t i o n  l i g h t  curves, we tu rn  t o  some observations o f  t h e  occu l t a t ion  of Beta 
Scorpi i  by J u p i t e r  on May 13, 1971. 

Atmospheric S t ruc tu re  from an Occultat ion Light Curve 

Simultaneous l i g h t  curves i n  th ree  channels (0.353, 0.393, 0.620 pm) o f  
the  emersion of Beta Scorpi i  AB a r e  shown i n  Figure 3-2 a t  a  time r e so lu t ion  
of 0.2 second (Veverka e t  a l .  1973). These l i g h t  curves can be "inverted" t o  
y i e l d  r e f r a c t i v i t y  p r o f i l e s ,  and once an atmospheric composition is  assumed, 
temperature and number dens i ty  p r o f i l e s  such as those  shown i n  Figure 3-3 can 
be obtained (Wasserman and Veverka 1973b). 

An outstanding f ea tu re  of t he  l i g h t  curves shown i n  Figure 3-2 is the  
occurrance of numerous l i g h t  f l a shes  o r  "spikes", which can be in t e rp re t ed  as 
small f l uc tua t ions  i n  t h e  r e f r a c t i v i t y  p r o f i l e  of t he  atmosphere. S imi lar  
spikes have been observed during an occul ta t ion  by Neptune (Freeman and ~ y n ~ z  
1970) suggesting t h a t  these  f luc tua t ions  may be a c h a r a c t e r i s t i c  of the  upper 
atmospheres of a l l  Jovian p l ane t s ,  and by extension,  of  T i t an ' s  as  well .  Note 
t h a t  the  spikes i n  Figure 3-2 t r a n s l a t e  i n t o  wiggles i n  the  temperature p r o f i l e  
i n  Figure 3-3. 

Atmospheric Composition from Spikes 

Whenever high time resolu t ion  records of occul ta t ion  events are  obtain- 
able simultaneously i n  seve ra l  colors ,  wavelength dependent time delays i n  
spike a r r i v a l  times w i l l  be observed (Brinkmann 1971; Wasserman and Veverka 
1973a). From the  d i f ferences  i n  sp ike  a r r i v a l  times a t  d i f f e r e n t  wavelengths 
it i s  poss ib le  t o  determine the  r e l a t i v e  r e f r a c t i v i t y  of the  atmosphere a t  
these  wavelengths. Spike a r r i v a l  delays were observed during the  emersion 
of Beta Scorpi i  AB, f o r  example, with observations taken every 0.01 second 
(Veverka e t  a l .  1973). The time delays a re  well-defined and increase  sys- 
temat ica l ly  with wavelength. Assuming t h a t  the  Jovian atmosphere is  well  



Time (UT) 

Figure 3-2. Emersion of Beta Scorpii  AB i n  three  channels (0.353, 0.393, 
0.620 pm) a t  A t  = 0.2 sec. (Veverka e t  al." 1973). The zero 
l eve l  base-line was determined by averaging the  output over 
several  minutes a t  a point f a r  removed from the  time of emersion. 
The f u l l  sca le  l eve l  was determined by s e t t i n g  the  s t a r ' s  f u l l  
in tens i ty  equal t o  unity.  After Veverka, e t  a l .  (1974). 
Reprinted from The Astronomical Journal, i n  press ,  with permis- 
sion of The Astronomical Journal,  D r .  L. Woltjer, Ed. A l l  r i g h t s  
reserved. 
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Figure 3-3. Temperature p r o f i l e s  derived from Channel 2 data f o r  three  assumed 
compositions of the  Jovian atmosphere. Lef t  t o  r ight :  0% He, 
100% H2; 30% He, 70% H2; 60% He, 40% H2 (by number). The upper 
portions of the p r o f i l e s  a r e  uncertain and a r e  therefore  shown 
dashed (cf.  Wasserman and Veverka 1973b). The bumps correspond 
t o  the  spikes i n  t h e  l i g h t  curve. (Although not shown, the  pro- 
f i l e s  derived from the other two charinels a r e  s imilar . )  After 
Veverka e t  a1 . (19741 . Reprinted from The ~s t ronomica i  Journal.  



mixed a t  t h i s  level  and cons i s t s  mostly of hydrogen and helium, E l l i o t  e t  a l .  
(1973) der ive  the  r e l a t i v e  abundance o f  these  gases t o  be: 

+. 35 
" H ~ / H ~ - =  0.19-.19 

+. 38 
by number, which corresponds t o  a mean molecular weight o f  2.32-. 32. 

Outlook f o r  Titan 

- Even i f  sp ikes  cannot be de tec ted  i n  l i g h t  curves of occul ta t ions  by 
Titan,  r e l i a b l e  temperature/number dens i ty  p r o f i l e s  w i l l  be determined i f  t he  
atniospheric composition is  assumed. A s t rong  discrimination among composition 
models w i l l  be poss ib le  i f  an independent es t imate  of reasonable upper atmosA 
phere temperatures  exist^.^ For s impl i c i ty ,  assume t h a t  an isothermal s t r u c t u r e  
i s  found with T = 1 0 0 " ~  f o r  pure H2. Since i n ' t h i s  case T % p (where p is the  
medn molecular weight) we have the s i t u a t i o n  summarized i n  Table 3-1. I t  i s  
easy t o  d iscr iminate  agains t  compositions which give high p ' s ,  and hence high 
temperatures.  Thus i n  t h i s  case an atmosphere cons is t ing  of 50% of e i t h e r  CHI, 
o r  N2 could be excluded s ince  i t  would imply temperatures >450°K. However, as 
Table 3-1 show4, it i s  d i f f i c u l t  t o  d iscr iminate  agains t  high helium f r ac t ions  
i n  t h i s  way. 

1 

. Fortunately,  timing of sp ike  a r r i v a l  times is most successful  i n  de t ec t -  
i ng  l a r g e  helium concentrat ions.  For example, i t  tu rns  out  t h a t  from t h e  re-  
f r a c t i v i t y  r a t i o :  

t h a t  l a rge  amounts o f  He a re  e a s i l y  de tec ted  i n  the  presence of CHI,, N2 o r  H2, 
bu t  la rge  amounts of  N2 o r  CHI, i n  t he  presence of H2 (or  v i ce  versa) a r e  not .  
The s i t u a t i o n  can be s l i g h t l y  improved by us ing  a l a r g e r  spread i n  wavelengths, 
o r  more than two wavelengths. 

Summary 

S t e l l a r  occul ta t ions  can y i e l d  r e l i a b l e  temperaturehumber dens i ty  pro- 
f i l e s  of T i t an ' s  upper atmosphere nea r  the  1014 cm-3 number dens i ty  l eve l .  The 
temperature p r o f i l e s  can be used t o  d iscr iminate  between atmospheric composi- 
t i o n s  having high mean molecular weights ( u  > 5 ) ,  and those having low mean 
molecular weights (11 < 5 ) ,  a s  indica ted  i n  Table 3-1. Detection of sp ikes  a t  
s eve ra l  wavelengths with high time r e so lu t ion  can s e t  useful  l i m i t s  on t h e  
helium content  of  t h e  atmosphere. 



Table 3-1. Temperature Dependence on Composition of  Hypothetical 
Upper Atmospheres (See t e x t  f o r  d e t a i l s ) .  

I t  i s  therefore  important t h a t  fu ture  occul ta t ions  by Titan be predic ted  
well  i n  advance, and imperative t h a t  they be observed adequately. Such obser- 
vations w i l l  a l so  y i e l d  an accurate value of  T i t an ' s  diameter. Accurate diam- 
e t e r  determinations can a l s o  be made by observing occul ta t ions  of Titan by the  
Moon; however, lunar occul ta t ions  cannot provide any useful  information about 
Titan'  s atmosphere. 

