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Abstract

The eddy diffusion coefficient is estimated as a functiom of alti-
ﬁude, separately for the Jovianm trOpospHere and'meSOSphére. The |
growth-rate and motion of particles is estimated for Tarious substances:
the.watér clouds are probably nucleatéd by NH%Cl, and sodium comﬁoﬁnds are
likely to be absent at and above the levels of the water clouds. _Complex o:ganic molecules
produéed by the Ly o photolysis of methane may possiﬁly be thé absorbers in the
lower mesosphere whigh account for the low reflectivity of Jupiter in
fhe near uitraviolet. The optical frequencf chfomophores are 1océli29d
at or just below the Jovian tropopause. Candidate chromophore molecules
must satisfy thé condition that they are produced sufficiently rapidly
that convective pyrolysis maintains the observed.chromophore opﬁical depth.

Organic molecules and polymeric sulfur produced through HS photolysis at A >

2300 ﬁprnbably fail this test, even if a slow, deep circulation patterm, driven

by latent heat, is present. The condition may be satisfied if complex organii chromo-

phores are_produce& with high quantum yield by NH3_photolysi$ at A < 2300 A. However,
Joﬁian photbautotrophs_in tﬁe upper troposphere satisfy this condition well, even with
fast e¢irculation, assuming only biochemical properties of comparable terrestrial
organisms, Unless bﬁoyancy can be achieved, a hypothetical organism
drifts downwards and is pyrolyzed. An organism in the form of a thinm,
gas-filled balloon can grow fast enough to replicate if (i) it can sur- .
vive at the low mesospheriec temperatures, or if (ii) photosynthesis
occurs in the troposphere. If hypothetical organisms are gapablé of
slow, powered locdmotion and coalescence, they can grow large encugh

to achieve buoyancy. Ecological niches for sinkers, floaters and

hunters appear to exist in the Jovian atmosphere.
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I. INTRODUCTION

The contemporary Jovian atmosphere has some similarities to the
primitive terremtrial atmosphere, where organic molecules were pro-
duced readily;- and experiments in which a wide'variety of organic
molecules are produced under conditions similar to those of the Jovian
' atmospheré have been carried out (Sagan and Miller, 1960; Sagan et al.,
1967; Woeller and Ponnamperuma, 1969; Rabinowitz et al., 1969; Sagan
and Khare, 1971a, 1971b; Khare and Sagan, 1973; Ferris and Chen, 1975). This has

- led to the hypothesis that there may be a Jovian biology (Sagan, 1961;
Shklovskii and Sagan, 1966). Observations in the visible and in the
ultravioclet have implied the presence of particulate matter im the

Jovian atmosphere, which may (but need not necessarily) be connected with

questions of ‘Jovian organié chemistry and biology."Both chemical and biologicai issues

are affected by fluid dynamics in the Jovian atmosphere. 'We are here
concerned'largely'witﬁ these effects.

Modern models of the structure of Jupiter (for references, see,
é;g;; Stévansoﬁ'and Salpeter, 1976) predict that the.bulk'coﬁstitﬁent,
a hydrogen~helium mixture, dis fluid throughout with tgmperatﬁres in-

. ereasing inwards to above 1O4bK. Plausible”oiganisms raquiré.temperan
tures“wéll belpw_loéoK. One principle problem which must Be faced by
éﬁéh:h&pathétical organisﬁs is.&escenf ﬁb pyfélﬁﬁié'ée?ths due éithar
to the acceleration_df gravity or to cpnvgctive_downﬁrgfts, The seqﬁnd

half of the piesent'ﬁépef'addresééé (i) whether such.ofgénisms unde’ 20
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significant growth and replication in less than the timescale for drift
to pyrolytic depths; or (2) whether other adaptations to avoid pyrolysis
are hydrodynamically and bionlogically feasible. We shall see that

(1) becomes easier for smaller organisms and (2) for larger ones.

That plausible and internally consistent Jovian ecologies can be
described cannot, by itself, demonstrate the 1likelihood of life on
Jupiter. A tenable argument for 1life on Jupiter must aléo ghow that
the origin of l1life on that planet was possible. Since many steps,

' pérticuiarly‘thé‘later ones, which led to'tﬁe origin of life on Eafth
are only incompletely understood (see, e.g., Miller and Orgél, 19?4) a
thorough discussibn.df the origin of life on Jupiter cannot be under-
taken at the present time. Most skepticism on tﬂis subject seems to
 arise from the contention fhat synthesized moleéules will be darried.
.convactiveiy to pyrolytiq depths befo:e the origin of life can occur,
The unspoken premise in.such an argument is that pyrolysis Woﬁld ndt
have apcur;éd on the primitive Earth. However, the measured Arrhenius
rate coﬁstants imply.through a regression analysis that many essential
organic wolecules, for example a number of biological amino acids, suffer

'thermal aegradation at typical terrestrial”surface teﬁéerafures in

geologi#ally short time petiods. ‘The very limited available experi- -

mentél'déta show, for example, that the half life at 30° C of the

4L

. . . . . . 5 .
amino. acid serimne is v 10 yrs and of threonine is £ 107 yrs; while at

the same.temperature the half life of the simplest amino aeid alanine
is >-1D;0;yrs-(Vallentyne511964). . Because of the exponential ArrheniuS':
kineties, the highest temperatures on a temperature—~variable planet

dominate the: net molecular degradations;. also there is evidence.

that aqueous solution and alkaline pH's -- both expected on the

T




primitive Earth -- enhance the decomﬁositiou rates (Vallentyne, - o
1964). It does not seem at all improbable that some essential
’ precursor melecules for the origin of life had half lives on the

primitive Earth of 102

fo 103 yrs, not greatly dissimilar to the
lifetimes against convecti&e.pyroiysis of organic molecules on
contempb:ary Jupiter, as calculated below.

Many workers on the origin of'lifébhéve suggéstéd that.the
rate-limiting steps were stochastic in nature. The volume available
for natural moléculaf expériments on Jupiter is épproximately'103

- times larger than on Earth. If phase interfaces play a critical
role in the origin of life (see, e.g;,nBernal, 1973) Jupiter -~ with
a great concentration of sqlid and liquid atmospheric aerosol
particles —-- would be pafticularly favorable.
s ' The origin‘oi life on Earth took a period < OQL'the.lifétime
of the Earth, and possibly much less (Sagan, 1975). Oon Jupiter,
we have much longer periods of tiﬁe availabie for ﬁhemical experi-
ments, a larger interaction volume, and a much larger area for
phase interface chemistry. On the other hand the therﬁal degfﬁ&é;
tion timescales_are.shorte;_for mapy_ﬁolecules, and there is a much
greater excess of molecular hydrogen than on the primitive Eafth,
Where"'ﬁ2 was rapidly depleted'during-planetary formation_and in
subsequent Jeans escape. The effect of molecular hﬁdrogen on pre-
'bidldgiéél organic chemistry is inadequately understood, but is briefly
discussed below. Its effect on quenching gas phase organic réaCtiansv
is less than liﬁear;'at 1égst'fornsome reaqtioné."We‘conclude,that the absoi§ﬁe
a priori likeiihddd df'iifevbn*Jupiter, as on Earth, cannot be

estimated reliably at the present time,  but ~--as on Earth —- can




hardly be ruled out. The relative a griori probabilities of the origin of life, in
a comparison of Juplter and Earth, depend on which reactions and molecclar Drecursors
are rateﬁllmlting, 1f, tov example, the alanlne abundauce is rate-11m1t1ng, the
Earth is strongly favored; if serine is rate—limiting, Jupiter may be favored. It
is also possible thet there exist a variety of different paths to the origin of life,
for sume of which the Earth is favored and for others of Which_Jupiter is favored,

| .We.devote the remainder of the present paper to a.characteriza*
tion of the_peievant_physical_enviroement_of Jupiter; to a discussion

of the chromophores responsible for the observed coloration of the

~planet; and to an analysis of some permissible ecological niches of

hypothetical Jovian organisms.

.Values for the eddy_diffusioo'coefficienEUKwplay aofiﬁoortsﬁt
role in such arguments, Estimates are given in Section II, separately
for the convective troposphere and for the stablér mesosphere.

Analytic approximations are also given there for abundance as a funetion
of height for particles which are produced at sdme upper level aund are
transported downwWards towe ~ds pyrolysis.

We are concerned with twoe sorts of particulate matter: particles
that condense out under comditions of tﬁermal.eqoilibfiom:eﬁd oefticles
that reguire an investment of free energy for their productlon.
Equilibrium condensatlon has been studled prev1ously for H20, NH45H

and NHB; we investigate it further in Section IIT for a number of

substances with'higher condensetion'temperatures."We estihace

growth~rates for these condensates and discuss Whether NaCl or other

particleés can be present at the 1eve1 of the water clouds to act as

nucleation agents. The production of chromophores and_of non-equilibrium

organlc molecules is treated in Sectlon IV.'-We obtain'a-lower limit to




the productiﬁn rate of ethane from methane photolysis by solar
‘Lyman-alpha; and treat erganic chromophores produced by various

‘wavelengths of light, as well as polymeric sulfur chromophores.

The motion of hypothetical organisms is discussed in SectionAV;
the diffusion of metabolities and tﬁe consequent growth of organiéms
in Section VI. We consider four different cases depending on
whethef'organismé céﬁ or cannoﬁ éufvive at ﬁﬁe low temperatures of
the mesospheré and whether they can or cannot utilize visible.light
for photosynthesis. In Section VIT we consider the more rapid growth

attalnable if organisms can control their motions.
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IT. EDDY DIFFUSION IN THE JOVIAN ATMOSPHERE

The total infrared flux emerging from Jupiter (Aumann, &t al;, 1969;

o _ . Lok 5 4 - -2 -1
Ingersoll, at al., 1975) is Ftot =0 Teff-” 1.2 x 10 erg cm S
('I.‘eff = 127°K), with about half of this flux coming from the deep
interior (Fint ~ 0.8 x 104 erg'cmnzs-l). The radiétive opacity in-

creases fairly rapidly with increasing brassure, P, and radiative-con-
ﬁectiwe‘ﬁédel calculations prediét a fairlj rapid change across the
boundary level defined here as‘the'tropbpaﬁse. Ahove.the.tr0popause
ﬁe‘haQe radiative (suba&iabatic)‘heat trans§§¥ﬁ iﬁ'the ﬁesosﬁﬁéfé;
below we have convective‘heat ﬁfénsport (With‘the témﬁerature gradientv
only slightiy superadiabatic) in the troﬁosphére. ﬁodel afmosphereé
A(Trafton andrMungh, 1969 Hogan; et al., 1969; Wallace, et al., 1974)
Aand spectroscopic observatiﬁns (Gillett, et #l;, 1969; Adtken ané

 Jones, 19723 Lacy, et al., 1975) suggest a temﬁerature T % 175%K at
the préssure level bf P = 1 bar and place.the tropqpause_somewﬁere
~slightly above this. We shall adopt the.lgvél (T ~ 1450?:P n 0.5 bar)
for the tropopause. These numbers are consistent with Pioﬁéer 10
-infrared radiomgter:data-(Orton,_1975a) and-with groupd-based_ipfrared-
radiomettric measures (Orton 1975b) énd possibly also with Pioneer 10

-~ and 11 S-band ocqultation dat; (Kliore-gnd Woiceghyn 1976). .We assume

a helium abundance of about 10 percent by number, consistent with separate

measurements from the occultation of Beta Scorpii (Elliot, et al.;

1974); from Pioneer 10 and 11 ultrvaviolet photometry (Carlison and



Judge, 1974)3; and from the pressure broadening of the J = 0 and J = 1
hydfogen 1ines (Houck, et al., 1975.) Assuming a helium-abundance of

about 10% (by number), it then follows that y/(y - 1) ¥ 3, where ¥ is

.'the ratin of specifie heats, and that the mean molecular weight © ~ 2.2.

