
periments are indicated, although even a mined from the Voyager radio science experi- 
ment include the following: diameter, 5150 km 

limited mission might be able to use the (40 percent of Earth's); density, 1.88 g cm-3 (34 
spacecraft radio to detect surface condi- 
tions by directing transmissions toward 
Titan and receiving the scattered energy 
at Earth. 
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Oceans on Titan? 

Abstract. If global oceans of methane exist on Titan, the atmosphere above them 
must be within 2 percent of saturation. The two Voyager radio occultation sound- 
ings, made at low latitudes, probably occurred over land, since they imply a relative 
humidity 5 70 percent near the surface. Oceans might exist at other low-latitude 
locations if the zonal wind velocities in the lowest 3 kilometers are 5 4 centimeters 
per second. 

Saturn's giant moon Titan is remark- 
able in that it has an atmosphere. Al- 
though nitrogen is the dominant constitu- 
ent (1, 2), the presence of methane is 
well established (2, 3). Photolytic and 
catalytic dissociation of methane is rapid 
enough to deplete the total atmospheric 
abundance of methane in a time short 
compared to the satellite's presumed 
age, - 4.5 billion years (4). If the abun- 
dances of methane and other hydrocar- 
bons currently observed in Titan's atmo- 
sphere typify those during much of its 
history, a source of atmospheric meth- 
ane is required. Samuelson et al. (5) 
proposed that methane clouds also exist 
and provide much of the opacity in Ti- 

tan's troposphere, because pressure-in- 
duced absorption by gaseous methane 
and nitrogen is unable to provide the 
infrared opacity required to account for 
the emission observed near 200 cmel (6). 
These considerations suggest that a res- 
ervoir of methane exists at Titan's sur- 
face, and the possibility of oceans of 
methane on Titan has been raised (1, 7, 
8). In this report I examine the con- 
straints that meteorology and the Voyag- 
er radio occulation data place on such 
hypothetical oceans. 

An energy argument provides a lower 
limit on the amount of methane vapor 
above the surface of an ocean. Global 
radiative equilibrium models that are 

consistent with Voyager observations 
predict that between 13 and 33 percent of 
the solar irradiation is absorbed at Ti- 
tan's surface (9). They also predict a 
temperature discontinuity of 1 to 3 K at 
the surface, which ensures that the net 
upward flux of thermal radiation bal- 
ances the net downward flux of solar 
radiation. The discontinuity is unstable 
in the sense that the surface is warmer 
than the atmosphere just above it. In 
reality this instability generates turbulent 
fluxes of sensible and latent heat that 
provide much of the required upward 
energy flux and reduce the discontinuity 
in temperature predicted by the radiative 
models. 

The flux of latent heat from an ocean 
surface can be expressed in terms of the 
bulk transfer relation (10): 

naL 
H L  = - C(qs - qa) 

"l 
(1) 

where q is Avogadro's number, L is the 
latent heat of methane vaporization ( l l ) ,  
and C is a bulk transfer coefficient. The 
quantity q, denotes the mole fraction of 
methane saturated at the ocean surface 
(12); n, and q, denote total number den- 
sity and the gaseous methane mole frac- 
tion at an "anemometer" level a few 
meters above the surface. For a positive 
flux of latent heat into the atmosphere, 
q, < q,. A globally averaged upper limit 
to the drop in methane abundance across 
the "surface boundary layer," Aq = 
q, - q,, follows from imposing an upper 
limit on HL and a lower limit on C in Eq. 
1. A plausible upper limit on H L  is the 
solar radiation absorbed at the surface: 
H L  < 0.33 So/4, where So is the solar 
constant at Titan. Since the surface layer 
is unstably stratified, C can be mini- 
mized by taking the free convection limit 
and including only the contribution to 
the stratification from Aq > 0 (methane 
is lighter than nitrogen), neglecting that 
from the drop in temperature: C 2 

0.00214 (Aq)lI3 m sec-I (13). With these 
limits, Eq. 1 implies (q, - q,)/q, 5 0.02: 
the relative humidity of the atmosphere 
above the surface layer is 2 98 percent. 
The lifting condensation level ( L C L ) ,  the 
height at which an ambient parcel of gas 
saturates when adiabatically lifted from 
the top of the surface layer, is 5 200 m. 
In Table 1 the lower atmosphere of Titan 
is compared with that in Earth's tropics. 
Typically, the relative humidity above 
the terrestrial surface layer is only 80 
percent, and the LCL is situated 0.5 to 1 
km above the surface. Although several 
factors contribute to these differences, 
one of the most important is the reduced 
value of the solar constant at Titan rela- 
tive to Earth. 