CONSTITUENTS 

Hz and He 

Hz and CH4 

Hz and N2 

HZ, CH4, and N2 
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COMPOSITION 
(BY NUMBER) 

100% Hz 

90% HZ and 10% He 

50% HZ and 50% He 

90% HZ and 10% CH4 

50% Hz and 50% CH4 

90% H, and 10% Nz 

50% Hz and 50% N2 

80% Hz, 10% CH4, and 10% N2 

50% HZ, 25% CH4, and 25% Nz 

MEAN 
rlOLECULAR 
WEIGHT 

2.0 

2.2 

3.0 

3.4 

9.0 

4.6 

15.0 

5.0 

12.0 

T (OK) 

100 

110 

150 

170 

450 

230 

750 

250 

600 



3.5 TITAN PHOTOMETRIC PARAMETERS* 

R. L. Younkin 

Measurements of the i r radiance of Titan from 0.50 t o  1.08 pm were carr ied  
out January 2 and 3, 1972, using the  Mount Wilson 60-inch r e f l e c t o r ,  Fastie-  
Ebert spectrometer, and pulse counting e lect ronics .  An S-20 photomultiplier  was 
used t o  obtain measurements from 0.50 t o  0.795,pmY and an S-1 photomultiplier  
f o r  measurements from 0.807 t o  1.08 pm. A 30 A e x i t  bandpass was used both 
nights  . 

Selection of p a r t i c u l a r  wavelengths of measurement was based upon previous 
continuous wavelengths energy scans of J u p i t e r  made by the  author. With the  
assumptions t h a t  CHI+ i s  the p r inc ipa l  source of absorption i n  the spectrum of 
Titan and t h a t  the  s t rengths  of t h e  absorptions are  s imi la r  f o r  Titan and Jup i t e r ,  
t he  wavelengths were chosen f i r s t  t o  show the  apparent maxima p d  minima (absorp- 
t ion  band centers) ,  and second t o  obtain values every 100-200 A. 

The comparison standard s t a r s  were c2 Ceti ,  a Leonis, E Orionis,  and y 
Geminorum. The values used f o r  the  i r radiances  of these  s t a r s  as well  as the  
s o l a r  i r radiances  have been given previously by Younkin (1970). The former 
were based upon r e l a t i v e  measurements of Hayes (1967) converted t o  an absolute 
sca le  by the  measurements of Willstrop (1960). The l a t t e r  were based upon 
measurements of t h e  s o l a r  i n t e n s i t y  by Labs and Neckel (1967). 

The r e s u l t s  of reduction of t h e  measurements are  given i n  Table 3-2. A 
correct ion t o  zero s o l a r  phase angle of Titan has been made according t o  the 
phase law of Blanco and Catalano (1971). The correct ion increased the  br ight-  
ness of Titan measured here by 0.03 mag. 

The irrgdiances of Titan a t  the  posi t ion of the  Earth, H, a re  given i n  
ergs /cm2/sec/~ and are reduced t o  mean opposition distances of the  Earth and 
Saturn. The mean surface radiances over the  disk of Titan,  N, are i n  ergs/  
cm2/s teradian/~,  corrected t o  mean opposition distance.  For the computation 
of N and the geometric albedo pA (0),  Dollfus 's  (1970) value was used fo r  the  
angular subtense of Titan a t  9.539 AU, 0.700 arc  seconds. 

The 30 bandpass values of the  geometric albedo a t  the  measured wave- 
lengths,  given i n  Table 3-2, are p lo t t ed  i n  Figure 3-4. An approximate contour 
has been drawn between t h e  po in t s ,  with some weight given t o  the  shape of the  
methane bands of Jup i t e r ,  based upon unpublished continuous scans o f  the  center  
of the  disk by the  author. This contour thus assumes methane i s  the  pr incipal  
absorber i n  t h i s  spec t ra l  range. 

I t  i s  seen from Figure 3-4 t h a t  the  geometric albedo of Titan reaches a 
maximum value of 0.37 a t  0.68, 0.753, and 0.83 pm, while i n  the  center  of the  
s t rongest  absorption features ,  a t  0.89 and 1.01 pm, it f a l l s  t o  0.10. Compari- 
son with the methane bands of J u p i t e r  and Saturn given below indicates  the  

* Reprinted i n  p a r t  from Icarus,  2 : i n  press ,  with permission of Academic Press,  
Inc. A l l  r i g h t s  reserved. 



Table 3-2. Photometric Parameters f o r  Titan 



Table 3-2. Photometric Parameters f o r  Titan (Contd) 
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Figure 3-4. Narrow band geometric albedo of Ti tan ,  adjus ted  t o  zero p lanetary  
phase angle. The c i r c l e s  represent  measured po in t s ,  the  curve, 
the  est imated albedo between the, poin ts .  
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maxima a t  0.936 and 1.08 pm c lea r ly  do not  represent the  continuum. The points  
a t  0.753 and 0.83 pm may well a l so  be depressed from continuum values by the  
wings of the  methane bands adjacent t o  them. I t  is  not cleBr from these  meas- 
urements whether the "red" continuum shor t  o f  0.68 um f l a t t e n s  out a t  longer 
wavelengths. 

The bolometric albedo, A*, of a p lanet  o r  s a t e l l i t e  is  defined a s  the  
r a t i o  of the  t o t a l  r e f l ec ted  f lux  a t  a l l  wavelengths t o  the  t o t a l  s o l a r  f l u x  
intercepted by the  surface.  This may be reduced t o  t h e  well-known expression, 

A* = jPX qX HA d h / j  HA dh (1) 

where pX i s  the  geometric albedo, q~ the  planetary  phase function,  and HA the  
s o l a r  i r radiance a t  one AU. 

To compute a value f o r  A*, the wavelength r&ge of pX must be extended. 
For 0.3 t o  0.5 pm, the  medium band measurements of McCord &. (1971) have 
been f i t t e d  t o  the  present r e s u l t s .  The long wavelength l i m i t  f o r  pX has been 
extended t o  4.0 pm t o  include 98% of the incident  s o l a r  f lux.  A hypothetical  
curve from 1.0 t o  4.0 pm has been computed, based upon measurements of the  energy 
from J u p i t e r  and Saturn i n  t h i s  regidn by Moroz (1966), Danielson (1966), . G i l l e t t  
e t  a l .  '(1969), and Johnson (1970). I t  assumes t h a t  methane i s  the p r inc ipa l  ab- -- 
sorber  i h  t h i s  region. The curve adopted f o r  the  geometric albedo from 0.30 t o  
4.0 pm i s  shown i n  Figure 3-5. 

Assuming a constant value of q l  so  it can be removed from the  i n t e g r a l  of 
Equation 1, evaluation of the  in teg ra l  gives 

In the  region beyond 1.1 pm where t h e  values of p~ have been estimated, the  
s o l a r  i r radiance i s  f a l l i n g  rapidly  from i t s  maximum near  0.50 pm, so  the  values 
adopted f o r  p~ are not c r i t i c a l .  I t  i s  believed therefore the  value of A*/q 
given above should be correct  t o  & l o % ,  sub jec t  only t o  poss ibte  changes i n  the  
radius of Titan.  