. -1 .
For pressure P, pressure scale height H = P (dPjdz) ~, density p and

kinematic viscassity v in the troposphere we adopt

)3

P —
1750K

bar; H o (jyigy) 27km;

(1)

T 2 -4 -3
p = (175°K) 1.6 x 10 gm cm ",

T }“1'5 0.5 cm2 s

In the mesosphere, the temperature gradient decreases rapidly (for

P £ 0.2 bar, say), and the minimum temperature is about 120°k fol-

lowed by a temperature inversion whose structure is not yvet well-known

3

{possibly T, % 150%% at P N 107 "bar).

ax

For a general comnvective circulation pattern the vertical con-

vective heat-flux Fc is given by

F, = cppAT v, ' a (2)

wWhere CP is_the specific heat at coastant pressure, AT is the typical
vertical excess in the temperature drop and v the typical vertical

convection speed. For vertical distances larger than the vertical

“extent & of the ecirculation patterﬁ one has an eddy diffusion coef-

ficient R, = wcﬂ-and.we shall denote by,tc the'eddY’ﬂiffusion'time;
HZ/Kc, for diffusion through a single preésure scale height H. In

the simplest form of Prandel mixingfleﬁgtﬁ-thgory'(seeg g,
Schwarzschild; 1958) the circulation is characterized by twe parameters,

the:mixing~1ength-z”aﬁd-the-sﬁﬁefadiabaticity'ﬁithfw§7aﬁd-AT/T"bdtﬁ
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" timescales for complete turnover of the region

4 -1

proportional to the superadiabaticity. We replace Fp by 1.4 x 10 erg em % 5" , a8

typical value for the Jovian troposphere, employ eq. (1) and write KC, v, and tc

~in the form
1/3 7 2 -1

‘Kc =g (T/175°K)™"~ x 10" cm™ s .
w, = £/ r/175°0)-2/3 x 76 em 5L, | | (3)
£, = E_l_(T1175°K)5/$ x 7.5 % 105_5 .

; e e

—— e

In the notation of mixing~length theory our parameter & equals

(2!0.05H)4/3. The Jovian tropospheric lapse rate is very close

to adiabatic (AT/T 10“6

}, as is true by the same argument (Sagan,
1960) for all other planetary tropospheres. |
In the simplest version of mixing-length theory ALY H.and £ ~ 100,
The aetual circulation pattermns in tﬁe froposphere are likely ta be
much more complex (Hunten 1975). 1In particular one should consider
the effects of rotatiom at great depths and of latent heat release in ﬁhe
cloud layers mear rhe tropopause (Gierasch, 1973). TFor a comnstant value
of the heat—flux.Fc in eé. {2), these effects usually iﬁcrease AT and
decrease v, considerably, leading to smaller values of Kc.and £ in
eq. (3). These considerations suggesﬁ, ag a simple working hypothesis, £ = 1 which
should be accurate to within a factor of about 200.
Giefésch {1976) has suggeéteﬁ a épeéifié léfgefscalercirculation péttérn ﬁhiéh
extends all the way from the bottom of the water-cloud layer (T ™ 280°K)_ta the tropo-

pause. This pattern is driven by the latent heat of water which leads to a telatively
2

- large value of AT/T " 10 °, This corresponds to & v 0.0l with -

;qf up ko a few years, even-though some cloud patterns (above the water
clouds) are observed to change in shorter times (Peek, 1958). On o .
" Gierasch's model, the eddy diffusion coefficient inereases by a very .. .

larze factor just below the cloud~bottom to & v 10.
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uriIn-éhé”ﬁééoggﬁzggmfﬁé‘Eﬁikméf the heat flux Ftot is cérried by
radiation, but some fraction of the flux could drive a circulation
pattern'morking against a sSubadiabatic temperature gradient. The
vertical speed Vo of such a circulation pattern must satigfy an in-
equality, based on the fact that the adiabatic cooling rate cénnot

exceed the total available heating rate:

Hpw

o [cp(dT/dz) +t gl F .o : (4)

Except in the Zmmediate vicinity df the tropopause, the.temperature
gradient in eq, (&) can be neglected for the troposphere. Putting
T ~ 150°K and assuming that the vertical length-scale for the circula-

tion pattern is of order H, the eddy diffusion coefficient Km is of

‘order W H, so that

W < (1 bar/P) 0.016 cm s_l; Km < (1 bae/P) 7 x 104 cm2 s_l. {5)

Thus, typical velocities just below the tropopause are many thousands
of'timeslafger than just above the tropopause. Analysis of the ob-

served Ly o albedo of the upper mesosphere_(Wallace and Hunten, 1973,

Carlson and Judge, 1974) indicates Km v 3 x 108“1 cm2 s L at levels

7

where P v 3 x 10 ' bar; analysis of B Sco occultation measurements

6 2 -1

(sagan gt al., 1974) indicates Km > 107 em” s at similar levels.

It is theoretically plausible (French and Gierasch, 1874) that gravity

wave propagatieon upwards in the mesospheré confriputes o the addy

diffuslon. For a gingle ﬁave'méde, Em has' a étep—fuuctlon behavior,

hut overall it seems plausible to assume jome constant fraction of

the maximum expression in eqg. (5). The yalue given by the Ly 0 albedo

then suggests S ’
Km v (1 bar/P) 100 em”™ s 7, (6)
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uncertain by factors of order 10 or 100. Note that Km « ez/H. Tem-
perature T and K(z) are plotted against pressure, schematically, in
Figure 1. [The dashed curve for K corresponds to Gierasch's (1976)
model in which the latent heat of water condensation is taken into

account. ]

We shall need continuity equations for'ﬁ](z), the number density

as a function of helght z of some complex molecule (of molecular

welght uj >> 2.2) or of some particle. Let wd(z) be the steady-state

vertical drift velocity of the molecule or droplet falling under
gravity through an atmosphere with pressure scale height H, eddy
diffusion coefficient K and mean molecular weight 2.2. In standard

notation, the continuity eguation (see, e.g., Strobel, 1973) reads

dn. K , b = =
(K+D)E—I+(H+ﬁ-§)uj @j,

where Dj is the effective molecular (or particle) diffusion coefficient

and Hj = H (2.2/uj) << H is the effective scale height for the jth
particles alone. -@j'is the vertical flux of particles of species j.
Ej and the drift-velocity LA for free fall under gravity are related

by Dj = Wde. We shall be interested only in levels well below the -

turbopause where Dj << K and give only a simplified version of the standard treatment

(Strobel 1973; Prion 1973). The steady-state continuity equation then reduces to

RG22 4 R 4 g ()] 0 (2) = -0 2. (D)
L Yo dg B - 7d ] h| _
In Section IV we shall apply eg. (7) to the number demsity

n{z) of organic molecules or other chromophore particles for which
the drift-velocity can be neglected (Wj-<<-K1H)-] Assume further that
 the particles are mainly produced at some higher level z s Z0 >0

~and destroyed at spme_lower‘level_z.i 0, so that the flux 0 equals

——
S
B
._—"‘L
1
i

H
———
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the total production rate'(cm_2 é-l) for 0 < z < Zy and § =:G outéide..
that range. If the production level Z0 ig in the troposphere, the

eddy diffusion coefficient is given by K, in eq. (3),  which varies
quite slowly over a scala—height H. An approximate solutlon

of eq. (7), which neglects terms in dE /dz, is then

n(z) = (@H/Kc). (1 - e_Z/H). for 0 < z < Z;),
(8)
% (cISH/K ) [ (2 -2/ -2 /Hj for Z_ < =z.
Thus, particle number dens1tles declmne exponenﬁially wmth altltude
above the productlon level and decrease more slowly with depth bdlow
the productlon_level. Mathematlcally, the»solut;on in eq. 8) depends‘:
on the boundafy condition that n(é)‘é OIfor z < 0 and that 9 is alréady_
constant for 1nfin1te51mally small p051t1ve Z. Physically, the require-
.ment is merely that the destruction rate change from very small values
{(at positive z) to very large values.(at-pegative_z)_qyer less than a
scale height. This should be a good approximation since pyrolysis-
- rates are very temperature sensitive.;_(But note that the level z = 0
refers to different altitudes for different molecular species.)
The-situation 1s more_cqmplicated_if_the-production.level,zo.;s
in the mesosphere and the destruction level (2 Z 0) in the troposphere,
with .z = 2 < Zo.representing the t:qpopagse; quever,_neglécting'

“p
again.derivatives of K = K (for z < ZP)~and assuming'that_K'='Km
.”{foerP < z) is;proportidnal_to-ez/H és-in eq. (6), the coptiﬁpity-j
eq - (7) can again be solved analytically. . Witﬁ the.fact'that
ZP >> H and'Kc (ZP) >>-Km (ZP)-for_cases‘uf;practical in;arest;.theﬂg

colution can be agpproximated by




———ee
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- expect maximum number densities just above the tropopause. Again, no. . =

12

n(z) = (@H/Kc)‘(l - e‘zVH) for 0 < z % Zye

& o, L E (%), .. P
K _(2) [z.zp-z-HE:—(-Epp)} foer<z<Zo,

Hi

- (9)

a

T8z, - 2 )/K, ()] & FE/E op g o,

Thus, particle number demsities inerease slowly with
altitude above the destruction level uptil the tropopause; decline
slower than eﬁponentially (= z e“z/H) between tﬁe trdﬁopause"and-ﬁhe
production level; and decline exponéntially'above the production 1e§e1;

For mesospheric production and tronSPheric destructian; we therefore

particles exist at Z < 0. Note that the mixing-ratio (= n/Pgas) repains : f!

constént'above'the production level whether this level is in the

mesosphere or troposphere. In reality, this mixing ratio would gggzgggg _ :

slightly with increasing height z if some additional destruction takes
place above the production level or if the driftwvglocity_wd_is not

entirely négiigible.

"wViji"f"V”“T"'iffm”' Qiff.:.“_ j-   __',1 ._ _.fw51 _: 1 7 ;”_



ITT. THERMAL CONDENSATION IN DEEP CLOUD LAYERS

The thermal condEnsatlon of droplets to form cloud lafers in
the Jov1an atmosphere has been dlscussed (Weldenschllllng and LeW1s,
1973' Stauffer and Kiang, 1974) only for the upper levels of the
troposphere (T % 300 K), where dlrect observatlens ‘are p0581b1e.
Molecules 1nvo1v1ng H, ¢, W, 0, P and S have been consldered, hlch

lead espec1a11y to condensatlon of HZO (T S 275 K), Nﬂésﬂ (T < 220 L)

<

and NH3 (T =~ 160 K) ~The condensat1on of droplets of more refractory

materials in deeper layers (hlgher temperature, T) is also of ‘some in-
terest, espec1a11y for compounds containing Na and/or cl. 1If such
small gralns or droplets can be comnvected to the upper troposphere,
they can act as seed~nuclei for the condensation of H20 drops
(at T = 280 °k). Their abundance is also relevant for any hypothetlcal
Jovian biology,and for the questlon of the replicatiqn qf'terrestrial .
microbial contamiﬁants in the Jovian clouds. The:follewing crude
eetimetes and conjectures should serve at ;east‘ﬁqr purposes of
orientation.

Iﬁ the very deep interior of Jupiter where the density exceeds

0.2 gm'cm_s (P > 105-bar,_T 2 104°K), incomplete solubility of'ver—_

ficusesubstances;in_hydrogen.COuldeleadAtolsubstantial chemical

separation. This possibility, discussed so far only for He (Salpeter,

.. 1973; Smoluchowski, 1973), should beAinveStigated further; however,

we assume provisionally cosmic . abundances of all elements (Allen, 1973)

13
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is -

3.5 bar (T n 2,5000K), say. At this level practically all _ B

at P v 10
suﬁstances are gaseous. Refractbry moleenles begiﬁ to condense at
slightly lower temperatures.

