
Joviani Atmosphere: 
Near-Ultraviolet Absorption Features 

Greenspan and Owen (1), in a stimu- 
lating discussion of the Jovian at- 
mosphere, have reconsidered Stecher's 
(2) rocket ultraviolet spectroscopy of 
Jupiter. They conclude that, while the 
general reflectivity between 2000 and 
3000 A can be matched by some 12 
km-atm of H2 and a small surface 
reflectivity, there still exist two sig- 
nificant absorption features in this wave- 
length range. This residual absorption, 
shown by the dashed line connecting 
the error bars in Fig. 1, includes a fea- 
ture centered at 2600 A and a general 
reflectivity decline shortward of 2400 
A, with the possibility of very high ab- 
sorption below 2100 A. 

The existence of the 2600-A ab- 
sorption feature had in fact been 
suspected earlier. From near-infrared 
spectra, Zabriskie (3) had estimated the 
abundance of molecular hydrogen above 
the Jovian cloudtops as several km- 
atm, and the expected near-ultraviolet 
spectrum determined by Rayleigh scat- 
tering from this amount of hydrogen 
was calculated by Brandt (4). When 
this spectrum was compared with 
rocket observations of Jupiter at 2700 
A performed by Boggess and Dunkel- 
man (5), Brandt noticed a significant 
deficit in the observed flux below the 
calculated values. I then attempted (6) 
to determine Iwhether any likely con- 
stituents of the Jovian atmosphere might 
be responsible for this absorption. The 
observed or suspected major atmo- 
spheric constitutents-hydrogen, heli- 
um, neon, methane, ammonia, and 
water-can all be excluded. Of the 
most abundant interaction products of 
these gases, expected both on the basis 
of laboratory simulation experiments 
(7) and on the basis of quenched 
thermodynamic equilibrium calculations 
(8), none have appropriate absorption 
features in this region. Other simple 
molecules capable of absorption at 
these !wavelengths-such as 'aldehydes 
and ketones-require water vapor as a 
precursor. But the water will be con- 
densed out at lower levels and will be 
unavailable. For these reasons I con- 
cluded that the absorption does not oc- 
cur in the gas phase above the clouds, 
but rather occurs within the clouds. 
Since -the Jovian clouds are not likely 
to have a very sharp upper boundary, 
cloud particles may be present at alti- 
tudes considerably above what is 

usually called the cloud "tops." 
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Greenspan and Owen have suggested 
that absorption by gas-phase benzene 
may explain the absorptions, although 
they state that "a detailed fit of the ab- 
sorption profile to the observations does 
not provide a very convincing match. 
The amount of gas needed (0.04 cm- 
atm) is also rather high, considering 
the low vapor pressure of benzene at 
the relevant temperatures." The chem- 
istry of organic molecules in condensed 
ammonia is very complex (9), and it is 
certainly by no means obvious what 
the preferred molecular species present 
as minor constituents in the Jovian 
clouds might be. 

However, almost all common organic 
molecules with the desired absorption 
properties are derivatives either of ben- 
zene or of purine. The character of the 

spectrum as indicated in Fig. 1 im- 
mediately suggests the possibility that 
purines and pyrimidines may be im- 
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Fig. 1. Residual absorption on Jupiter in 
the rocket ultraviolet is shown by the 
dashed line and the associated error bars. 
The solid curves are the ultraviolet ab- 
sorptances of various quantities of adenine, 
measured in dilute aqueous solution in 
the laboratory. The residual absorption is 
based on curves (1) normalized at 3000 A. 

portant. These molecules characteris- 
tically exhibit strong absorption fea- 
tures near 2600 A, which are common- 
ly used as 'an analytic tool in their 
detection. They also show absorption 
features shortward of 2300 A with 
the absorptivity becoming very large 
near 2100 A. In Fig. 1 are shown ab- 
sorptance measurements on dilute aque- 
ous solutions of the purine adenine 
performed with a Beckman DB-G 
double-beam ultraviolet spectrophotom- 
eter. While there are minor absorption 
shifts, both auxochromic and batho- 
chromic, were we to use other purines 
or pyrimidines, or other solvent sys- 
tems, these spectra would still be typi- 
cal of all the nucleotide bases. Con- 
sidering the differences ibetween absorp- 
tion in a homogeneous medium and 
absorption during multiple anisotropic 
scattering in a cloud layer (10), we see 
that a rather good fit to the Jovian 
residual absorption is obtained with 

1 ug of adenine per square centimeter 
column. 