From measured values of q f o r  the  Earth, Venus, and Mars, as well as ca l -  
cula ted values f o r  various p a r t i c l e  s c a t t e r i n g  functions and s ing le  s c a t t e r i n g  
albedos, it i s  suggested the  value of 4 f o r  Titan is  i n  the  range 1.1 t o  1.5, 
with a most p lausible  value of 1.3. Admittedly t h i s  represents merely an edu- 
cated guess, but i t  is  believed t o  be the bes t  t h a t  can be made a t  t h i s  time. 
These values give 0.23, 0.27, and 0.31 f o r  A*. Then the e f fec t ive  rad ia t ive  
temperature of Titan may be computed by the equation 

where So i s  the  s o l a r  constant,  D,  t he  Sun-Saturn distance,  and a ,  t h e  Stefan- 
Boltzmann constant.  With the  values of A* above, Te = 84 & 2 " ~ .  



WAVELENGTH, microns 

Figure 3-5. Geometric albedo of Titan from 0.3 t o  4.0 pm. The s o l i d  l i n e  
represents measured values,  the dashed l i n e  estimated values. 
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Chapter 4 

RECOMMENDATIONS 
I 

The recommendations given here were discussed a t  t he  Workshop and repre- 
sen t  the  co l l ec t ive  opinion of i t s  members. A su rp r i s ing ly  l a rge  number of 
ac t ions  were i d e n t i f i e d  t h a t  can contr ibute ,  by ex i s t ing  Earth-based techniques, 
t o  a b e t t e r  de f in i t ion  of the  Ti tanian  environment. The corresponding recommen- 
dations a re  prefaced by an a s t e r i s k  I*). In a time as shor t  as another year,  
we can expect much b e t t e r  assurance i n  our models of Ti tan ' s  atmosphere. The 
remaining suggestions a re  a l so  s c i e n t i f i c a l l y  important, but  do not  meet tne  
narrow qua l i f i ca t ion  f o r  an a s t e r i sk :  w i l l  it help the  engineers and others  
who must plan the  i n - s i t u  explora t ion of Titan? In most cases,  t h e  j u s t i f i c a -  
t i o n  of a statement i s  not  given i n  t h i s  chapter,  but  can be found i n  Chapters 
2 and 3. 

*Infrared Spectrophotometry 

Spectrophotometric observations of Ti tan  i n  t h e  thermal in f ra red  o f f e r  
immediate propects of d is t inguishing among physical  models f o r  t h e  atmosphere. 
Two spec t ra l  regions a r e  of p a r t i c u l a r  i n t e r e s t .  Between 15 and 100 pm, most 
of t h e  s o l a r  r a d i a t i o n  absorbed by T i t an  i s  re-emitted,  s o  t h a t  observation 
i n  t h i s  p a r t  of t h e  spectrum w i l l  be of fundamental importance f o r  an under- 
standing of t h e  most important opaci ty  sources i n  the  atmosphere. Since t h e  
opaci ty  should vary only slowly with wavelength, moderate s p e c t r a l  r e so lu t ion  
h / A h  2 20 should be s u f f i c i e n t .  In  t h e  region 17 t o  28 pm, t hese  observations 
can be made using ex i s t ing  equipment a t  h igh-a l t i tudes  s i t e s  where t h e  low 
humidity r e s u l t s  i n  high atmospheric transmission.  A t  such s i t e s ,  it may a l so  
be poss ib le  t o  de tec t  Ti tan  i n  a broad band centered a t  35 pm. However, spec- 
trophotometry over t h e  e n t i r e  28-40 micron band requires  t h a t  observations be 
made from high-flying a i r c r a f t .  The NASA C-141 w i l l  be i d e a l l y  su i t ed  f o r  
these  observations.  

A t  wavelengths from 5 t o  15 pm, Titan emits r ad ia t ion  a t  a l eve l  o f  inten- 
s i t y  severa l  orders o f  magnitude g rea te r  than would be expected f o r  an object  
of i t s  e f f e c t i v e  temperature. The r ad ia t ion  observed i n  the  8-14 micron region 
has been in t e rp re ted  a s  r e s u l t i n g  from e i t h e r  a greenhouse e f f e c t ,  and r e s u l t i n g  
high surface  temperature, o r  from emission from dust and d i r e c t  l i n e  r ad ia t ion  
from a hot  region i n  the  high atmosphere. In e i t h e r  case, t he re  is  expected t o  
be s u b s t a n t i a l  s p e c t r a l  s t r u c t u r e  i n  t h i s  wavelength band, with the  d e t a i l e d  
shape of the  spec t ra  d iagnost ic  of  t h e  temperature s t r u c t u r e  of  the  atmosphere. 
Present f a c i l i t i e s  a re  capable of  s p e c t r a l  resolut ion X / A X  = 100, and spectro- 
photometry with t h i s  resolut ion throughout the  region 8-14 pm would be extremely 
useful .  



We recommend t h a t  support  be made immediately ava i l ab le  t o  observers who 
have the  c a p a b i l i t y  of obta in ing thermal emission s p e c t r a  with r e so lu t ion  of 
100 between 8 and 14 pm and with r e so lu t ion  10 t o  20 between 16 and 28 pm. Such 
experiments can provide d iagnost ic  d a t a  wi th in  the  next  12 months. We f u r t h e r  
recommend t h a t  support  be given t o  p lans  t o  use the NASA C-141 a i rborne  telescope 
f a c i l i t y  a t  the  e a r l i q s t  opportunity t o  obta in  spec t r a  of Ti tan  out t o  100 pm. 

" S t e l l a r  and Lunar Occultat ions 

A s t rong  e f f o r t  should be made t o  observe a l l  occu l t a t ions  of s t a r s  b r i g h t e r  
than magnitude + l o ,  by Ti tan  during the  next  f i v e  years .  On s t a t i s t i c a l  grounds 
about 10 useful  occul ta t ions  during t h i s  per iod  are  expected. 

These observations c e r t a i n l y  w i l l  y i e l d  accurate information about the  
dens i ty  and temperature s t r u c t u r e  o f  T i t an ' s  upper atmosphere nea r  t h e  1014 cmT3 
l eve l ,  and probably, r e l i a b l e  information about the  atmospheric composition. 
In addi t ion ,  such observations w i l l  provide accura te  values of T i t an ' s  diam- 
e t e r .  

To implement t h i s  program, r e l i a b l e  predic t ions  o f  s t e l l a r  occu l t a t ions  
by T i t an  a r e  needed. Work should be c a r r i e d  out  t o  improve: (a) t h e  ephemeris 
of  Titan;  (b) t he  knowledge o f  s t a r  pos i t i ons  (down t o  mag +11) i n  T i t a n ' s  path.  
Exis t ing  p red ic t ion  procedures must be improved t o  make su re  t h a t  predic t ions  
of events a re  accura te ,  and a re  publ ic ized  well  i n  advance. An improved ephem- 
e r i s  of  Titan should a l s o  make i t  poss ib l e  t o  de t ec t  Ti tan  a t  radio  frequencies.  

Lunar occul ta t ions  of Ti tan  should be observed. There a re  about h a l f  a  
dozen such oppor tuni t ies  during 1973-74. Such observations w i l l  give an accu- 
r a t e  diameter f o r  Ti tan ,  but  cannot provide useful  information about T i t an ' s  
atmosphere. 

*Radio Interferometry 

Perhaps the  most c r i t i c a l  undetermined parameter about Ti tan  is  the  sur-  
face temperature. As f o r  Venus, another cloud-covered solar-system o b j e c t ,  
microwave observations may be able  t o  determine the  su r face  temperature. For 
a l l  p l aus ib l e  compositions -- except very high temperatures and very high NH3 
abundances -- t he  atmosphere and clouds should be t ransparent  a t  microwave f r e -  
quencies. 