For each material, with £ the cosmic abundance by number (mixing
ratio) of the least abundant element in the compound, we must evaluate
a number of guantifties:

_(l)--The_equi;ibrium_condansatien_temperature Tcon appropriate

to the Jovian troposphere, i.e&., that temperature at which
the saturation vapor pressure equals £ times the pressure
- in eg. (1). Values for Tcon have already been given by Lewis (1969b).
{2y Assuming the absence of any external seed-nuclei, we cal~.
-eulate the amount of supertonling’ATcr required from
. hoﬁogenebus nucle&tién,theory.' For this purpose we need a parameter
1, definedrin eq.‘(7) of.SéIpe;er (1974), which is essentially‘the'
number of times appropriaté molecules of a particﬁlar speciés:stick to a .
given surface site on a.dropiet durihg a"typicai flow-time. In that =~ -
definition for n we use s v 0.5 for the surface sticking‘coefficient, éq.:(l)
for the pressure and replace the flow~Veld¢ity v by the typical | | |
convection speed w, in eq. (3), which gives n v f(Tcon/175°K)4;2

'x 3 x.1013. Values'qf'f; and'Tcon (taken from JANAF 1971) are

given in Table 1 for a number of compounds and N exceeds 4 x 108 '

'in.all éésés.‘ The.fétio AT;r/Tcon ig giﬁeﬁ:byAeq; (9) of Salﬁetéﬁ
_ (1974) , but multiplied by é factor 6_li (correcting an error kindly
_ﬁoiﬁted'gut by’B; Dfaine);' fhis'ratio'ié féiflf'éﬁéil'in the
caséé considered and not bf direct importgnée“fqr qu# crude estimates. o .

‘But we do ﬁeed'the final radius éf ot typical dropé.which'would_.

result at the end of purely homogeneous nucleation.
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Qur wvalues for a

' Another crltlcal length is a
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At first sight one would expect ag to be of order n times the-

intermolecular spacing in the liquid, but there are a number of

‘correction factors. The most important correction is due to the fact

that the drop-radius a bacomes large compared with the mean free path
for a molecule in the gas, £ " (T/175 K) x-6 x 10 ; The |

droplet's growth is controlled by the diffusion speed rather thén

the'gas—kinetic.speed aﬁ& the rate iS'ﬁultiplied by a cbrrectioﬁ

factor (ﬂmfa) << 1. Including some further logarithmic factors we

‘find, as a very rough approximation,

3/4 -6

a. v 5°K/DNY 2Qog 4 x 200 em . o)

ap are given in Table 1 and have to be compared with

a number of other length scales:.

Let a_ be a critieal radjus for a spherical droplet such that the

Re

hydrodynamic drag-coefficient C_ is ﬁnity. For a << ap, the Reynolds

D

number is small and the drag-coefficient is given by the Stokes for- .

D a is the Stokes expression for the terminal

vertical drift-velocity of the sphere. . Using eq. (1) we have

mula C_ = (lZU/awd), where w

o {173
2 175°K
= 0.007 cm - )
aﬁé_pg. o . pdr_ T
- , 2. Py a =% o
_2 ag Tdr ' n -1 T {Par a 2
vl =g N0 ot v (0'15 e )_(_175°K_ ) 2) —— ) (1)
o : . g Fh e S - 4310 cm/ -

where pd is the 1nternal den51ty (1n gm em ) of a liquid drop.__

a the droplet radlus for Whlch the drlft—

veloclty Wd equals the tYPlCal convectlon speed v, in eq. (3).__Eqr3_ .

the cases of 1nterest (T 2 500 K) We have a4 < ap s SO that eq. (11)

s

b e o, 24

L A
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holds. With Par N v 2 and & N 1 in eq. (3) we have

a % 0.002 ca (T/175°K)“1/12 12)

Large droﬁs'with a > a; Mrain oﬁt"'rapidly, whereas small droplets with a << ay
are carried along by the cnnvectlon pattern and can move up to hlgher levels.

For all cases in Table 1 (except p0581bly for NH Cl) we have ag > ad, S0
that homogeneous nucleation leads to large enough drops for most of the matter
to be rained out. However, lf a very large number of nucleatlnn seeds are

present originally, a large number of much smaller drqplets condense out and,

th: droplets must grow before they can fall out as rain. Let acoa.be ?hat radius

for which Cp = Par/Pg>

P -2/3 T 1/3 -4 .
2.0a ny (Eéﬁ) (175 K) x 3 x ;0 em (13)
Once a i a , droplets usually can grow very quickly by coalescence,

coa

“but for a < asba growth must occur by the slower process of smaller

drops evaporatlng and the excess vapor dlffu51ng to 1arger drops

(Langmulr, 1948 Mason, 1972- Rossow, 1976). An 1mportant parameter

is the growth te fr
nvap . t | grow h ra e. om this process (from radlus 0. §.ac0a to“

a say)'expreésed in unlts of H /Kc’ a typlcal convection time.
coa . - ' : : : .

~ With an uncertainty of at least a factor of 10, we have

.

- , 7/6 .pai2 (1)
nvap v o4 x 100 £ (—oe 175 ) (—%;) . .
If n >>1 for a particular material, most of it will form

vap

into lal_]_:'g_'é"".t:al:i.n-ofl‘.r:c)p's"‘l in a cloud layer at levels close to the con=

densation temperature,’Tcoﬁ, and only small amounts of the material

'will be Ffound at higher, cooler levels. ~If n.__ <<1

vap




17

one ﬁight expect only emall droﬁlete'of the material to form, so that
Y4 << wc and upward convection can mailntaln an appreclable mixing
ratio of the droplets at higher levels. In practice, however,
various complicatlons usually tend towards more ,
rapid formatLon of larger droplets (Rossows 1976). TFor nvap oy 10"1
or 10~2 the circumstances are probably mixed: Some rain near the
Teon lefel, some small droplets a few scale heights higher up, but
wieh‘a mixing ratio which decreases sligh;ly with inereasing height.
Values for nvap from eq. (l4) are given in Table 1. Except possibly for NH481,
nvap >> 10—2 as well as a; > a4 and most of the material rains out and cannot
move up to higher levels. However, in upward moving convection cells the
saturation vapor pressure continues to fallj droplets then continue to condense
out, but with decreasging values of the mixing ratio.f and hence of the parameter
n. Let fm be that (decreased) value of the mixing ratio, for which the droplet
size ag (due to homogeneocus nucleation) in eq. (10) equals age Values of fm are
also given in Table 1. -The mixing ratio will not‘drdp‘appreeiebly beldw‘fm'in‘ o
upward moving conveetien-eells,‘since droplets ere:now too small'to. rain out
rapidly enough (and fuither growth of droﬁlets is also too slow).

For the cases Witﬁ.Tcon b lﬁOde the radii satisfy ag > 2,00 coalescence
is rapid and large depe are rained out immediately. At the high'presseree in
Jepiter's_inﬁerior, liquid Mg25i04 (as well as Ca- and Al- silicates and metallic Fe)
~ condenses before Mg5i03 andVbefofeESiOQ.i“ﬁhen'liquid SiO2 begine'
condensing near the 18000K-1eve1,7 most of the metallic elements
Vghaveﬁaiready'been taiﬁed=oet; hﬁt'sodiumehee'noem For pure :Naésib5
veur estimates indicate a slightly lower condensation temperature than

«'fcr'SiOQ,-which introduces an uncertainty: It is conceivable thaé'all'

the silicon has been ralned out hefore sodlum condenses, in Wﬂlch case

‘gaseous NaG& and NaOH (since ‘the elemental abundance of Na exceedq




_Sodlum (or other alkall metals and alkallne earths) and chlorine (or

level of the water clouds {Stauffer and_Kiang,_1974). For the less

llkely case of Na crystals convection over a larger height dif-

18

that of C&) survive to higher, cooler levels. It is more 1ikeiy that

much of the sodium condenses out between 1800%K and 1600% in the '
fbrm of somé sodium.siiicate-siiica solutioﬁ,uin whiCh.case éasecué

HC? and some NaC% survive to higher levels. In either case, more of

the surviving NaC® condénses out near 1000°K; in ﬁhe mﬁre likely casa,

NH4CR condenses near 4000K; in the less likely case_NaZS condenses

-

near 1000°K.
We have some tentative implications for levels with T 5 7000K,

where Jovian biology (or at least organic chemistry) might be possible:

other halogens) cannot be present 31multaneously Howaver, elther
sodium sulfide or (more likely) ammonium chloride is present. For
the more likely case, some fraction of the NH40£ - crystals are con- .

vected upward and act as seed-nuclei for the condensation of water

droplets, so that essentially no supercooling is present in the base |

ference is required for nucleating the water, and fm'is slightly
smaller. However, the chromophores to be discussed in Sectioﬁ 1v,
‘as well as-NaéS and NH481,-could.probably also'gct_QS'seadfpuclei,
and it seems'generally safe to assumé no supersaturation for water.
We esfimate bélow‘fhe amount of exogeuous sodium which may arrive
at\the.cldud level from micrometeoritic infall.

TSineé'batﬁ.Squdr énd sodium have been detéétéd in'téroi&él'nebulae
about Juplter ~— probably arising from the surface of Io ~- thaese

clouds are a potentlal scurce of 5 and Na in’ the clﬂuds of Jupiter,
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Fraom ﬁbser;aglons of forpidden SIT ;iféumjpvian line emission, Brown
(1976) calculates a total aulfu? flux from the 5urface of To of

108:6 = 0.7 cmezsecfl, equivalent to roughly 10% cn?sect at ﬁhe

Jovian clouds. Thie is some eight orders. of mégnitude less than fﬁat
'expected_from HZS photodissociation (see. Section IV), and therefore

is entirely negligible. The cosmic abundance of Na is at least an

order of magnitﬁﬂe less than that of S5, and so only very small quantities
6f-§odium could be present at.the Jovian clouds due to leakage from

the To Na toroid.

Approximate influxes of miecrometeoritic sodium and sulfur,

"assuming the fluxes are the same on Jupiter as on Earth and that

micrometeorites are primarily cometary ices with:cosmic abundances

- - -2 -1 _
of other atoms, are v 105 cm 2 sec 1 for Na, and v 106 cm sec for

8. Thus, the micrometeoritic infall rate of these atoms is likely to

exceed that from the Io-associated toroidal clouds. In the upper
4

. troposphere with T ™ 175°K, eqs. (3) and (9) then give n ~ 10% Na

:gfﬁrﬂmwwpww.wuw

- . , A . -15
atoms ecm 3, corresponding to & mixing ratioc £ é i0 1 , and even

_Smaller at the water-éioud levels. These values are small compared

with the values of fm in Table 1.

A __,_,,T;,M_:,.-,N____.HTM_.;,._._,_,,;. SR T.m,k,,.. RSN ,‘.‘.,:_.A*_ﬁ.ﬁ.* M*W_.T_M_w - ' e B
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TABLE 1

The equilibrium condensation temperature, Tcon’ and estimates of the relevant

mixing ratic, £, the radius ag, the parameter 0 _ and the minimum mixing ratio

. ‘ ‘ P . ‘
fm for a number of substances above their condensation levels.. : : : -

Fe Mg,81Q, §i0,  Na,51,0, NaCl NH,CL (Na,$)

~log, ,F | 4.1 4.6 b 5.7 6.3 6.3 - (5.7)

T /100°k 25 23 18 16 10 4 10
COn .