At the lower temperatures of the 
Jovian clouds, and with the adenine 
not in aqueous solution, rotational and 
vibrational fine structure to these elec- 
tronic transition features will Ibe fur- 
ther suppressed, and the fit with the 
Jovian spectra improved (11). Thus, 
extremely small quantities of purines 
or pyrimidines appear adequate to ex- 
plain the observations. By contrast, 

100 times more benzene is required, 
and even 'apart from the fine struc- 
ture we find that the fit of aqueous solu- 
tions of benzene to the rocket spectra 
is poor. This is of course far from 
a unique spectral identification of ade- 
nine. But it is of interest that a fit can 
be achieved with very small quantities 
of an abundant condensed-phase or- 
ganic molecule. 

The synthesis of adenine under con- 
ditions not too dissimilar from those 
expected in the Jovian environment has 
been performed in experiments relevant 
to the origin 'of life on earth. Adenine 
and/or its precursor, 4-amino-imid- 
azole-5-carboxamide, have been pro- 
duced directly from hydrogen cyanide 
and aqueous ammonia solutions; by 
5-Mev electron irradiation of methane, 
ammonia, and water mixtures in the gas 
phase; and by ultraviolet irradiation of 
hydrogen cyanide solutions (12). Hydro- 
cyanic acid is expected as a minor con. 
stituent of the Jovian atmosphere and 
clouds (7, 8). More recently, adenine 
and other ibases 'have been produced 
by heating NH3, H9, and CO and 
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gradually cooling from about 800?K 

(13), 
High-resolution ultraviolet spectra of 

Jupiter, preferably with some resolution 
of the disk, as well as laboratory spec- 
tra of more refined simulations of the 
Jovian clouds, can be very useful in 
checking the conclusions reached here. 
For example, there is a characteristic 
fine structure in the B bands of gas- 
phase benzene and many of its deriva- 
tives (14); aqueous solutions of ben- 
zene show such fine structure, particu- 
larly between 2400 and 2700 A. No 
such fine structure is generally observed 
with purines and pyrimidines. High- 
spectral-resolution infrared spectroscopy 
of Jupiter-for example, with inter- 
ferometric techniques-would also be 
of great interest. 

CARL SAGAN 
Harvard University and 
Smithsonian Astrophysical Observatory, 
Cambridge, Massachusetts 02138 

References and Notes 

1. J. A. Greenspan and T. Owen, Science 156, 
1489 (1967). 

2. T. P. Stecher, Astrophys. J. 142, 1186 (1965). 
3. F. R. Zabriskie, Astron. J. 67, 168 (1962). 
4. J. C. Brandt, "La physique des plan6tes," 

Mem. Soc. Roy. Sci. Liege 7, 137 (1962). 
5. A. Boggess and L. Dunkelman, Astrophys. J. 

129, 236 (1959). 
6. C. Sagan, "La physique des planetes," Menm. 

Soc. Roy. Sci. Liege 7, 248 (1962). 
7. - and S. L. Miller, Astron. J. 65, 499 

(1960). 
8. C. Sagan, E. R. Lippincott, M. O. Dayhoff, 

R. V. Eck, Nature 213, 273 (1967); E. R. 
Lippincott, R. V. Eck, M. O. Dayhoff, C. 
Sagan, Astrophys. J. 147, 753 (1967). 

9. H. Smith, Organic Reactions in Liquid Am- 
monia (Interscience, New York, 1963); E. 
C. Franklin, Amer. J. Chem. 47, 285 (1912); 

, The Nitrogen System of Compounds 
(American Chemical Soc., Monograph No. 
68, New York, 1935). 

10. C. Sagan and J. B. Pollack, J. Geophys. Res. 
72, 469 (1967). 

11. I am indebted to Dr. J. B. Pollack for this 
remark; see also R. E. Sinsheimer, J. F. 
Scott, J. R. Loofbourow, J. Biol. Chem. 
187, 313 (1950). 

12. J. Or6 and A. P. Kimball, Arch. Biochem. 
Biophys. 94, 217 (1961); for further refer- 
ences, see J. Or6, in Current Aspects of 
Exobiology, G. Mamikunian and M. H. 
Briggs, Eds. (Pergamon, Oxford, 1965), chap. 
1. 

13. R. Hayatsu, M. H. Studier, A. Oda, K. Fuse, 
E. Anders, Geochim. Cosmochim. Acta, in 
press. 

14. See, for example, R. M. Silverstein and G. C. 
Bassler, Spectrometric Identification of Or- 
ganic Compounds (Wiley, New York, 1963). 