Titan i s  a d i f f i c u l t  r ad io  source -- of small angular s i z e  and poss ib ly  
of low br ightness  temperature. I t s  de tec t ion  is  confusion-limited: d i s t a n t  
radio  sources can be confused with Ti tan  i n  the  l a rge  angular-size beam of a 
s i n g l e  r ad io  telescope.  However, p rec i s ion  angular pos i t i ons  can be determined 
with a r ad io  in ter ferometer .  Several  adequate in ter ferometers  now e x i s t ,  and 
an at tempt t o  measure the  b r igh tness  temperature of Titan a t  21 cm with the  NRAO 
in ter ferometer  has been made by Briggs and Drake of Cornell .  Their  work has not  
been successful  pr imar i ly  because of a lack o f  accurate knowledge of t h e  posi-  
t i o n  of Titan.  Thus, p rec i se  ephemerides of Titan may lead t o  a d iscr iminat ion  
among the  contending models of  the  Ti tanian  environment. Detection of b r igh t -  
ness  temperatures i n  the 150° -2000~  would then be a d i s t i n c t  p o s s i b i l i t y .  We 
s t rong ly  recommend a concerted inves t iga t ion  of the  ephemeris of  Titan.  



*Laboratory Spectroscopy 

We recommend t h a t  laboratory and t h e o r e t i c a l  i nves t iga t ions  be undertaken 
t o  enable the  determination of the  s t r u c t u r e  of bands i n  the  7-14 urn region o f  
molecules which may cont r ibute  t o  t h e  observed Ti tan  emission, e.g., CHI, (7.7 pm), 
C2Hs (12.2 um) , C2H4 (10.5 urn), and C2Hz (13.7 urn) . ' Other molecules with per-  
mi t ted  bands i n  t h i s  region can probably be ru l ed  out  on various chemical grounds. 
Furthermore, i nves t iga t ions  of t he  broadening o f  the pressure-induced pure ro ta-  
t i o n a l  and t r a n s l a t i o n a l  t r a n s i t i o n  o f  H2,  induced by CHI, and N2, e s p e c i a l l y  on 
the  s h o r t  wavelength wing, would be des i rable .  The temperature dependence of 
the  s t r u c t u r e  of these  bands should be included i n  these  s tud ie s .  

The i n t e r p r e t a t i o n  of a wealth o f  current  spectroscopic da ta  a t  s h o r t e r  
wavelengths is  severe ly  l imi t ed  by a lack of labora tory  measurements o f  various 
gases. 

In order  t o  i d e n t i f y  the  gases i n  T i t a n ' s  atmosphere tha t '  a r e  responsib le  
f o r  absorptions not  v i s i b l e  i n  the  spectrum of Saturn,  spec t r a  o f  a wide v a r i e t y  
of p l aus ib l e  gases need t o  be obtained i n  t h e  laboratory.  These should be ob- 
ta ined under condit ions which permit  the  form of these s p e c t r a  t o  be derived 
f o r  the  physica l  condit ions e x i s t i n g  i n  T i t an ' s  atmosphere. Such comparison 
may no t  only permit t h e  i d e n t i f i c a t i o n  of an unknown gaseous cons t i t uen t  but  
a l s o  shed some l i g h t  on i t s  r e l a t i v e  abundance and environmental pressure .  I f  
such cons t i t uen t s  t u rn  out t o  contain r a r e  i so topes ,  important i s o t o p i c  r a t i o s  
may be obtained which are  of value t o  s tud ie s  of atmospheric evolution.  

Laboratory s p e c t r a  are  required o f  1 2 c ~ 4 ,  1 3 ~ ~ 4 ,  CH3D, h igher  hydrocarbons 
and t h e i r  i so topes ,  and l i k e l y  products of t h e  photolys is  o f  CHI, f o r  t h e  iden t i -  
f i c a t i o n  o f  unknown fea tu res  i n  Ti tan ' s  spectrum. These should preferably  be 
obtained a t  reduced temperature (TOO°K t o  f a c i l i t a t e  matching with T i t a n ' s  
spectrum. R e s o l ~ t i o n ~ e l e m e n t s  of  0.1 1 are  required f o r  wavelengths between 
0.6 and 1 Um and 0.5 A o r  b e t t e r  between 1 and 2 um. 

Line-broadening c o e f f i c i e n t s  f o r  t h e  3v3 CHI, band are  required a t  low 
temperatures f o r  self-broadening and broadening by Hz and N Z .  

0 

Low-resolution s p e c t r a  (30 A) a re  reqvi red  as a function o f  pressure  and 
path length f o r  t he  CHI, bands between 6000 A and 2 um a t  Ti tanian  temperatures 
t o  e s t a b l i s h  curves of growth of these  bands and of t yp ica l  l i n e s  i n  p a r t s  of  
these  bands. For these  s t u d i e s ,  low re so lu t ion  i s  s u f f i c i e n t .  

Corresponding curves o f  growth should be obtained f o r  CH4 d i l u t e d  i n  N2 
and Hz as  well .  The d a t a  should c l e a r l y  show t h e  t r a n s i t i o n  from the  l i n e a r  
t o  the  square-root  regime. For CH4, path lengths  of CH4 as long as  2 km-A a re  
required f o r  Titan.  

*Near-Infrared Spectroscopy 

P r a c t i c a l l y  a l l  our present  knowledg? o f  T i t an ' s  atmospheric composition 
comes from spectroscopy ini  t h e  7000-11000 A region.  Many addi t ional  observed 
absorptions a re  no t  understood. Important information can be expected from 
work a t  h igher  resolu t ion  and extensions t o  longer wavelengths. Such work 
should be pursued t o  t h e  l i m i t  o f  ava i l ab le  te lescope time. 
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Poten t i a l  Clouds 

We recommend t h a t  laboratory op t i ca l  s tud ies  of  po ten t i a l  cloud-forming 
mater ia ls  be conducted. Among t h e  most important mater ia ls  a r e  l i q u i d  and 
s o l i d  methane, s o l i d  ethane, ethylene,  and propane, and photochemically pro- 
duced polymers from s o l a r  UV i r r a d i a t i o n  of methane. The most urgent proper- 
t i e s  t o  be measured a r e  the  W, v i s i b l e ,  and I R  r e f l e c t i o n  spec t ra  and the  
complex r e f r a c t i v e  index of  these  p a r t i c l e s .  

We a l s o  recommend: (a) t h a t  labora tory  experiments be expanded t o  pro- 
duce as r e a l i s t i c  as poss ib le  samples of  the  dus t  which i s  pos tula ted  t o  occur 
i n  t h e  atmosphere of Titan;  and (b) measurements be made of the  complex index 
of  r e f rac t ion ,  composition, and o the r  physical  p rope r t i e s  o f  t h e  samples pro- 
duced. 

The Hydrogen Toroid 

Hydrogen escaping from Titan accumulates i n  the  region of  Ti tan ' s  o r b i t  
and should form a to ro ida l  cloud around Saturn whose angular dimension may be 
10 a r c  min. A small p a r t  of t h i s  cloud i s  atomic hydrogen, which i s  e a s i l y  
exci ted  by s o l a r  l i g h t  t o  t h e  f i r s t  exci ted  s t a t e s .  Preliminary computations 
ind ica te  a f l u x  of  the  order  of  magnitude of  500 Rayleighs i n  Lyman-a l i g h t  i n  
the  region of maximum emissions, t o  be compared with t h e  f l u x  due t o  i n t e r -  
p lanetary  hydrogen (200 t o  500 Rayleighs) and t o  geocoronal hydrogen (2000 
Rayleighs during the  n ight  a t  150 km a l t i t u d e ) ;  t h e  detec t ion of  t h e  cloud 
appears therefore  poss ib le .  