2 /107 cm 120 60 . 40 20 4 2 8

n._. 3 60 20 2 1 0.1  0.03 0.4
vap

m

~logf, 79 7T 7.2 7.8 7.0 6.4 7.0 | T




IV. PHOTOPRODUCTION OF MOLECULES AND CHRCMOPHORES

fa) Far UV:

At thermal equilibrium methane is by far the most abundant cafbon-
gompbund'in the quién atmosphe:e,whére‘it remainé in géseous fdrm. Methane
absorbs UV photons at'all'wavelengths shorter thaﬁvlﬁoog and the total“ |
flux of such.photoﬂs at the top of the Jovian atmOSpheré (méinly from |
solar Ly o at A= 12162) is y 5% 109 photons c:m.—2 s_l (global diurnal
average). Very littie of‘the Ly ¢ photong are scattered byAheﬁtral
hydrogeﬁ (Caflson aﬁd Judge'1974):and about one-third of tﬁe pﬁotﬁﬁs procesé

CH

into other hydrocarbons (Strobel 1973a,1975). The dominant product is

4 .
ethane with a predicted productioﬁ rate of Rv 1 x 109 Cc,H cmfzsnl 4 3

276
14 2 -1 . .
s . The ethane produced is rather stable and is destroyed

s

5% 10~ gmoecm
mainly by eddy'diffusion into the troposphere, followed by pyrolysis in deeper,
hotter layers. TFor an assumed mesosphere eddy_diffusioq_coefficient Km(z),

accuréte numerical calculations for the number density n(z) of C2H6 can

be carried out (Strobel 1975)._ However, eqn. (9) is sufficient for pur-

poses of orientation (the largest uncertainty comes from uncertaiaties in
6

Km). Assuming the tropopause level Zp to occur at Pv0.5bar (with P %V 10~
to 10"7 bar at the production level Zo), and with'Km(z) giveﬁ by egn. (6),
the_maximum ethane number density occurs one scale height H above the

trqpopausé:
T o D SRR S
nax -HlK{Zp + H)_m 5% ldl cm ~ v 57x 10 nH2 :(15)
where K(Zp_+ H) is the eddy diffusjon coefficient evaluated at altitude-

zp + H.
21
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The maximum value of the mixing ratio occurs just below the production level

and the total predicted column demsity N of ethapne molecules is

19 - _3 -
N~ @Hlem(Zp) w3 ox 10 ? em a3 x 10 3 gm cm 2 . (16)

Ethane (and smaller amounts of acetylene) have indeed heen detectéd
in the Jovian mesonsphere by'means of the emissionvspectrum at An10p (Ridgway
1974). High—teéolution spectra ére not ye£ avaiiable and the column density
N of (_321-16 frbm the present spectra_depends strongly on thg distribution of |
gas temperatures, which is not wéli—determined by 1ow—res§lution épectré:..
If the temperature in the mesospheric inversion layer turns out to have a ,
maximum.value of 1506K, the observatibns indicate (Ridgwaﬁ 1974)'m 0.02 gﬁ r:m._2
of athaﬁe in this high fem?eratura region. This would be iﬁ ﬁery serious |
conflict with the predictions, siﬁcebonly a small fraction of the theoregical
column density in egn. (16) refers to the hottet region many scalé heights
above the,trppopaqse. ‘Presumablyvqne is déaling with some combination of
{a) higher mesospheric temperatures; (b) smaller diffusiqn rates than inv
eqn. (6); or (c) some additional source of ethane raising the production
rate R above 109 ém;zsec—l.

Production rates from the same Ly m_radia;ion in the mesosphere for
larger, more complex organic mblecules has been estimated (S8trobel, 1975)
to be factors of v 10 er 100 (by number) less than ethane, an estimate
consistent with the data presented by Noyes and Leighton (1941) who remark
that the ulﬁfaviblet irradiation of ethane leads to "a surprising variety

of products,"” including unsaturated polymeric hydrocarbons. Assuming
>4

- one-tenth thg”rate (by mass), the massépraductionﬂfate Rorg is
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1 en cmﬂzsql and eqn. (16) would give a column density for

5 ox 100
complex organics of Norg v 3% lea gn cm—z.

Coﬁplex organic molecules may or may not be the meéospheric chromophores
which have been inferred from the UV-albedos: The measured albedo of Jupiter
(Wallace et al., 1972; Savage and Caldwell, 1974) to solar photons in the
near UV is quite low with a minimum v 0.25 near A v 2800 K. Ugit optical
depth for pure (conservative) Rayleigh scattering by H2 for 2800 E,photons
is reached at a level with P v 0.3 bar in the lower mesosphere. No simple
molecules present neaf or above this level absorb in this wavelength region
(NH3 is effective only for A R 2,300 Z) and complex molecules or very small
absorbing dust grains have been invoked to provide the absorption (Axel
1972). Absorption in this region can be provided by a range of not im-
:plausible organie molecules (Sagan, 1968; Khare and Sagan, 1973). A mass

Lo 10%em? gm_l would be

0
absorption coefficient near 2800 A of v (ZNorg)
required if organic molecules (beyond ethane) produced by Ly & photons
are regponsible. This is within the range of measured absorption coefficients

for complex organic molecules prbduced’by‘ultygviqle;_light in crude Jupiter

simulation experiments (see, e.g., Khare and Sagan,'1973).

(b)  Cloud models

The total thermal infrared flux emerging from Jupiter gives

T % 127°K. Most of this flux emerges at wavelengths A % 20 ym to 60 pm;

eff
the opaeity sourre: is mainly llz (uith o smalboconty Tl dol T gaertan
NHS); and most of the radiation emanates from levels with P ~ 0.7 bar to
0.2 bar (T % 150°K to % 115°K). Only a small fraction of the thermal £lux
emerges at wavelengths A < 15 um, but the ' pacities of the main gaseous
cthtituentS'bf thé“Jééiéﬁ_atmdséhere.éfé ldﬁ’at-éomé of these shorter

infrared wavelengths. In the absence of any particulate matter (or complex

1 N . e . . 1 AR et e i -
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molecules), radiation with A % 8.2 ym to 9.5 Um would emerge from levels
with T v 155°K, and radlation with A v 5 um from even deeper levels with
temperatures up to T v 300°K.

Assuming solar abundances of all elements in the Jovian interior
and assuming thermochemical equilibrium, one can calculate condensation
temperatures Tcon for wvarious species (cf. Lewisg 1969a; Weidensehilling
and Lewis 1973; Prinn and Owen 1976). Tcon determines
the level of each "cloud bottom," and above this level the ga=—phase
abundance is given by the saturation vapor pressure. The abundance and
size~distribution of drdplets (or crystals) in the upper layers of a
cloud cannrot be calculated without detailed knowledge of the dynamics
(see Sect. ITI). The cloud bottoms for ice (and aqueous ammonié) are

at levels with T v 280°K, for NH,SH at T % 200°K, and for NH; at T

3
150°K (P v 0.7 bar).

M@asurements of spectral reflectivities for soiar radiation‘in the
visible:range are now available_separately for the bright zones and for
the darker belts in the.Jﬁvian equatorial and temperate latitudes‘(Orton
- 1975¢). The fraction of the sunlight that is absorbed varies from only_
v 0.2 in zonas'tojz 0.3 in belts fér red light, but varies from 0.3 in
zones .to v 0.5 in belts for blue light. The data at AN 20p ;nd 45u,
separately for zones and belts (Orton 1975¢), are»cdmpétible with a model
~ which includes an optically opaque cloudtop at the level (T v 145°K,

P v 0.6 bar) for zones, bﬁt not for”balts. This model is nét uﬁique,
but the postulated cloud;op occurs close to the level at which solid NH,
cfystals are expected to precipitate out if the éénes fépresent the .- |

‘upward draft in the ovetall circulation. The spectral data for A " 8 to 14 ym




25

(averaged over some zones and belts), together with spatially resolved
data at A = 8.11 um and 8.45 um (Orton 1975b), indicate the presence of
some obscuring matter at altitudes above the T = 150°K level. Tﬁe
absorption spectrum of solid NH3 crystals fits this data quite well, with
more ébsorbinghmatérialvover zoﬁes than over belts suggested By the

data. MNevertheless, a small amount of absorption seems to be iequired
over thé belts as ﬁell, with an extent of oniy a few kms at levels with

T v 145°K to 150°K indicated for this thin.haze.

One.question bf priﬁary.conceﬁn is thé nature and lotatiﬁn of the
red chromophores which are ;esponsible for the absorption of visible
suniight.ovef the belts {or ét least for the pfeferential.absorptioﬁ in
the blue). Upper limites to the locatrion altitude can be inferred from
the common obséfvation tﬁat the red chromophores are soﬁetimes overlain
by time-variable white clouds. The relative heights are apparent because
the interface betwéen white and fed materiél is ffequently»convex outward

from the white clouds. As discussed, the highest lying clouds which are

possible on Jupiter are ammonia cirrus clouds at levels with T ™ 145 to

1309K. The red chromophores must therefore reside mainly at deeper

levels with T > 145° and P > 0.6 bar. Emission at A‘E,SU reveals infrared

‘hotspots in only some regions of the belts (but in none of the zones)

where the radi . inm emerges fromfdeep ;evels with temperatures up to

T 300°K; The red coleration is anticorrelated with ﬁhese infrared

hotspots (Keay et al.,A1973; Westphal et al., 1974), which implies either that (a)
the red chromophores reside above the level of some intermittent clouds

which are opaque to 5u radiation and which reside somewhere ébove the

T ~ 300°K level; or (b) that the red chromophores are themselves intermittent

and opaque’at.Sn. The infrared hotsﬁuts are associated with visually dark

1 .5wmﬁmmﬁmfu_-,ffwfﬁgﬁufwmﬁf;iﬁ. “-fmmwwl~A{mﬂﬁfmmw@fwa~ﬁﬂmemf;
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patches of bluish hue, probably comnected with Rayleigh scattering rather
than with blue chromophores, placing the blue regions at pressures of

: <
several bars, and T v 280°K (see Sagan 1971). To summarize: The red

chromophores reside mainly in the troposphere (T > 145°K), extending

dovnwards from the tropopause (T v 145°K) to at most the T % 300°K level.

The condensation temperature of sulid:NH3 is only slightly higher

than the temperature (T v 145°K) expected for the tropopause, so that

3

pattern of patches of white clouds overlying'the red chromophores changes

clouds reside in the upper layers of the troposphere. The

on a time-scale of a few weeks. This is comparéble with the total tropo-

spheric eddy.diffusion time tc in eq. (3) if £ ~ 1, but is also compatible

with the longer'totai circulation time tir : in Gierasch's

model, since time-scales for patches of horizontal extend d << D {the

separation between zones and belts) are only of order (d /Dzb)tcif° The postu-—

lated intermittent Su clouds underlylna the red chromophores could in prlnclple

reside anywhere between the T v~ 145°K and T 300°K levels, but on
Gierasch's model these levels in belt—regluns represent a continuous
downdraft of warming materlal which could not form NH4SH or H20 crystalsd,

Solid NH3 clouds can be present in belts to varying degrees, because the

upper horizontal circulation path from zomes to belts can include layers

just below the tropopause which carry NH crystals. On this picture

3

the red coloratlon would have to be prov1ded by red chromophores which

more or less CO&XlSC W1th NH3 clouds (? ~ 0.5 to 0.7 ‘bar), but w1th

varying amounts of (1) hlgh—level clouds with small NH crystals, (11) red

3

chromophqres, and (iii) clouds at lower levels_with_larger NHs_crystals.

(e) Radiative transfer excursibﬁ

‘Besides the red chromophores we are also 1nterested 1n 1nferred

near UV—chromophores The measured albedo of Jupltex (Wallace et al., 1972;

N
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Saﬁage and Caldwell 1974) to solar photons in the near UV (A ~ 2000 A to
3500 K, say) is quite low, with a minimum albedo v 0.25 near A N 2800 2
(after rising slowly towsards shorter A, the albedo again seems to he lower

for A <.2300 8. Absorption by'HZS, residing in the NH,SH clouds at

4

lower levels, has also been considered (Primn 1970; Lewis and Prinn 1970;

 Sagan and Khare 1971b; Lewis 1976). A éomnutational problem is often

presented by absorbers whose abundance deereases very rapldly with increasing

altltude {because of condensatlon), we brlefly review the relevant radia-

tive transifer theory:

Con51der plane parallel geometry and assume the scattering is 1sotroprc-

Let T be the tutal extlnctlon optical depth at some level (scatterlng plus

absorptlon), wo the single scatterlng albedo (ratlo of scatterlng to extinec~
. ‘ L

tion cross-section) at the same level, and K = [3(l—wo)]2. If Kk is indepen-

dent of T, the Eddington approximation is known even for slabs of finite

thickness (Chandrasekhar 1960 Irvine 1975) and is dlscussed in our Appendix.