15. The research reported here was supported in 
part by NASA grant NGR-09-015-023 and by 
funds from a PHS institutional grant to Har- 
vard University. I thank Dr. Tobias Owen 
for an informative conversation and Mrs. 
Elinore Green for laboratory assistance. 

14 September 1967 

In our original interpretation of cer- 
tain features in the ultraviolet spectrum 
of Jupiter (1), we stated that the ob- 
served absorption at 2600 A and the 

sharp intensity decrease below 2100 A 
were most probably due to one or more 

26 JANUARY 1968 

kinds of large organic molecules. Sagan 
suggests that adenine would provide a 
better fit to the observations than ben- 

zene, the specific example that ,we in- 

vestigated. While we agree that the pu- 
rines and pyrimidines represent a good 
additional source of organic absorbers, 
we feel that a specific identification is 

premature, particularly in the face of 
the many interpretational problems that 
remain to be solved. 

In fact, there are a large number of 
organic substances that would match the 
data within the associated errors. A 

very abbreviated list of several of these 

compounds is presented in Table 1 (2). 
In order to decide which of these (if 
any) are actually present in the Jovian 

atmosphere, it is necessary to satisfy 
the following conditions: (i) the ultra- 
violet reflectivity of Jupiter must be 

specified with great precision, (ii) the 
distribution and amount of absorber in 
the Jovian atmosphere must be known, 
and (iii) the distribution and amount of 
atmospheric scatterers (molecular and 

particulate) must be specified. At the 

present time, only two sets of low- 
resolution observations are available, so 
the permitted variations of (ii) and 

(iii) have a rather wide range. 
In fitting the absorbance of adenine 

to a replotted version of our "best fit" 
to the Jupiter data, Sagan favors the 
location of the absorber in the cloud 

layer, presumably frozen out with the 
ammonia in the crystals that form the 
visible clouds. However, our "best fit" 
model matches the observations with 

only 12 km-atm of H2, a layer of gas 
that is well above the cloud tops as 
evidenced by the low temperature 
(110?K) corresponding to the lower 

boundary of the gas. Within the error 
limits of the original data, we have 
shown that the observations could be 
matched by 16 km-atm of H2. In this 
case, the temperature is increased 

only to 120?K as compared with the 
~165?K commonly associated with the 
cloud tops (3). Furthermore, this latter 
model does not permit any "surface" 

reflectivity. Hence any absorption at the 
base of the layer of gas or below will 
have no effect on the emerging radia- 
tion. In fact, it appears that more than 
30 km-atm of H2 will lie above the 
165?K level in the Jovian atmosphere 
(1). 

The reaso n Sagan (4) originally postu- 
lated that the absorber at 2600 A had 
to be in the cloud layer was that the 
amount of hydrogen above the clouds 
was thought to be very small (4.6 km- 

Table 1. A partial listing of some suitable 
organic absorbers. 

Adenine 
Adenosine 
Benzene 
Benzenesulfonamide 
Benzyl alcohol 
Benzylamine 
1-Benzyl-p-D-arabopyranoside 
Caffeine 
Cresol 
3-Cyanopyridine 
Cytosine 
Mephenesine 
2-(N-Methylaminoethyl) benzyl alcohol 
4-Methylbenzenesulfonamide 
N-Methyl-tetrahydroisoquinoline 
Neostigmine methylsulfate 
Phenol 
3-Phenylpropionic acid 
N- (4-Sulfamylphenyl) -P-D-glucosylamine 
Sulfanilamide 
Toluene 

atm) and the Rayleigh scattering co- 
efficient used by Brandt (5) with this 
amount of gas led to an opacity at 
2600 A of only 0.2. Using the revised 
formulation of the scattering coefficient 

given by Dalgarno and Williams (6) 
and 30 km-atm of H2, we find an 

opacity of 1.8, an increase that is con- 
sistent with our conclusion that absorp- 
tion in the clouds will not have a 
noticeable influence on the ultraviolet 

spectrum. 
We are thus constrained to models 

in which the absorber lies above the 

scattering gas or is mixed in with the 
scatterer in some manner. If the ab- 
sorber is uniformly mixed with the 

scatterer, the albedo can be expressed 
as 

- 7r Ts + 

3(s + ra) 