Measurement of t h e  Lyman-a f l u x  of such a poss ib le  cloud would d e f i n i t e l y  
demonstrate t h e  presence of H2 i n  t h e  atmosphere of Ti tan  and provide a quasi-  
d i r e c t  way of determining i ts  dens i ty  d i s t r i b u t i o n .  

Physics of the  I n t e r i o r  

We recommend t h a t  high-pressure equation-of - s t a t e  and phase - s t ab i l i t y  
s tud ies  o f  i c e s  i n  the  H20-NH3-CH4 system be conducted. I t  i s  most important 
t o  span t h e  temperature range from 60 t o  400°K and pressures up t o  10 kb. Real- 
i s t i c  i n t e r n a l  s t a t i c  and thermal s t r u c t u r e  models require  the  a v a i l a b i l i t y  of  
such data ,  and inference  of the  i n t e r n a l  composition of ice-rock s a t e l l i t e s  i s  
impossible without it. I t  i s  our expectation t h a t  e x i s t i n g  laboratory equip- 
ment would be s u i t a b l e  t o  t h i s  purpose. 

Organic Synthesis i n  Simulated Atmospheres 

Experiments should be performed i n  which the  environment, atmosphere and 
clouds of Titan are  simulated,  appropriate energy sources employed, and t h e  re-  
s u l t i n g  organic and other  compounds analyzed. Useful work can be done a t  room 
temperature and 1 b a r  pressure,  bu t  experiments a t  temperatures down t o  77OK 
would be useful .  Laboratory energy sources o f  i n t e r e s t  include hydrogen Lyman-a, 
long wavelength u l t r a v i o l e t  l i g h t ,  e l e c t r i c a l  discharges and hypervelocity shocks. 



Q u a l i t a t i v e  work, as on t h e  gas chromatograph/mass spectrometry o f  products,  as 
well  as quan t i t a t ive  work, as  on t h e  quantum y ie lds  of simple organics,  would 
both be useful .  A range o f  p,rogressively more complex precursors,  beginning- 
with hydrogen and methane alone,  should be employed. The- u l t r a v i o j e t ,  v i s i b l e ,  
i n f r a red ,  and microwave p rope r t i e s  o f  t he  products ,should be inves t iga t ed  t o  
compare with observations o f  Ti tan .  S imi lar  work i s  p re sen t ly  being funded by 
NASA i n  the  context of expe r imen t s , r e l a t ed< to  the  o r i g i n  o f  l i f e ;  but  e x p e ~ i -  
ments more p rec i se ly  connected t o  t h e  ac tua l  Ti tanian  condit ions should be 
encouragpd. 

S t e r i l i z a t i o n  of Titan Entry Probes 

Present  evidence suggests  t h a t  T i t an ' s  atmosphere may contain l a rge  quan- 
t i t i e s  o f  organic  molecules and t h a t  i t s  su r f ace  may be much warmer than expected 
from i ts  albedo and h e l i o c e n t r i c  d is tance .  These a re  condit ions almost c e r t a i n l y  
cons is tent  with su rv iva l ,  and poss ib ly  cons is tent  with growth; of  t e r r e s t r i a l  
anaerobic he tero t rophic  o r  photoautotrophic micro-organisms. Since eventual ly  
spacecraf t  inves t iga t ions  o f  Titan w i l l  inc lude  exobiological  experiments, it 
is  important t o  prevent contamination of Titan by t e r r e s t r i a l  micro-organisms 
inadver tent ly  ca r r i ed  by u n s t e r i l i z e d  spacecraf t .  Accordingly Titan en t ry  
probes should be scrupulously s t e r i l i z e d  -- a t  l e a s t  u n t i l  our knowledge of 
t he  Ti tanian  environment is s i g n i f i c a n t l y  improved. . 
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The log ic  is  t h e  same as f o r  s t e r i l i z a t i o n  of Mars en t ry  probes, which 
has been agreed t o  by both the  United S t a t e s  and the  Soviet  Union and c a r r i e d  
out on the  Mars 2 and 3 space vehicles.  A s t e r i l i z a t i o n  protocol f o r  Titan- 
bound spacecraf t  comparable t o  t h a t  f o r  Mars-bound spacecraf t  has beeq recom- 
mended by the  Panel on Planetary  Quarantine o f  COSPAR, the  Committee on Space 
Research o f  the  In t e rna t iona l  Council o f  S c i e n t i f i c  Unions. Instruments f o r  
Ti tan  e n t r y  probes should be designed and se l ec t ed  i n  l i g h t  o f  t he  need f o r  
s t e r i l i z a t i o n .  



Chapter 5 

NASA MISSION PLANNING 

This chapter discusses t h e  conclusions of  the  Workshop r e l a t i v e  t o  the  
Mariner Jupi ter /Saturn  (MJS) missions and current  s tud ies  of poss ib le  Ti tan  
en t ry  probes. 

MJS Missions 

The MJS mission c a r r i e s  the  following experiments t h a t  could be re levant  
t o  Titan:  

Imaging 

Ul t r av io le t  Spectrometer 

e Infrared Spectrometer 

Radio Science 

In addit ion,  t he  magnetometer and p a r t i c l e  detec tors  would be of i n t e r e s t  i f  
Titan has a magnetic f i e l d .  A second u l t r a v i o l e t  photometer ( the  Blamont ex- 
periment) may be ca r r i ed ;  i t  i s  specia l ized f o r  work on Lyman-a. 

We found no reason t o  consider the  MJS flyby a p re requ i s i t e  t o  t h e  plan- 
ning of a probe mission t o  Ti tan;  s u f f i c i e n t  understanding can be acquired by 
Earth-based observations over the  next year o r  s o  t o  make a s a t i s f a c t o r y  probe 
recommendation. On t h e  o the r  hand, a s  we have described above, Ti tan  holds a 
unique and important pos i t ion  i n  our s tud ies  o f  p lanetary  evolution and we 
recognize tha t  the  MJS mission provides an important opportunity t o  examine 
Titan and i t s  r e l a t i o n  t o  the  Saturnian and Jovian systems. For t h i s  reason 
we recommend t h a t  t h e  MJS mission planners p lace  great  emphkis on s e l e c t i n g  
t r a j e c t o r i e s  t h a t  encounter T i t an  i n  such a manner a s  t o  guarantee maximum 
science r e tu rn  from t h a t  object .  

Hydrogen abundance and i t s  r a t i o  t o  H2, CH4, He, D, i n  planetary atmos- 
pheres i s  a primary consideration i n  theor i e s  of  the  formation of the  atmos- 
phere as well  as t h e  nature  of  the p lanet  i t s e l f .  Many implications a re  drawn 
from each of the  H Lyman-a s ignatures :  emission line-shape, resonance i n t e n s i t y ,  
s p a t i a l  i n t e n s i t y  d i s t r ibu t ion .  The proposed Blamont experiment is  a specia l ized 
Lyman-a instrument which would be complementary t o  the  se l ec ted  MJS payload. The 
high 3 p a t i a l  and spec t ra l  resolut ion of  t h i s  instrument,  1 second of a r c  and 
0 . O 1  A respect ively ,  would be p a r t i c u l a r l y  productive i n  t h e  exploration of  the 
atmospheres of Titan and Saturn. I t  could a l so  be c ruc ia l  i n  determining the  
nature  of the  to ro ida l  clouds of  Hp and H t h a t  may be present  around the  o r b i t  
of Titan and poss ib ly  o the r  s a t e l l i t e s .  We therefore  recommend tha t ,  if a t  a l l  
poss ib le ,  t he  Blamont experiment be included i n  the  MJS payload. 
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t e r r e s t r i a l  organisms. 