The mean 1nten51ty J{T) as a functlon of depth is partlcularly simple for

a seml—lnflnlte slab of constant K(see eqs. A3 to A5 and eq Al7) Unfor—
tunetely, K. can be a very steep functlon of T as 1n the example 1n Plg. 2,

which corresponds very roughly to absorptlon by HZS and Raylelgh,scattering

. by H, of 2500 & wavelength photons in the work by Prinn (1970). Prinn used

eq. (A3)_fqr J(t) in the integrand of an integral which evaluates the

~ absorbed energy layer by layer. Unfortunately, this use of eq. (A3) can

lead to gross errors when K is varying'rapidlyg and a more accurate numerical

evaluation is given in our Appendix for the example in Fig. 2.- Fortumately,

the correct result for the fraction £ of the incident energy which is ab-
sorbed is fairly close to the following simple approximatien f 1 Let T,

be the total optical depth at the level where K equals some predetermlned
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number, say € = 0.5 (in our example Ty v 7.5). Let f0 be the fraetional
energy which would he absorbed according to the Eddington approximatioﬁ if
one had no absorption at all for T < T, and a perfect absorber at. T . For
diffuse inecident illumination (instead of averaging over different angles
of incidence) one has'fd = [0.75 T +.1]“1 if T, >>» 1 (see_qu Al6). TFor
the numerical example in the Appendix the wvalue of fD corresponding io

the choice ¥ = 0.5 for T, fits the correct f quite well.

(d) Near UV:

Solar'photoné in‘thé.near UV (A zodo'i to 3000 ﬁ, ééy) arevﬁﬁéh
more abundang.than Lytx;‘photons. Itkis of interesﬁ.to specﬁléte about
materials which absorb iﬁ_tﬁe near ﬁV'to éée (i)‘if“theirabsdrption'can
explain the low observed albedovin the near‘UV; aﬁd/ér (ii) if the end-
products of reacﬁions initiated by sucﬁ abéofption caﬁ.providé tﬁe red
chromophores for the troposphere; and (iii) how much_compléx organic
material can be so produced. | | |

. The absorption of solar radiation with A ZBOQ 2 to 2700 E by Ezsi
in the ubper'layers of the tropospheré.has been discussed.by the authofs
listed above (for A > 2700 & the_absorptiqn by st.is too weak and_photqﬁs

at highef altitudés). The
13

total flux in this wavelength range-(éiurnal-mean) is ahout 1 x 10

-2 -1
cm 5

with A < 2300 A are already absorbed by NHB

and some fractiom fs of these photons are absorbed by'HZS. We

first.preéent“estimates.if an ad hoe value of fs = 0.1 is agsumed [and_§_=l _

in eq. (3)1].

photons
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_"“iéﬁdfétdry simulation experiments by near-ultraviolet irradistion

C.H,, NH,, #.,0 and H

of CHA: bt 3, 2 S mixtures at v 1 bar pressures have been per-

2

formed, but without initial excess hydrogen (Sagan 1968; Sagan and Khare 1971 a,b;

Khare énd Sagan - 1973, 1975). 'HydrogenISulfide is the priﬁary photdn acceptor
in.these_experiments. Amino acids were produced in these ekperiments'with
a quantﬁm yield of NIlQ-A for molecﬁlér weights @ 100 Cb'lﬂ—z amu/photon).
The quantum yield of all organies in such experiments is of the order of
100 times 1arger (of the order of 1 ému/photon). Some red chr6m0phnrés
were abundantly produced,consistlng mainly of polymeric sulfur, but 1nc1uding
a substantial fraction of organic compounds. The overall mass absorption
coefficient for blue light of these chromophores is L 103.gm dﬁ-z. 1f
sﬁch particles are produced ' in.jupiter at the fa£é of one
S-hond per absorbed photon (R v 1012 3 cﬁﬁzs_l v 5 x 10 -1l em cm s ), their
column density,¥, over a few scgle heights dowvmn td the thick water clouds,
~ is needed. According to eqns. (3) and (8), N ZRHQ/KE_N lﬂ;a's gm cm_z_
and the optical depth to absorptipn in the blué ié T = kﬂ u 6.03. .This.
is almost two qrders-of magnitude smaller than the observgd optical aepth,_
Moreover the reaction of 8 sulfhydryl radicals to form S8 is poisoned by |
competingIIEactions, and. the S quantum-yield must he-significantly <rl.
In.the 1aboratory experlmentq cited, organlc molecules,mgﬁfmggt_
polymeric'sulfur,'were produced from superthermal hydrogen atoms. 1In the
presence of a Chousand L imes more ll"2 {hy mﬁnhm); Lhe qual:thﬁt yleld might fe en-
pecté& to dnéfeasé'By'abbut theJéame.factot; if energy loss of the fast.
atoms is wainly by elastic colllslons, ta 10 -3 amu/photdﬁ. The tdtai
 product1on.rate would then be qulte small, B~ 5 ~ 10 14gﬂ.¢m¢28~1 (ﬁhich

is still ten times larger than our estimated Rorg_for the mesbspﬁéré).

The'tbtrespoﬂding bptical'deﬁth.for brganih'chromoﬁhores is, then, many

I
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- suggest that the effects of H

ovders of magnitude below the observed value. In the laboratory experiments
cited, large quentities of molecular hydrogen are produced during the ir-
radiation because the end products are unsaturated and it may be that the

correction factor from laboratory to Jovian situation is closer to 10-2

than to lﬂfs. It is also possible that somewhat longer wavelength ultra-
violet 1ight is atill effective in these syntheses, perhaps ae_long as 2900 K.
Recent experiments ¢ '(éé;gié and Chen, 1975) have shown that 1849 &
irradiation of mixtures of CH& and NH3 in a 10:1 excess of HZ produce a
variety of organic molecules in very high yields, presumably by the genera—
tion of hot hydrogen atoms from ammonia photodissociation. These results

2 dilution on poisoning organicephotochemistry'
may be slower than linear. Hence the contribution of organic polymers to .
near-gv phbtoproduced'optical frequency absorbers on Jupiter may be sig-

nificant. Polymeric sulfur is not produced by hot hydrogen atoms in such

experiments and so the scaling from laboratory to Jupiter is more direct in

‘this case. However, even here, and even under the excessively optimistic

assumptlon that every HZS ph0t0d155001at10n event 1eads to polymerlc S, the
1mp11ed Dptlcal depth falls short by two orders of magnltude from matchlng

the observed values; moreover, pure polymeric sulfur fits the observed

obticel propertieebbf the Jovian red chrdmophores dnly poorly (Rgges gﬁd-sggan,.

in preparation)

We have seen that a slow, deep c1rcelat10n.patterﬁ es llkely to extend
all the way from the tropopause down to the 1evel with T v 300 K (Gmerasch
1976) Wlth E " 0 01 in eq. (3) ' Abundances of reaction products are propore
tional to E and elso to (f /0 1) whlch was elalmed to be as large as 4 by

Priﬁn (1970) One mlght then expect H,S photoly31s to domlnate chromophore

2

production, but thls Stlll seems unllkely for three reasons: (1) As dlscussed

in Sectlon-IV.(c) and:;n Iy Appendlx, Prinn's (1970) estlmate of f n 0. 4 is
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likely to be an overestimate since fo = [0.75 T, 4 l]—l is smaller. Thus

£
s

< 0.2 is more likely even in the absence of any scatterers (other than
Hz) or other absorbers above the st levels. The smallness of fs is also
suggested by the fact that the observed albedo of Jupiter does not increase

from A v 2800 & {where H,S is ineffective) to A v 2600 A (where H,S absorp-

2
tion should already be strong). (2) Since H

2

25 cannot itself be the cause

for the low albedo in this wavelength range, whatever absorbers are the
cause must lower fé further. (3) Most important, the systematic deep "
circulation pattern mentioned before depresses HZS photolysis both in zones

and belts: Im the updraft, represented by zones, H,S is abundant in the

2

NHasH clouds but NH3 clouds are above these layers and prevent most of the

'solar radiarion'from penetrating down. In the downdraft, represented by

belts, the NH, clouds are absent (or at least diminished) but the material

3
moving‘downward is practically devoid of‘HZO and st (which condensed out
on the previous upﬁard journey). H20 and st are again abundant in deep'-
1evels with T > > 300°K but 1ittle of the near UV penetrates this deep.

NHB absorbs solar photons of wavelength A< 2300 & whlch are

somewhat less abundant than photons between 2300 A and 2700 A. On the

'other'hand, NH ‘should not suffer.the shielding difficulties experienced by

3
HZS because it re31des in the hlghest cloud layer which extends up to the

tropopause ' NH. should therefore be abundant in both zones and belts

3

and even flows 1nto the lower mesosphere at a non~neg11g1ble rate. It is

therefore 11kely that most of the photons Wlth A v 2300 & are absorbed by

ammonla (Strobel 1973b), Whlch is compatlble Wlth the observed decllne in

alhedo from h > 2300 ﬁ to l < 2300 A. Hydra21ne partloles are also pro—

“duced by ammonia photoly51s and may pr0v1de a sultable ehplanatlon for

the low albedo near A 2800 & (Prlnn 1974) Moreover, organic molecules
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produced by NHB photodissociation at A < 2300 R could conceivably be
the principal source of red chromophores, if the quantum yields of such
reactions with 103:1 Hz dilutions are as high as the experiments of

Ferris and Chen (1975) suggest.

- {e) Optical frequency photoproduction of chromophores

We here considered two pessibilities: If the circulation iﬁ the upper
éart of the troposphere is as élow ag Gierasch (1976) suggests, then £ < 0.01
in eq. (3) and cplumn densities obtained from eq. {8) are increased by two
orders of magnitude; thus polymeric sulfur or complex organics might provide
the red chromophores. But, as we have seen, there are serious problems with
the contention that these molecules are produced by HQS photolysis. -These
problems are avoided if shorter wavelength photolysis of NH3 is an adequate
source of complex organic chromophores, but this is a questionable proposition
considering the lower photon flux at A < 2300 ﬁ, and whatever ig the correct
value of the poizoning of organic photochemical synthesis in a 103:1 H2 dilution.
If, on the othér hand, & turns out to be of order unity, then ultraviolet
photochemistry cannot in any case provide the observed chromophores at a suf-
ficient rate. Thus, in both cases we are led to the possibility that
photochemistry at optical frequencies, where more total énergy is

available, is invnlved in chromophore production. But no chemiecal

bonds of even moderately abundant molecules can be broken by photons of wave-
lengths longer thah 3500 A on Jupiter, from which it follows that optical

frequency photochemistry must be at least a two photon process. However, such pro-
cesses appear to be exclusively biological. We therefore find ourselved led’
unexpectedly to the hypothesis that the Jovian chromophores are bioclogical

“in origin and that there is an gbundant biota im the Jovian clouds.
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Let us assume that thé.épéical chtomophoreg are contained primarily
within Jovian orpganisms in the_upper troposphere ——- organisms driven by
visible light photosynthesis, perhaps primarily in the blue, and utilizing
the abundant methane, water and ammonia, Terrestrial algae (using 002
instead of CH%) under laboratory conditions (Lehninger, 1971) have a
quantum yield for synthesizing glucose of about 4 amu per photon (in the

vigible). The equivalent maximum production rate of bioclogical material
9

: - - -2 -1 R :
in the Jovian troposphere would be about R =3 x 10 "gmem "s °, With a mass

absorption coefficient of k v 103 cmfz, such organisms would yield an optical

depth of T v 2, slightly more than required by the observatioms. TIf the

parameter & turns out to be of order 10"2, and the red chrumephores are due
to Jovian pho;csynthetic organisms, R and/br K would havE'tb be éﬁéller.

Thus Jovian organisms having metabolic and photosynthetic parameters
typical of terrestrial algae are able to account for the optical chromophores
on Jupiter. Such organisms must however be adapted to the Jovian environ-
ment, and in particular must'méinﬁaiﬁ'a steédy state population in the féce
of convective pyrolysis. Likel& ecological niches for such organisms, as

determined by the hydrodynamlcs on Jupiter, are discussed in the folloW1ng

sections. The Follow1ng discu331on can, hewever, be treated independently

" of the hypothesis that Jovian chromophores are bicgenic.