[2A- 7rT E4 (rs + r) 
~L Ts + Ta 

where A is the constant reflectivity of 
the reference level, rs and T, are the 
scatterer and absorber optical thick- 

nesses, respectively, and E4 ( ) is a 
fourth-order exponential integral. Re- 

taining our original "best fit" of 12 
km-atm of H2 and 7 percent re- 

flectivity we have calculated the ab- 
sorber optical thickness required at 
each wavelength to provide exact agree- 
ment with the observations. For com- 

parison, we have performed the cor 

responding calculation for 16 km-atm 
of H2 with zero surface reflectivity. 
These results are presented in Fig. 1 
which is a plot 'of log10 (ra) versus 
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Fig. 1. Optical thickness ra of absorber 
required to match the Jovian brightness 
observations when the absorber is uni- 
formly mixed with 12 or 16 km-atm of 
molecular hydrogen. 

A, a presentation that can be com- 
pared with published absorption curves 
(2) without regard for abundance 
(abundance differences ,correspond to 
a vertical displacement of the absorp- 
tion profiles). It should be noted that 
the shape of the absorption profile is 
different in the two cases presented in 

Fig. 1 and one-third more absorber is 
required to match the 16 km-atm curve 
at 2600 A (7). 

If the absorber lies above the scat- 
tering layer, the albedo can be expressed 
as 

p' = r E.(r,) - (v - 2A) Ej (r, + Tr) 

where the terms have been previously 
defined. Solving for the absorption re- 
quired for the same two models con- 
sidered above, we obtain two new 
profiles depicted in Fig. 2. The shapes 
of the curves are similar to those for 

ABSORBER ABOVE ATMOSPHERE 
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Fig. 2. Optical thickness ra of absorber 
required to match the Jovian brightness 
observations when the absorber lies above 
12 or 16 km-atm of molecular hydrogen. 

the corresponding "mixed" cases, but 
now one-fourth less absorber is re- 

quired. 
For the sake of illustration only, we 

have reproduced (in Fig. 3) absorption 
curves of six substances taken from 
the list in Table 1 (8). A comparison 
with Figs. 1 and 2 indicates that none 
of these substances fits any of the 
representations of the data very well. 
On the other hand, the uncertainties 
associated with each of the calculated 
values represented in Figs. 1 and 2 are 
such that all three substances (as well 
as many others-see Table 1) might 
be present. 

Because of the rich variety of ultra- 
violet absorbers and the possibility that 
more than one contributes to the ob- 
served absorption, the identification 
problem may never be settled un- 
ambiguously until the atmosphere of 
Jupiter is explored directly. Neverthe- 
less, this indication that complex or- 
ganic molecules may indeed be present 
in the Jovian atmosphere is sufficiently 
exciting to justify considerable addi- 
tional effort. It would be significant 
even if we could simply restrict the ob- 
served spectral features to a particular 
group of organic molecules, and we 
feel confident that this goal can be 
achieved. The process of formation and 
the vapor pressure of the various pos- 
sible organic absorbers may serve as 
additional constraints. For example, 
aldehydes and ketones require water 
vapor as a precursor (4), while ben- 
zene and several of the substituted 
aromatic hydrocarbons as well as some 
purines and pyrimidines can form above 
the clouds where water vapor will not 
be available because of the low ambient 
temperatures. 

Observations of the planet's ultra- 
violet spectrum at higher resolution or 
even low-resolution observations made 
with very high precision will greatly 
aid attempts to limit the number of al- 
ternatives. The infrared spectrum should 
also receive more attention, particular- 
ly the region from 8 to 14 /, where 
some of these substances and their 
derivatives exhibit absorptions. Since 
we have established that the ultraviolet 
absorber lies above the level from which 
the emission observed in this spectral 
region originates (TI = 128?K), the 
substance will also act as an absorber 
in the infrared, as it will be con- 
siderably colder than the underlying 
ammonia. A preliminary spectrum pub- 
lished by Low (9) already indicates the 
presence of absorption near 13.5 I. 
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Fig. 3. Molecular extinction coefficient e 
of several organic substances which may 
be responsible for the observed Jovian 
absorption features: (A) benzene, (B) 
toluene, (C) benzylamine, (D) o-cresol, 
(E) caffeine, and (F) adenine. 

Both C2H2 and HCN, gases expected 
to occur in photochemical reactions in- 
volving the substances in Table 1, ab- 
sorb in this region. It is apparent that 
many surprises await future investiga- 
tors of the Jovian spectrum. 
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