Current advanced planning f o r  probes i n  the  ou te r  s o l a r  system v i sua l i zes  
a 3-mission s e t  launched i n  t h e  e a r l y  19801s, aimed a t  Saturn and Uranus with 
one combined backup. In p r inc ip le ,  t h i s  SU probe mission could be augmented 
t o  an SUT. An absolute minimum SUT program could perhaps use a t h i r d  space- 
c r a f t  f o r  Titan.  I t  would seem much more reasonable t o  add more spacecraf t  
when the  number of t a r g e t s  i s  increased from 2 t o  3. A t o t a l  of  5 launches 
would be appropriate.  

A second question i s  whether a common SUT probe design is  des i r ab le  o r  
even feas ib le .  There i s  l i t t l e  doubt t h a t  a probe designed t o  e n t e r  Saturn ' s  
atmosphere can a l so  e n t e r  T i t a n t s  i n  sa fe ty .  However, we a re  not y e t  sure  
t h a t  T i t an ' s  atmosphere i s  deep enough t o  leave an a t t r a c t i v e  mission a f t e r  
ent ry .  Moreover, i f  Titan probes must be s t e r i l i z e d ,  t h e  same burden would 
have t o  be l a i d  on a t  l e a s t  some of the  probes destined f o r  Saturn and Uranus. 
Final ly ,  as discussed below, the  instruments appropriate f o r  preliminary ex- 
p lo ra t ion  of Saturn and Uranus may not  be adequate f o r  Titan.  

The Workshop's preliminary conclusion was t h a t  a common SUT probe design 
i s  not c l ea r ly  des i rable .  This suggestion does not ru l e  out a very high degree 
of commonality; it  merely says t h a t  a mission s e t  of 5 i d e n t i c a l  probes f o r  3 
objects  does not look a t t r a c t i v e  a t  present .  Three probes destined from the  
beginning f o r  SU, and two f o r  Ti tan ,  make more sense. However, d e f i n i t e  con- 
c lus ions  a re  premature a t  present.  I t  would be appropriate f o r  another group 
t o  study the  i s sue  i n  more d e t a i l  i n  12-18 months, when much more information 
about Ti tan  can be expected. This group would require  information about mission 
oppor tuni t ies  and cons t r a in t s ,  as well a s  about Ti tan .  

Studies o f  SU probes have s o  f a r  concentrated on a "minimum" s c i e n t i f i c  
payload, appropriate f o r  diagnosing the  atmosphere of  a Jovian p lane t  consis t -  
ing mostly of  hydrogen and helium. The instruments are :  

0 Temperature Gauge 

0 Pressure Gauge 

0 Accelerometer 

Mass Spectrometer 

0 Nephelometer 



For Titan,  with a large  abundance of methane and probable photolysis 
products, a gas chromatograph should supplement (or perhaps even replace) t h e  
mass spectrometer. This instrument is  p a r t  of t h e  preliminary Pioneer Venus 
payload. Another Pioneer Venus instrument t h a t  should be considered is the  
cloud-particle s i z e  spectrometer, which would replace the  nephelometer. A l l  
present indicat ion is  t h a t  aerosols and clouds are  an important aspect of 
Ti tan 's  atmosphere, and the  crude information from a nephelometer i s  probably 
not enough. 



BIBLIOGRAPHY AND REFERENCES 

Allen, C. W., 1963: Astrophysical Quantities, London, Athlone Press. 

Allen, D. A., and Murdock, T. L., 1971: ~nfrared photoinetry of Saturn, Titan, 
and the rings. Icarus, 14, 1-2. 

Arking, A., and Potter, J., 1968: The phase curve of Venus and the nature of 
its clouds. J. Atmos. Sci., g, 617. 

Axel, L., 1972: Inhomogeneous models of the atmosphere of Jupiter. Ap. J., 
173, 451-468. - 

Barker, E. Sg and Trafton, L. M., 1973: The reflectivity of Titan from 
3000-4350A. Bull. A.A.S., 5, 305. 

Barker, E. S., and Trafton, L. M., 1973: Ultraviolet reflectivity and geo- 
metrical albedo of Titan. Submitted to Icarus. 

Blanco, C., and Catalano, S., 1971: Photoelectric observations of Saturn 
satellites Rhea and Titan. Astron. and Astrophys., 14, 43-47. 

Brinkmann, R. T., 1971: Occultation by Jupiter. Nature, 230, 515. 

Brouwer, D., and Clemence, G. M., 1961: Orbits and Masses of planets and 
satellites, in Planets and Satellites. G. P. Kuiper and B. M. Middlehurst, 
Eds., Chicago, University of Chicago Press, 31-94. 

Caldwell, J. J., 1973: In preparation. 

Caldwell, J. J., Larach, D. R., and Danielson, R. E., 1973: The continuum 
albedo of Titan. Bull. A.A.S., 5, 305. 

Carlson, R. W., Bhattacharyya, J. C., Smith, B. A., Johnson, T. V., 
Hidayat, B., Smith, S. A., Taylor, G. E., O1Leary, B. T., and 
Brinkmann, R. T.: 1973, An Atmosphere on Ganymede from Its Occultation 
of SA0186800 on 7 June 1972, Science 182, 53. 

Cess, R., and Owen, T., 1973: Titan: The effect of noble gases on an atmo- 
spheric greenhouse. Nature, 244, 272. 

Coffeen, D. L., and Hansen, J. E., 1973: Polarization studies of planetary 
atmospheres, in planets, Stars, and Nebulae studied with ~hoto~blarimetr~. 
T. Gehrels, Ed., Tucson, University of Arizona Press. 

Comas Sols, J., 1908: Observations des satellites principaux de Jupiter et 
de Titan. Astron. Nachr., 179, no. 4290, 289-290. 

Cruikshank, D. P., and Morrison, D., 1972: Titan and its atmosphere. Sky 
and Telescope, 44, 83-85. 



BIBLIOGRAPHY AND REFERENCES (CONTD) 

Danielson, R. E., 1966: The infrared spectrum of Jupiter. Ap. J.&, 143, 949. 

Danielson, R. E., Caldwell, J. J., and Larach, D. R., 1973: An inversion in 
the atmosphere of Titan. Icarus, 2 (4). 

Delsemme, A. H., and Miller, D. C., 1970: Physio-chemical phenomena in comets. 
11. Gas absarption in the snows of the nucleus. plane<. Space Sci., 
18, 717. 
A 

Dennefeld, 1973: Ph.D thesis, University of Paris. 

Divine, N., 1973: Titan Atmospheric Models [1973), to be issued by JPL. 

Dollfus, A,, 1970: Diamztres des plangtes et satellites, in Surfaces and 
Interiors oE Planets and Satellites. A. Dollfus, Ed., London, Academic 

, Press, p. 46. 
Eichelberger, W. S., 1911: The. mass of Titan. Pub. U.S. Naval Obs., 

2nd ser., 6, B5 ., 
Elliot, J., Wasserman, L., Veverka; J., Sagan, C., and Liller, W., 1973: The 

occultation of Beta Scorpii by Jupiter. 11. The hydrogen-helium 
abundance in the Jovian atmosphere, Submitted to Ap. J.. 

Evans, D. C.,  1965: Ultraviolet reflectivity of Mars. . Science, 149, 969. 

Franklin, F. A., and Cook, A. %., 11, 1969: A search for an.atmosphere 
enveloping Saturn's ring, Icarus, l0, 417. 

F'reeman, K. C., and ~yngg, G., 1970: Data for Neptune from occultation 
observations. AJ. J., 160, 767. 

Gillett, F, C., and Forrest, W. J., 19'13: Spectra of the Becklin-Neugebauer 
point source and the Kleinmann-Low nebula from 2.8 to 13.5 microns. 
Ap. J., 2, 483. 