V. SINKERS AND FLOATERS

if there is a Jovian biplogy, we would expect it_to £fill a rich
variety of ecolegical niches. The best.terrestrial analogy seems to be the
su;face of the sea. Ogeanic phytoplankton inhabit a euphotic zone near the
ocean surface where photosynthesis is poséible. They are sligﬁtiy denser
than seawater and pasgively sink out of the guphotic zonge and die.  But
such organisms reproduce as thej sink, return some daughter cells to.the
euphotic zome through turbulent mixing, and in this way maintain a steady
state population. (The early stages of sinking move the phytoplankten
from a region of depleted resources into a region of abundant nu;rients,
thus stimulating replicatioﬁ). |

. A more elaborate adaptation is provided by fish and other organisms
with f£loat bladders which use metabolic energy to maintain a habitat at
© guitable pressure levels. They are generally not photosynthetic autotrophs,
but rather heterotrophs living off organic molecules produced by autotrophs.
A third ecological niche ds filled 5y mariﬁe predators, one step further up
the food chain, which hunt heterotrophs.

In the following discussion we will.ccnsidér three comparable
ecological ﬁiches on Jupitef:'Tﬁe priméry photosyanthetic autotrophs;.which
must replicate before they are pyrolyzed, will be deseribed as sinkers.

A éecdnd'bategory of larger organism Which maj be either autotrophs or
heterotrophs but which actively maintain their pressure level will be

described as floaters. A third cétegory of organisms actively seek out

34
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other organlsms' we call these hunters, although as we shall see, the
' dxstlnctlon between hunting and mating under these conditions is not sharp,
Finally, there.is a category of organisms whi_ch live almost at pyrolytic
depth. Tﬁey.are scavengers,'métabolizing the products of thermal degrada-
tion of other organisms. Fo: our. purposes, these pyrolytitc scavengers are
identical with f..jl,.cnaﬁ:E'.'r.se In the following two sections we estimate
the growth time tgr_required.for an organism o double its
MASS . | | | |
We first consider passive organlsms with positive excess density Ap
above the gasg den51ty p + Such organisms falllng under gravity through the
atmosphere rapidly acquire a vertical_drift velocity, Wy which depends on
location and the size of the organism and increases with increasing Apa.
The;e is a premigm on keeping Apa and hence LA small and we consider oﬁly
organisms in the shape of thin, gas—filled ballcons. Such organisms have
- heen proposed briefly before both for Jupiter (shklovskii and Sagan,
1966) and for Venus (Morowitz amd Sagan, 1967).,
For simplicity-we treat é sPhefical shell of outaflradius.a and

skin-thickness d << a. 'Iﬁ genetal:we consider'orgéniémsIfilléd with pas
of the same temperature and meat molecular weight (2.2) as the surrounding
'ambiéntzatmospheré. The 1adk'of.5uoyaﬁCy ié'éﬁen édntfoiled by:ﬁhe.exceés
averaged den51ty due to the skln, Ap, (Bd/a)p where we assume the
-blologlcal skln materlal to have un1t den51ty (1 gm cm | ) -

| For suff1c1ent1y small radlus a of an organlsm, the Stokes formula

in eqn.(ll)holds (Wlth pd 3d/a) for the drlft veloclty wa and the drag
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coefficient CD X 12v/awd is large. Let ap, be a critical radius for which

this relation givee C, = 1 (Reynolds number = 24), =o that

D

‘

=
i

-2 gad
473 v, for a << ap, »

2 (17)

2 %
%Re (ﬁv.pg/g )
- For large organisms with a >> . (large Reynolds number) the flow around
the body becomes turbulent and the drag coefficient C, (Z drag forcelo.Sﬂangwz)

is close to 0.5 (see, e.g., Batchelor,1970). 1In this regime

z;(gd/pg)”-a - IR (18)

1 N\
W& Ny

We shall have to consider separately organisms living below and above

the tropopause. The troposphere provides conditions closest to terrestrial

‘ones {(similar temperatures and abundant water in liquid or vapor form). We’

assume that the organisms can survive there over a range L of vertical height

..(L v 58, say), céntered.approxﬁmately on the level with T ~ 300°K. An impor-
taﬁt tiﬁescale is fhen a.ﬁbminal drift—fime'td = L/wd. We congider the skin-
thickness d as an unknown parameter with d ~v 10-4cm possibly a typical value
(biological unit mémbrénes oﬁ.Eafth.ﬁave'd < iO;Scﬁ, bﬁt mechanicaIZStféngth
is required for thg skin}, Using eqns. (1) and (11) and evaluating

coefficients at the levél_with'i'= 300°K, we find

conl (or S i a0em L gy
d ~5H |300° a d .3 x 10 sec

(19)

1
2

[10 em 300 K 0.039 cn

e e




37

For & » Ap.> O the other hand, eqn. (18) gives a drift-.ime which depends

on d but not direectly on radius a,

1
G

7 |2 (10'4cm\

L 5
t, v SOOQK' d } 2.5 x 107 sec (20)

d  SH

The eddy diffusion coefficient KC in the convective troposphere is
fairly large and we also have io consider the contribution of eddy diffusion
to the organism's downward motion over a vertical distance L. We are
interested in caseg where L is larger than H and the effective circulation
time tcir for downwgrd diffusion is.then not given by LZIKC: With L >> 1
and Kc a slowly—varyiﬁg funetion of height, the fifst derivative term in
eqn. (7} can be neglected and eddy diffusion has the same effect as increasing
Wy to (wa -+ H*lK). The relevant time scale is then linear in L and is ap-
p#oximated by the smaller of td and the quantity

LH L

L
e = —
t H t‘o:: '-Kc 5H (

I
300°K

5
] 3 x 3.7 x-lO6 sec -, (1)
where we have used eqn. (3) and assumed £ ~ 1, If d ~ 10°% cm, then eddy
diffusion competes with gravitatiomal fall only for microorganisms with
ag 30 pym. Thus, Jovian organisms the size of small terrestrial protezoa
and prokaryotes have typical times for'falling tﬁrough'thé tfoposphere to
pyrolytic depths of one to twe months., To maintain a steady staﬁe popﬁlation,

" they must only replicate in‘that time scale.

-
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In the Jovian mesosphere the temperature is low (we assume T v 150°K)
and water is absaﬁt, but =mome biologies have nevertheless been envisioned
for such environments (see, e.g., Pimentel et al., 1966; Sagan, 1970). We
shall see that the lower, denser layers of the mesosphere are the most
advantageous for the growth of such organisms; eddy diffusion is negligibly
slow here compared with the downward drift velocity Wy For organisms

operating between a lower pressure P and the tropopause {pressure v 1 bar),

the drift—time'L/wa becomes

: ~4
11 bax l cm 10 'em
1:d N Ln ( ? 2 1 % 930 sec for
(22)
-4 L
10 em 1 bar\
a < ana N ( 3 5 l 0.044 em

For larger organisms, a > a,_ , the expression for large Reynolds number

Re

gives

-4 1
£ v fo (1bar\ (10 em P )’* 4

3 J 3 o] X 1,6 x 10 sec {(23)

To obtain the pyrolysis time scale this number must be added to the
appropriéte t;opoéphéric time scale giﬁen by egs. (19), (20) and (21).

The expressions given above for td hold only for balloon organisms
with ambienf'atmosphere ingide, Fof organisms capable of puwmping gas,
buoyancy can be_aghieved while maintaining pressure equilibrium by keeping
the interior gas éure hydrogén with molecular weight i = 2.0 instead of the
ambient hyérogenﬁhelium mixture with u = 2.2, A pumped organism can thug

float if Apa = {3d/a)pg < O.lpg. This requires radii a larger tham a

T B e O i AR5 o e T e : e e e A et
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threshold-radius 3y for floating, given by

d T 1 bar
- e
10 4cm 150°K P

Bgq ¥

x 16 cm {24)
Instead of maintéining a hydrogen interior, an organism.could use a fractiom -
of its metabolic energy release to heat its interior gas. The temperature
difference AT between interior and exterior.is determined by the métabolic
rate and the thermal diffusion coefficient of the gas. Except at very high
pressureé, thé thermal diffusion is fast enough to keep AT/T << 0.1, so.that.
smaller values of Apa and larger radii_than 8, are required, .Buoyancy from
a hot iﬁterior ig thus likely ﬁo be 1esé adﬁaﬁtageous thén pumping:out helium.
Note that Jovian floaters are macroscopic organisms (eq. (24)). Specialized

floaters, with a range of organ systems, might have an effective value of

d N~ 1l cm as terrestrial reptiles and mammals doj in that case, floaters would

have kilometer dimensions, a size within the resolution capability of the
Mariner Jupiter/Saturn flyby imaging system. The existence of very large
floaters is, however, limited by metaboiic contraints described

in the next section.




VI. GROWTH OF PASSIVE SINKERS AND FLOATERS

We defer for the moment further questions of buoyancy and of powered loco-
-motion, and consider a range of metabolic niches. Organisms ~- sinkers or
floaters -— may be pheotosynthetic autotrophs, obtaining their free energy

direetly from sunlight. They may also be heterotrophs of which we distinguish

- two classes: (i) those which fred on organic molecules of non-biological

origin (e.g., ethané, an vltraviolet photoproduﬁt), which reach the organism
by molecular diffusionﬁ and (ii)'organic matter in sméller organismé or their
fragments which reach the larger organism because of the difference in
vertical drift velocity Wy between predator and prej. Active hunters

described in the following section are a related subcase. In all cases

we must éstimate the growth—-time tgr = [2 dBn a/dt]™! and compare it with the
drift-time tj (or with tcir_if that should be smaller). We shall see that the

ratio tgr/td increases with the radius a of the organism; we are interested in

the maximum radius Qo for which this ratie is unity. If'amax'isvappreciably

larger than the minumum size Bnin for a particular life~style, then a biology can

‘be maintained by an organism fragmenting into many smaller organisms or dispersules

before 1t reaches size a ax’ i.e., before it has drifted downwards to a pyrolytic

death. Ii td >» téif‘for the dispersules, they can be circulated upwards, grow to

Gpaxs and complete the life-cycle.
. We séw in Section IV that the most favorable region for direct photosynthesis

is probably thé upper troposphere, just above the water clouds (with T @ 300°K,

40
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P v 5 bar). Methane, ammonia and water building blocks are abundantly available
there to é ﬁhotoSynthesiziﬁg 6rganism and fhe growthérate is controlled by the

deposition of free energy from solar photons. Furthermore; the observed optical
chromophbres can be explainéd by sﬁch orgaﬁiéms at such a level. We saw thét a

9

value for the production rate of R v 3 x 1077 gm cm”zsul seems reasonable and we

find for the growth-time

_al2 4 4 3 x 1079 .5 -
ter = Fafit © R - 10°% em R x 1.3 x 10° sec (25)
Equating this time with t in eq. (19) then gives for Bpanes the maximum radius

to which an organism can grow

~4 2
CH v (L07Y em/d)” 0.1 cm (26)

Values Of.amin < 1073 seem perféctly feasible, so that one organism can ﬁroduce
more than 104_dispersules for which td << 4 x 106_sec VoL The steady-state
pﬁpulatioﬁ‘of.such organiéms would then be contéolled'only by competition for.sun—
. light, and not by gravitational fallout to pyrolytic depths.