Gillett, F, C., Forrest, W. J., and Merrill, K. M., 1973: 8-13 Fcm observations 
of Titan. Ap. J .  Letters, *, 93-95. 

Gillett, F. C., Low, F. J., and Stein, W. A,, 1969: The 2.8-14 micron spectrum 
of Jupiter. Ap., J., 157, 925-934. 

Gillett, F. C., and Westphal, J. A., 1973: Observations of 7.9-micron limb 
brightening of Jupitef. Ap. J. Letters, E, 153-154. 

Goody, R. M,, 1964: Atmospheric Radiation. I. Theoretical Basis. Oxford, 
Clarendon Press, Chap. 4. , 



, , * -  - * < .  , <. 
, b 

"., .p* , , ,e  
Gross, S. H-.-; 1973: The atmbsphere o f  ~ g t a d  a6d t h e  Gal i lean  s a t e l l i t e s .  

, Submitted t o  J. Atmos. Sc i . .  ,4 _ r e s  , >  , 

. > 2, ., I I 

Gross, S. H. ,  and Mumma, M. J . ,  1973: - P r i v a t s  conimunications. 
8 I i .C A , I (  j r  ' 

k a r r i s ,  D.',L. ,. 1961:' Photometry an4 c d l o ~ i & t > y  of h l a n e t s  d n d : s ~ e i l i t e s ,  i n  
Planets  and-Sate lk i tes .  G.  P. Kuiper,  and'^. M. Middlehurst, E & . ,  Chicago, 
Univers i ty  of Chicago Press ,  272-342. 

7 ,  

Hayes, D. S . ,  1967: An ab io lu t e  ca1ibrati:n of <he energy d i s t r i b u t i o n  of 
twelve spectrophotornetric standaxd s t a r s .  Ph.D,. t h e s i s ,  Univers i ty  of ,&.. 
Cal i fo rn ia  a t  Los Angel-. , - 

. , 

Herzberg, G .  ,: lq50: ~ n k r a r e d  p d  Raman ~ ~ e c ' t r a ,  ~ l ; i k e ~ o n , =  D. V& NoSrand Co., 
Inc. ,  Chap. 4. - " 

/ .  . "  
Hunten, D. M., 1972: The atyosphere of Titan., Comme~ts on Astraphys. Space 

Phys., 4, -149;154. 

Hunten, D. M. ,  19??a:. The escape of H2 frpm Ti tan .  J. A t m o s . , , S c i . , , ~ ,  726-732. 
. r T 

Hunten, D.  M. ,' 1973b The e,scape,.of l i g h t  gases,from p iane ta ry  atm;sqpheres. 
J .  Atmos. Sc i . ,  E, i n  p re s s ,  Nov. 1973. 

i.,mten, D. M . ,  and S t robe l ,  D. F . ,  1974: 'Production and escape of t e r r e s t r i a l  
hyd,~ogen. J,. Atmos. Sci.., 3 l ,  i n  p re s s ,  Ja?. 1974.,v x ~ 

J e f f r e y s ,  H.,  1954: Second-order terms i n  t h e  f i g u r e  of 'Saturn.' R. Astron. 
Soc . ,  Mon. No., E, $33. *; . .  . v U  

7 7 :. 
Johnson, H. L . ,  1965: The absolute  c a l i b r a t i o n  oi- t h e  Aftiona photometry. 

Comm, Lunar and P l q n e t a r ~ ~ L a b . ,  3,:No. 53, 73. i . 

9 '  
Johnson, H. L. , 1970: The in f r a red  spec t r a  of J u p i t e r  and. &turn. a; 1.2L4.2 

microns. Ap. J. Le t t e r s ,  159, 1. 
- .  I - 

Joyce, R.  R . ,  ~ n a c k e ,  R. F., and Owen,.T., '1973: An uppe r - l i r f i t  op t h e  , 
4.9-micron f l u x  from Ti tan .  Ap. 5 .  ( L e t t e ~ s ) ,  183, LJI. 

. , a <  . t .  - ? ,  

Khare, B. N. : and Sagan, C . ,  1973: Red clouds and r educ i ig  atmo-spkeyes : 
I c a ~ u s ,  20, i n  press .  -- 

1 
Kovalevsky, 3 .  , 1970: d6te;mination ,des masses des p lanztes  e t  . s a t e l l i g e s ,  i n  

Surfaces and I n t e r i o r s  of  P l ane t s  and S a t e l l i t e s .  A. Dollfus,  Ed., London, 
Academic Press.  . . 

- .  -< f 
\ t ' 

Kuiper, G.  P., 1944: Titan:  A s a t e l l i t e  with an atmosphere. Ap. J. ,  100, 
378-383. 



BIBLIOGRAPHY AND REFERENCES (CONTD) 

Kuiper, G. P., 1952: Planetary atmospheres and their origin, in The Atmospheres 
of the Earth and Planets. G. P. Kuiper, Ed., Chicago, University of Chicago 
Press, 306-405. 

Labs, D., and Neckel, H., 1967: The absolute radiation intensity of the center 
of the solar disk in the spectral range A3288 to ~124801. 2. Astrophys., 
65, 131. - 

Leovy, C. G., and Pollack, J. B., 1973: A first look at atmospheric dynamics 
and temperature variations on Titan. Icarus, 19, 195. 

Lewis, J. S., 1971: Satellites of the outer planets: Their physical and 
chemical nature. Icarus, 15, 174-185. 

Lewis, J. S.: 1972, Low temperature condensation from the solar nebula, 
Icarus, 16, 241. - -  

Lewis, J. S., 1973: Composition of Planets and Satellites. Submitted to 
Sci. her. . 

Lewis, J. S., 1973: Chemistry of the outer solar system, Space Sci. Rev., 14, 
401. 

Lewis, J. S., and Prinn, R. G., 1973: Titan revisited. Comments on Astrophys. 
Space Phys., 5, 1-7. 

Light, E. S., and Danielson, R. E., 1973: Further analysis of the limb 
darkening curves of Uranus. Bull. A. A. S., 5, 291. 

Low, F. J., 1965: Planetary radiation at infrared and millimeter wavelengths. 
Lowell Observatory Bull., 6, no. 128, 184-187. 

Low, F. J., and Armstrong, K. R., 1973: Effective temperatures and infrared 
continua of the planets and satellites. Bull. A. A. S., 5, 306. 

Lyot, B., 1929: Research on the polarization of light from planets and from 
some terrestrial substances. NASA Technical Translation, F-187. 

Lyot, B., 1953: Planetary observations at the Pic du Midi. Bull. Astron., 
67, 31. - 

Macy, W. W., 1973: Ph.D. thesis, Princeton University. 

McCord, T. B., Johnson, T. V., and Elias, J. H., 1971: Saturn and its satel- 
lites: Narrow-band spectrophotometry (0.3-1.1 um). Ap. J., 165, 413-424. 

McDonough, T. R., and Brice, N. M., 1973a: New kind of ring around Saturn? 
Nature, 242, 513. -- 



BIBLIOGRAPHY AND REFERENCES (CONTD) 

McDonough, T. R., and Brice, N. M., 1973b: A Saturnian gas ring and the 
recycling of Titan's atmosphere. Icarus, 20, 136. 

McGovern. W. E.. 1971: Upper limit of hydrogen and helium concentrations of 
 ita an; in planetary ~t;nbs~heres. C. sagan, T. C. Owen, H. J. Smith, Eds., 
I. A. U. Symposium 40, Dordrecht-Holland, D. Reidel Publishing Co., 394-400. 

Message, P. J., 1972: A survey of dynamical data for the major planets and 
satellites. Phys. .Earth Planet. Interiors, 5, 17-20. 

Moroz, V. I., 1966: The spectra of Jupiter and Saturn in the 1.0-2.5 pm region. 
Soviet Astron., 10, 457. 

Morrison, D., 1973: New techniques for determining sizes of satellites and 
Asteroids, Comments on Astrophys. and Space Phys., 5, 51. 

Morrison, D., Cruikshank, D. P., and Murphy, R. E., 1972: Temperatures of Titan 
and the Galilean satellites at 20 microns. Ap, J. Letters, 173, 143-146. 

Munch, G., 1973: On the spectrum of Titan. Bull. A. A. S., 5, 305. 

Noland, M., Veverka, J., Morrison, D., Cruikshank, D. P., Lazarewicz, A., 
Elliot, J., Goguen, J., and Burns, J., 1973: Six color photometry of 
Iapetus, Titan, Rhea, Dione, and Tethys. In preparation. 

OtLeary, B., 1972: Frequencies of occultation of stars by planets, satellites, 
and asteroids. Science, 175, 1108. 

OtLeary, B., and van Flandern, T. C., 1972: 10's triaxial figure. Icarus, 
17, 209. - 

Pickering, E. C., 1913: Harvard Bulletin, No. 538. 

Pollack, J. B., 1973: Greenhouse models of the atmodphere of Titan. Icarus, 
19, 43. - 

Sagan, C., 1971: The solar system beyond Mars: An exobiological survey. 
Space Sci. Reviews, 11, 73. 

Sagan, C., 1973: The greenhouse of Titan. Icarus, 18, 649-656. 

Strobel, D. F., 1973: The photochemistry of hydrocarbons in the Jovian 
atmosphere. J. Atmos. Sci., 30, 489-498. 

Strobel, D. F., and Smith, G. R., 1973: On the temperature of the Jovian 
thermosphere. J. Atmos. Sci., 30, 718-725. 

Sullivan, R. J . ,  1973: Titan: A model for a toroidal gas cloud surrounding 
its orbit. Preprint. 



BIBLIOGRAPHY AND REFERENCES (CONTD) 
1 . l i  ' L '  

~abarii?, N: , 1973: Atomic hyd~~gen distribution in Titan's, atmosphere. Service 
dl~eronomid du ~NR's;*'~eport' Nb: 61 G 197:.: . ' . A (  - I i  

Taylor, G. E., 1972: The determina,t.ion-of the diameter of 10 fromrits occulta- 
tion of g Scokpil d on ~ a ! ~  44., lWI,'Icarus, 2 , ' 2 0 2 .  ' 

Taylor, G. E., 1973: Private communicatio_ns,~ - -  . $3" ,. . . 

Thorndike, A. M., 1947: The experimental de'terminatioh of the in~ensities of 
infrared absorption bands. 111. Carbon dioxide, methane, and others. 
J. Chem. PhyS., g, 868<&74. -+ : J i '  ,, ' 1  

Trafton, L. M., 1972: Newly discovered absorptions in Titan's infrared 
spectrum. Bull. A.  A. S., 4, 367. 

Trafton, L. M., 1972a: On the possible detection of H2 in Titan's atmosphere. 
Ap. J., 175, 285-293. 

Trafton, L. M., 1972b: The bulk composition of Titan's atmosphere. Ap. J:, 
175, 295-306. - 

Trafton, L. M., 1973: Interpretation of Titan's infrared spectrum in terms of 
a high-altitude haze layer. Bull. A. A. S., 5, 305. 

Trafton, L. M., 1973a: Titan: Unidentified strong absorptions in the photo- 
metric infrared. Submitted to Icarus. 

Turekian, K. K., and Clark, S. P. Jr., 1969: Inhomogeneous accumulation of 
the ~arth from the primitive solar nebula. ~arth-planet. Sci. Letters, 
6, 346. - 

Veverka, J., 1970: Photometric and polarimetric studies of minor planets and 
satellites. Ph.D. thesis, Harvard University. 

Veverka, J., 1973: Titan: Polarimetric evidence for an optically thick 
atmosphere? Icarus, 18, 657-660. 

Veverka, J., Wasserman, L., Elliot, J., Sagan, C., and Liller, L., 1973: The 
occultation of Beta Scorpii by Jupiter. I. The structure of the Jovian 
upper atmosphere. Astron. J., in press, 

Wasserman, L., and Veverka, J., 1973a: Analysis of spikes in occultation 
curves: A critique of Brinkmann's method. Icarus, 18, 599. 

Wasserman, L., and Veverka, J., 1973b: On the reduction of occultation light 
curves. Icarus, in press. 

Whitehill, L., 1.971: Private communication. 



BIBLIOGRAPHY AND REFERENCES (CONTD) '- 

Willstrop, R. V. ,  1960: Absolute measures of stellar radiation. Manthly 
Notices Roy. Astron. Soc., 121, 17. 

Woltjer, J., 1928: The motion of Hyperion. Ann. d. Sterrewacht teiden, 2, 
part 3. 

Younkin, R. L., 1970: Spectrophotometry of the Moon, Mars and Uranus. Ph.D. 
thesis, University of California at Los Angeles. . . 

Zellner, B., 1973: The polarization of Titan. Icarus, 2, 661-664. 

Q GPO 792.335 



NATIONAL AERONAUTICS AND SPACE ADMINISTRATION 
WASHINGTON. D.C. 20546 POSTAGE AND FEES PAID 

NATlONAL AERONAUTICS AND 

OFFICIAL BUSINESS SPACE IDMSHISTRATION 

PENALTY FOR PRIVATE USE 16300 SP$ciAL FOUWTb#-CbASS RASE a61 

BOOK 

POBTMA8TIR : If Undeliverable (Section 188 
Pontnl Mnnilnl) Do Not Return 

'The aeronautical and space activities of the United States shall be 
conducted so as to contribute . . . to the expansion of human knowl- 
edge of phenomena in the atmosphere and space. The Administration 
shall provide for the widest practicable and appropriate dissemination 
of information concerning its activities and the +esu1ts thereof." 

-NATIONAL AERONAUTICS AND SPACE ACT OF 1958 

NASA SCIENTIFIC TECHNICAL PUBLICATIONS 
TECHNICAL REPORTS: Scientific and 
technical information considered important, 
complete, and a lasting contribution to existing 
knowledge. 

TECHNICAL NOTES: Information less broad 
in scope but nevertheless of importance as a 
contribution to existing knowledge. 

TECHNICAL MEMORANDUMS: 
Information receiving limited distribution 
because of preliminary data, security classifica- 
tion, or other reasons. Also includes conference 
proceedings with either limited or unlimited 
distribution. 

CONTRACTOR REPORTS: Scientific and 
technical information generated under a NASA 
contract or grant and considered an important 
contribution to existing knowledge. 

TECHNICAL TRANSLATIONS: Information 
published in a foreign language consideed 
to merit NASA distribution in English. 

SPECIAL PUBLICATIONS: Information 
derived from or of value to NASA activities. 
Publications include final reports of major 
projects, monographs, data compilations, 
handbooks, sourcebooks, and special 
bibliographies. 

TECHNOLOGY UTILIZATION 
PUBLICATIONS: Information on technology 
used by NASA that may be of particular 
interest in commercial and other-non-aerospace 
applications. Publications include Tech Briefs, 
Technology Utilization Reports and 
Technology Surveys. 

Details on ths crvailabilifg of these publications mag be obfcsked Prom: 

5C4EMTiYlgFiC AND TECHN86AL INBQRMTB$PBN QFFBCk 

N A T I O N A L  AEIORABadTSCS A N D  S P A C E  ABMlNhS°B"IATIOM 
WashHmgtoeg, D.C. Pa546 