Congider next fhe diffusiﬁn onto the skin of an organism of some orgénic
molecule with molecular weight U and sbundance in the surrounding atmosphere of py
(in gms_c:m_3 of_atmnsphere). Ethane is the lowest mass (4 = 30) organie molecule
which carries free energy (relative to methane, the prevalent carbon-molecule at
thermal_aquilibrium). The diffusion.coefficieqt D of_e;hane_in the quian H-He_
mixture is about 0.4 times the viscosity v of this mixture (Strobel, 1973) and for
heavier molecules D scales reciprocally as the cross—section of the moleculét For

approximately spherical organic molecules we adopt

. Doy a0, o @y
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with v given by eq. (11). . If v > D 2 (aw,;/12), the diffusion is almost indepen~
dent of the motion of the sphere and the steady-state rate for diffusion onto the
surface is 4ma (p. D/ A .

s 4ma® (p, a)., Let € be the ratic of iIncreased body-mass of the
organism to the mass of iﬁgested metabolites. Assuming unit density for the
skin-material the growth~time is then

tgr = ad/2e Py D 7 ' (28)

At a mesospheric level with pressure P (in bars), for molecules produced

at a mass rate of R = u® at some higher level, eqs. (6) and (9) give

PV (OH/100) P in P~l, The growth-time in the mesosphere is then

4 (u/30)2/3 5 x 10714 0.03 6 ...

t o~ 2 1.8 x 10° sec. 29
gr 1 cm 107%cm in (1 bar/P) ! @ ] & x see (29)

For ethane an efficiéncy factor € " 0.03 seems reasongble and

R~ 5 x 100 Mgm cn~? st has already been discuésed; for UV photoproduction of more

complex organic molecules we may leave € v 0.3 and RV 5 x 10*15gfn cm™? s"l, ‘so that

/3

2
Re is the same but the factor U makes heavier molecules less favorable. Replacing

the slowly—varyving factor fn (1/P) by 3 and Re by 1.5 x 10715 we find from

eqs. (22) and (29),

a v (107% cn/d) w/30)"1/3 x 0.07 cm | (30)

If @& is particulaxly large and/or d particularly small, an organism can grow
and the diffusion rate now depends on the drift-speed Wy, given by

Re
eq. (18). We omit the complicated transition region a ™ 3pe and make only order

beyond size a

" of magnitude estimates: There is a boundary layer in the flow around the sphere of '

thickness b v & (4v/a Wd)ll 2 << a, such that the flow-speed a normal distance y
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from the body is v (y/2b) wg, With D < v the typlcal stand-off distance for dif-
fusion onto the body-surface is bD v 2h (D/"\))J'/3 and the diffusion rate is

A &1 a® (p, D/bp), so that
tye v 2eny) @/t oM. ~ oD

For the mesosphere this gives

S B (32)
e 2ot g™t @b bar>1f4 /30?5 21071 0,03 4 gy 104 sec
8r 1 om 107% em n. (l/P) ¢ £ ,

The same basic formulae apply in the troposphere, but Po is now much smaller
for the same value of ® because of the larger eddy diffusion coefficient, K . On
the other hand, we have seen that photesynthesis may be going on there and this
may release complex organie molécules at a faster rate ¢. Substituting Py = RH/KC
‘and using eq+s (3), we find (for a < aRe)

2/3 -9 7

n a d T My 3 x 10 0.3, ,

for Ton 10% e (3009% 300 = g1 8 %10 sec. N (33)

Comparison with eq. (19) shows Bay to be of order (10"4 em/d) (30/u)1/3 0.013 cm,

which is- just macroscopic.

If small tropospheric photosynthetic organisms have radii ag < 0.01 ¢m, their

drift speeds are even smaller than the eddy circulation spéed and their abundance

is still given by Py = RH/K,. A larger organism of radius a, drifting downwards
with speed wa, can‘grow by coalescing with such sﬁall,organisgs if'the’encouﬁter
satisfies certain conditions. These conditions are similar to those governing the
coalescence of raindrops (Mason, 1972; Rossow, 1975). 1In ahalﬁgy with éq- (i3i'

one finds, independent of ag, and provided d << ag < a, the requirement that

5]

- a ?-(lo—a'cm/d)A(T/BOODK) 0.002 em. If thése conditions ére.satisfied, the larger

organisms Incorporate mass from the smaller ones at a rate of 4T azwa Py so that

e ro e m i = U, . N . .. e e e P — —— - e bt S ke (ah — 8k d v i it b A i e i
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v (6d/R) (K /H@g). If a2 ap, ™ 0.04 cm, then

B
a,__y12 (1,13 351300 0.3) 554 10% see (34)
tor ¥ ot G T3 g1 2.3 %
Neither Lgp ROT tg4 in eq. (20) depend explicitly on radins a. An organism can
then grow indefinitely as long as (d/lG"4 cm) 5‘(T/300°K)5/3.

. Thus, provided the membrane thickness stays smaller thap-about_l ym, such
passive sinkers can grow by coalescence with smaller organisms to sizes larger
than g, as given by eq. (24). This provides one evolutionary pathway f;om
siﬁkers.to floaters. However, the condition on membrane thickness is very restric-
tive. TFloaters of this sort are umlikely to be much more stable than soap bubbles
and the organ systems which large organisms require could not be accommodated with
the thin skin thickness., However, as we shall see in the following sectiomn, the
hunting lifestyle provides a way out of this dilemma, -

To summarize the situation so far: Sinkers can grow and'produce'reproductive
digpersules in a siable steady state life cycle if they either (a) arevﬁesospheric
heterotrophs: or photoautotrophs, or (b) are tropospﬁeric photoautotrophs. Passive
floaters exist only if (1) their skin canh be made particularly thin, and (2) é

significant fraction of the smaller photoautotrophs is available as food.




VII., POWERED LOCOMOTION AND COALESCENCE

We saw that the efficiencj of utilization of metabolites, diffusing onto the
surface of a freely falling organism, decreases with increasing mass of the molecule.
However, for even more massive metaﬁolités‘and‘organisms approaching each other with
some relative drift velocity, growth by coalescence is again moﬂerately'efficieﬁt.
The growth-rate by coalescence can be increased greatly if organisms are capable of
A powered locumotian and can steer tcward each other. We shall not discuss the

predator-prey relationships of a strict hunting doctrine, but rather only an ecology

in which an organism approaches another, coalesces into one larger organism

ﬁhich approaches.other organisms, ete. It is clear that.this hierarchical mating
doctrine car also serve the trad1tiona1 terrestrial function of mating, namely, the
exchange of genetic material. A StIlCt hunting doctrine in which one of the partners
in such a coalescence is non—copperative_will be less efficient than the doctrlne
discussé& here; For conveniencé, however, we wiii describe both doctrines as hunting.
In the [ollowing dlscussion we will assume that only one partner in such a mating
event is active in the search; for this reason mating, huating prey, and hunting
Vabiologipgl organic molecules are not extremely different. The daptrine in Whlch
“ﬁoéﬁ organisms are active in seeking partners would be more effieient tﬁan the ones
descrlbed below.
For 31mplic1ty we assume the presence with nnnber-den51ty n, of organlsms with
~radii of order a; at some upper injection~level z = ;. The orgagisms-coalesce.and
grow as they drift dawnﬁards, so that the size.distrihution changes with height z.

let n (a, z) and p(a,; z).= (4W'a2-d) n(a, z) be their steady-state number-density
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‘In this relation R is the comstant rate in gm cm™2 s~
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and mass-density, respectively, per logarithmic interval of radius a. TImn prineiple
we have a relation like eq. (7) separately for each value of a, with the
right-hand side representing the flux from one size range to another. We shall make
only order of magnitude estimates for a(z), the mean radius of organisms at level z,
and for n(z) = [ dina n(a,z).

We assume that the organisms are sufficiently large that.wa(z),'the drift-velocity
for radius 3 (z) at height z, is much larger ﬁhan K/H in eq. (7). Multiplying by
mass (assuming as wusual unit denéity for the skin—métefial) and ihtegrating'over'sizes;

we find

[4ma 2 (2) 41 wylz) n(2) = €(2) R 35)
1 at which mass in the form of
organisms enters the upper level z = Z;; £(z) is a slowly-varying factor (slightly
smallér than unity) which takes account of any iﬁefficiency in the utilization of
bioldgihal material, due to waste or expenditure of free energy. We shall have to
evaluate the growth-time tgr z) = {2 din a/dt]_l for organisms with a ~ a(z) at

oy . .

level z. The Funetion g(z} is then given in termé of‘tgr

dtn 3/dz = [2 t,_wy (2172 e (36)

tgr

For the integrated column-density N(a) = fdz n(a, z) we also find N(a) v 2 tg wy n(z),

where Z is such that #(Z) = a. The total mass contained in organisms in different

size ranges 1s then given by
(47 a%d) N(a) ~ 2 t,.(a) e(z) R. | (37)

Assume that an organism, while drifting downward with speed Wqs can expend

- enough mechanical energy to acquire a horizontal velocity component of up to © Wy

where 8 is some angle less than 1 radian. Its vertical speed relative to other

T s S TP A
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similar organisms is abhout 1/2 Wa and in time t a volume (62/6) (wa t)3 is accessible
to a searching organism. When n(z) times this volume is unity, the organism has a
good probability of coalescing with 2 mate and doubling in mass. With n(z) given by

eq. (35), the growth-time is then

d 1/3

Ber rmz t-:RB% (38)

‘1f 7 > 8p.r Ve have, independent of d both for the troposphere and the mesosphere,

2 0, 102 1/3
1 a 175K P 3 x 1077 0.3
tgr v [§2‘ (1 cm) T 1 bar R € 1

20 sec. (39)

 For such organisms the troposphere is Quite favorable even in the absence of photo-
autotrophs as prey (R 5 x 10”14 g em~2 s'l); for instance, with T v 3009 and

d 10‘4 cm, we have a_, v 6 cﬁ and'amax ~ (8/0.002) 6 cm, so that buoyancy can be

£l
achieved with quite small values of §. " For RV 3 x 1072 g em™2 s-l,

agy g oem requlres only a

max A (B/3 x 1076) 6 cmy microradian maneuverability suffices.

The maximum sizes of organisms emﬁracing the hunter doctrine as a funétion bf the
maneuverability, 6, and the source of food 1s given in Table II. We see that very
large hunters are permitted. | |

To derive an explicit relation between typical radius a and vertical level Z (a),
we must inteprate eq. (36) with tor given by eq. {(39). The résult depends on

whether 8 is constant or a functlon of a. Neglecting the variations of @, Vi3 and €

gives (for a much 1arger than the orlglnal size ay at level Z)
Zl -z (d) =3 Wy (z) tgr (a) - ' (40)
We stiii have to calculate the mechanical energy expended by an organism: in

maintaining its horizontal hunting speed 8 W In pure downward drift the rate

" of energy dissipation equals the rate of gravitatinnal'energy_reléase mg wy.  The

e e o
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TABLE II

Maximum Hunter Sizes

Abiological organic

2 x 10"3 radians

10

1

wl

Source of Metabolites

matter

6 cm

30 m

Photoasutotrophs

40 m
2 km :

20 km
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equivalent rate for maintaining the horizental speed {with 0 < 1) is at most

9 mg wy (with judicious sailing and searing it could be appreciably less). The
relevant quality factor is the ratio AE/Am of mechanical energy expended in f£ind-
ing a partner to the increase in mass of biological material, (Biochemical energy
storage is of order 1011'erg/gm and a mechanical quélity'factor ’b.].O9 erg/gm is a

very modest assumption.) The heat of combustion (full oxidation) of molecular

' hydrogen is about ten times that of glucese and more than three times that of such
fats as stearic acid. It is mot the unavailability of reduced compounds but rather
the unavailebility of oxidized compourds on Jupiter which probably sets limits on

the efficiency of internal metabolism of hypothetical Jovian crganisms. We have

AE %

TEE B g Wy E

- (41)

which depends quite Weakly on temperature and pressure. For the upper troposphere

AE < 2/3 a_ 172 341070 03,73 6 erg. - (42) .
dm ™ 1 cm) SR 6 R 1 5% 10 gﬁg

representsrquite a modest poweﬁ éﬁﬁeﬁditﬁ;e except for the.largest organisms. A 100 m
radius hunter of photoautotrophs with @ = 0,01 radian excursion capability and a 1 éﬁ'
skin thickness requires a quality factor of 101t erg/gm. The same quality factor is
required by a 1 m radius huhtei.of abioiogical organic matter with 6 = D.d3 radians
and d = 1 em.

-Even smaller power exﬁénditures ﬁill be ?equifedhif, as would be likely,.evolution
selects organisms with sensory systems which increase the efficiency of hunting food --
such aé, e.g.; optical sensors for detecting chrbmophoreé; tiﬁewise, accélératicn
sensors capable of detecting convective "thermals" would ease the restrictions on
floater sizes and energy expendltures, and habitats near.the boundarles

between upward and downward convectlve reglmes would 1mprove the cost

of Jovian blology..

The path from 51nkers to hunters to floaters is an evolutlonary path It pro—

vides a p0951b1e sequence for the evolutlon of floaters which, as we have seen, would
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be difficult to understand directly from sinkers. Once floaters are established,
they may be able to replicate without passing through the sinker stage at any point
in their life cycles. For this to oecur, of course, the minimum radius of their

digpersules must be larger than Beqe

While we have distinguished passive sinkers, hunters, and floaters

- in this discussion, it is elear that a single highly evolved Jovian organlsm

might partake qualities of all of these_lifesty;es—-° for example, at different
stages in the life cycle. TIndeed, it may be that only after *~he hunting
doctrine is adopted by sinkers can growth to sizes large enough for the
evolution of floaters become possible. We have in this discussion made no
distinction among various locales or Jupiter; but it is clear that some
locales -~ the Great Red Spot, for example -- may be more favored than others
because of higher abundances of organic molecules, prevailing updrafts

or other reasons,

Among other objects in the outer soclar system which possess atmos~-
pheres, only Titan and Saturn exhibit colorations similar to those on Jupiter.
Because of the absence of convective pyrolysis on Titan, the chromophores
there can quite readily be ultraviolet photoproduced organic molecules
(Sagan, 1973). However, the physieal environment of Saturn is very similar
to that of Jupitér in the réspects'relevant to the arguments of this paper
and we, therefore, tentatively postulate an airborne biota on Saturn as well.

| The test.of these ideas is, of coﬁrse;.observational; Flyby, orbital,
and entry probe spacecraft each can perform gignificant tests of these
1deas.' For example, entry gas chromatograph/mass speatrometers for the
neér future are anticipated to have detectivities of organic matter as
good as about 10;10 gm cmns; The predlcted steady state density of complex
organic molecules on Juplter is RH/K and is roughly estlmated uslng the
numerical values of this paper, both for ‘the lower mesosphere and upper
troposphere and for ablologlcal and blologlcal sources of organlc matter in

Table III. While most blologlcal organic matter w111 be in organlsms and
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TABLE IIIL

Steady State Density of Organic Molecules (g cm™3)

Abiological Biological
‘Lower Mesosphere ' 2 x 10711 9 x 1070
Upper Troposphere 2 x 10713 9 x 10710
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not in free molecules, the densitiés predicted in Table III are suf-
ficiently large that a high sensitivity entry mass spectrometer may
be a significant test of the biclogical hypotheses of the present
paper. Because of the slow convecvive velocities of the mesosphere,
such instruments should be capable of working at such pressure levels.
The possible existence of indigenous Jovian organisms is also
relevant to the question of sterilization of spacecraft intended for
entry into the atmosphere of Jupiter. Even if the ambient environ-
ment is inconsistent with the growth of microbial contaminants from
Earth, the internal environment of Jovian organisms may be much more
hoespitable. The replication of terrestrial contaminants in the
Jovian clouds also depends on the availability of trace elements. We
have seen (Section III) that indigenous Na is probably missing from
the upper troposephere; and that indigenous Mg must certainly be
missing., Magnesium ions are essential for nucleic acid replication
and a wide range of other biological functions; if Mg is missing
from the clouds, the likelihood of terrestrial bioleogical contamina-
tion of Jupiter becomes nil. However, exogenous sources of sodium,
magnesium and other trace elements, particularly from micrometeorites,
‘while small, cannhot be neglected (Section ITII). Consequently, it
seems judicious not tb exclude prematurely the possibility of bio-

logical contamination of Jupiter by terrestrial microorganisms.
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APPENDIX

| Cﬁnsider a piane parallel slab of total optical thicknéss.ro.and
let I (T,u) be the inténsity of radiation at depth T with i thércosine
of the angle between the propagation direction and the.forwarﬁ normal.
Assume isotropic scattering and let BD be the single~scattering albedo,
which may be a function of T. Thé équﬁtion of radiative traﬁéfér
(Chandrasekhar 1960; Irvine 1975) then reads

d _, T N R 1ya o T/H
Wogp IN(T,u) = =17 (T,1) + W % Jdu THT,p)+t B 70 (a1)
. . _ _1 _ .

for an incident beam of unit intensity with direction cosine uo, where I'
is the dintensity of the diffuse radiation.and ebt/uo that of the éttenuated
incident beam. The Eddington approximation can be obtained by substituting
a function of a.single variable I'+(T) for I'(T,u) when 0 ? U < 1 and another

function I' (1) when -1 < p < 0. Let

kK = [3(1 - mo)]% (A2)

and let J'(T) be the average over all u of I(T,u). For constant K and a
semi-infinite medium (TO -+ ®) one finds

-1
~KT - T
J'(T) = ae - be uo s

14 (2/3)u;1 B 3B,
uo K. )

 The effective reflection coefficient R £ 1 ~ f, where f is the fraection

54
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of the energy flux that is absorbed, is given by

o

w
_ o
R=TF UYL+ (273)K] . (a4)

Generalizations for non-isotropic scattering are discussed by Chandrasekhar
(1960), Prinn (1970) and Irvine (197%). For isotropic scattering Prinn
used eq., (A3) for normal incidence (uO = 1) in his numerical work. For

general H, but with €K << 1 eq.'(AA) reduces to

£ ) =1 - RO ) ur@/3+1) (45)

For many purposes one is interested only in resulis aféfaged
over a whole daylight-hemisphere; i.e., averaged over U, from 0 to 1.
Such averages aré represented by the single ﬁroblem we shall consider
here, where the incident intensity Iinc(u) equals unity fo; all_u.begween
0 and 1. TIn the spivit of the Eddington appro#imation we replace the

problem by one for intemsity I(T,n) without explicitly isolating the

attenuated incident beam: In analogy with eg. (Al) we have

d " -
Mg T(T,0) = -I(T,W) + &% jdu'I(T,u') s , (A6)
-1

which leads to the coupled equations

]

=J(t)[1 - &'IO(T)] s
(A7)

= =F ("E‘)

—y

T S S
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where -

1 1 \

J(t) =% [ dpI(t,u), F(T) = % j dupI(T,u) ,
-1 T -1 : .

’ (A8)

L

R(T) = % J dup~I{T, W)
..]_ j

We again make the approximatioﬁ (but here for all the radiation) that I(T,u) =

I (1) for u > 0 and I(t,u) = I_(1) for u < 0, so that

J=3KR=%I_+1I),F=%T -1) (A9)

In this problem, any ekplicit consideration of the incident beam is‘

simply replaced by the bouﬁdary condition that 1+(t = Q) = 1 and the

effective réflection coefficient R = 1 — £ is simply given by I(t= O)a
For general QO(T) and with k(T) defined by eq. (A2), the use of

the Eddington approximatidn'(A9) in eq. (A7) leads to the eikonal equatiomn

4 @ nay=0 (a10)
dt -

and to the further relation

@ vy =3 @ -1 (A11)

T o

We first solve these equations for the case of constant K for a slab of

‘total thickness TD: We assume that the effective reflection coefficieﬁt

R0 = I_(To)/l+(T0) is given as one boundary condition, the other boundary

condition for the incident beam being L+(0) = 1. The.genéral solution of

- the coupled equations (ALO)} and (All) is
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I(1) = a[(S £ 2)e™T - y(3 7 2 ".2Toﬂ - (A12)

with a and Y disposable constants. The requirement of I__/];+ =R at the

second boundary (T = To) leads to

(3 - 2¥)
Y =3B~

Ro(3 + 2K)

R (3 = 20 (a13)

§

it

and the condition I+(0) I then gives a. The final expression for the

intensity J (averaged over direction cosines) is then

3[E-KT _ YEK(T - zioﬂ»

(3 + 2) - (3 - 2) Ye"ZKTO

(414)

I(r) =

Another quantity of interest is the effective reflection coefficient Ri'

of the whole slab at the surface of incidence, which is < I_(0),

(3 - 2) - Y3 + 20)e 2KTo
. . ] L =2KT (A15)
(3 + 2) - v{(3 - 2K)e o

R,
i
Two limiting cases are of interest for the solutions given by
eﬁs. (A12) to (Al5). Consider first the case with Rb = 0 in the limit of

K - 0 with T, kept finite. 1In this case eqs. (Al4) and (Al5) reduce to

3(':0 -T) + 2
3t. + 4
o

£=1-R, 4

: 5 - 315,+ 4 _ (A;G)

» J(1) =

The other case 1s the limiting case of T, > = for any constant, non-zero

K. Independently of the value of Ro, this case gives

om o L Ak ‘ _ 3e <t
ES1-Ry =gy 7O = 53¢ (AL7)

L A A A il 1.6 i i LS i e

-t
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When Kk << 1 the value of f in eq. (Al7) agrees with the average over
0 <y < 1of eq. (A5) which is £ = (4k/3).

No_exact solutions of thé eikonal eqﬁatioﬁ (AL0) exist for general
K(t), but if K varies sufficiently slowly, one is tempted to use the WKB
approximatiou. Fér.a SEmi-infinite medium, ohly'one of the two WKB
golutions survives and we have |

T
)« k(D)7 exp[-f aT'k(T") ]  (a18)
’ o)

Note that substituting a varying k(r) into eq. (Al7) (or into eq. (5) of

a
" Prinn 1970, which is the egquivalent of our.éq; (A3) for normsl incidence
instead of diffuse illuminatibn) is not a good approximation to eq. (Al18)
if K varies appreciably even if the variation is slow. Furthermore, the

' 2

requirement for the validity of the WKB approximation is that (dk/dt) << «

which is not satisfied by practical cases for «(T), such as the example

in Fig. 2. An inelegant but: reliable numerical method proceeds as follows:

Subdivide the total slab into a large but finite number of tﬁin slabs
(with AT v 0.3, say) end replace k(1) for each thin slab by its average

value over this slab. Start with the last thin.slab; assume Rb = {3 - 2K)

(3 + 2¢) and evaluate egqs. (Al3) to (AlS) thh the slab-thickness Ty replaced

by AT. The value for R. obtalned from eq. (Al5) for the lasgt slab is then

used as R for the penultlmate thmn slab and J and R are agaln evaluated

»

/

and. s0 on 1terat1ve1y unt11 the first th1n slab. The solid curve label] 7

_J_ls the result of such a numerical solution for J(T) and the effective
reflection coefficient Ri for the whole medium (obtained at T = Q) is Ri

The dashed curve is the result for J(t) in a different problem -- no absor

tion for T < TO and complete absorption foxr T > TO, with TO & 7.5 (the value

~ 0.85.

p..-
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“of T for which ¥ = 0.5 in the actual problem). Eq. (Al6) gives the solution
for J(T).fof this ﬁroblem and alsﬁ yields Ri % 0.85. .Eq.'(AlB) for Ri shoﬁld. i
be a fairly .good solution for any k(t), with To the value where K @ 0.5,
as 1oﬁg as T >» 1 and Kk is small for T.appreciably less than T+

The accuracy of the numerical solutioﬁ described above is limited

(apart from computational errors) by errors inheremt in the Eddington

approximation, including the use of a constant coefficient in eq. (All).
Tor a single.slab thié appfoximation is excellent when Kk << 1, although
other two-stream approximations are better (Sagap.and Pollack 1967; Irvine
1975) when &o << 1. For the_probleﬁs with TO_>> 1, discussed here, K is
small near the incident surface and increases only slowly with T (at first).
Thé results for i(T) and Ri are_mdst sensitive to layers with moderately N

small T and are insensitive to inaccuracies in the Eddington approximation

at large T.
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Fig.

Fig.

1l:

2:

4 schematic plot of temperature, T, and eddy diffusion

coefficient, K, versus pressure, P for the Jovian
atmosphere. The dashed portion of the curve for K
corresponds to Gierasch's (1976) model for a deep

circulation pattern driven by latent hcat effects.

A model radiative tramnsfer calculation for an assumed
form of the parameter, kK, as a function of total
optical depth, T. Numerical results for the mean

intensity J are given in the so0lid curve. The

dashed curve is an analytic approximation, discussed

in the text.
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