Horizontal contrasts in Titan's tropo- 
spheric and surface temperatures are 
small (14, 15). Therefore, it is reasonable 
to use the global constraint on the rela- 
tive humidity to  derive model atmos- 
pheres from the Voyager radio occulta- 
tion experiment. This experiment ob- 
tained refractivity profiles [N(z)] at two 
locations, 6.2"N and 8.S0S, that were 
separated in longitude by approximately 
180" (1, 15). For  a specified composition, 
the molecular number density n can 
be  inferred from the relation N(z) = 

u(z)n(z) (16). In relative units, u = 1.1 
and 1.6 for nitrogen and methane vapor, 
respectively (17); application of the Lo- 
rentz-Lorenz law yields u = 1.6 for 
spherical methane droplets (18). For  a 
mixture u is the mole fraction-weighted 
sum of the values for the individual com- 
ponents. The law of hydrostatic balance 
and an equation of state yield pressure 
and temperature as  functions of altitude 
(16). Departures from ideal gas behavior 
on Titan are not negligible (15), and in 
the models presented here the Bender 
equation of state (19) is used to compute 
temperatures. 

In the models the vertical distribution 
of methane varies as follows. An abun- 
dance is specified above the surface lay- 
er and the methane mole fraction is con- 
strained to decrease with altitude to 

Table 1. Atmospheric bounda 

- 0.017 near the tropopause, corre- 
sponding to the minimum saturated mole 
fraction in the troposphere. With a rela- 
tive humidity of - 98 percent near the 
surface, most of the troposphere is satu- 
rated. Two limiting models are used to 
specify the vertical distribution of clouds 
in the troposphere: (i) negligible conden- 
sate (Fig. lb) and (ii) an abundance of 
condensed methane, which in the lowest 
few kilometers equals that which would 
be realized in a moist adiabatic ascent 
from the cloud base without precipita- 
tion (Fig. lc). In terrestrial clouds the 
average liquid water content is generally 
below this limit (20). The thermal struc- 
ture of the models in the lower tropo- 
sphere is not especially sensitive to the 
model specification at higher altitudes. 

The results for the sounding at 6.2"N 
are summarized in Fig. 1 ; those for 8.5"s 
are very similar. The profiles of virtual 
temperature Tv, which is a measure of 
stability in atmospheres with condens- 
ables (21), are of particular interest. With 
a relative humidity 2 98 percent near the 
surface, the profiles of T,  at low altitudes 
are much steeper than the dry adiabat. 
Such atmospheres are dynamically im- 
possible because they are statically un- 
stable to convective overturning. Since 
the lower atmosphere over methane 
oceans must exhibit relative humidities 

Iry layers of Titan and Earth. 

Earth Titan 
tropics (10) global Quantity 

Titan1 
(water, (methane, Earth 
298 K) 95 K) 

Number density, n, ( ~ m - ~ )  2.4 x 10" 1 . 1  x lo2" 4.7 
Heat of vaporization, L (J mole-') 4.4 x lo4 8.6 X 10' 0.20 
Solar constant, So (W m-2) 1.37 x lo3 15.1 0.01 1 
Evaporative flux, H L  (W m-'1 160 5 1.27 5 8 x lo-? 
Bulk transfer coefficient, C (m sec- ' )  1.3 x 2 3 x 2 0.02 
Departure from saturation, (4, - q,)/q, 0.2 5 0.02 5 0.1 
LCL (m) 500 to 1000 5 200 5 0.4 

Fig. 1. Temperature CH4 mole fraction 

and methane profiles 
of model Titan atmos- 

pheres. gen (b and atmosphere (a) c) Pure Nitrogen nitro- (15) .  7 6 

8~~~~ \ ;? 

and methane atmos- d 
pheres having 98 per- 5 

T \ 0y1\ 
cent relative humidity 2 T +: 1 

at the top of the sur- 
\ 2; \ 

face layer; in both T \ 

cases nearly all of the 
\ 

a ' C 
\ 

lower troposphere is Oa5 95 95 roo so 95 100 

saturated. Heavy sol- Temperature (K) 
id curves: atmospher- 
ic temperature (T) and virtual temperature (1;). Light solid lines: dry adiabats. Dashed and 
dotted curves: mole fractions of total methane (Q) and methane condensate (Q,). Panel (b) has 
negligible condensate, while (c) has the maximum allowed in the lowest 4 km, equal to that 
realized by adiabatic ascent from the base of the saturated region (light dotted curve). The 
vertical resolution of the profiles is 112 km near the surface. 

2 98 percent, both radio occultation 
soundings probably occurred over dry 
land. 

To understand the behavior of the 
derived temperature profiles, it is suffi- 
cient to consider them in the ideal gas 
limit (16): 

where zo is the altitude of interest and rn 
is the mean molecular weight of the gas 
and condensate mixture (the remaining 
symbols have already been defined). The 
quantity u is 50 percent larger for meth- 
ane than for nitrogen, and the molecular 
weight of methane is less. When meth- 
ane saturates in the lowest few kilome- 
ters, as in Fig. lb ,  its mole fraction 
decreases rapidly with altitude with a 
concomitant decrease in u(zo)/m(zo), 
which yields gradients in Tv that are 
large compared to those in a pure nitro- 
gen atmosphere. When condensate is 
present and increases with altitude, as  in 
Fig. l c ,  the temperature gradients are 
smaller, but the decrease in total meth- 
ane abundance with altitude is still large 
enough to imply superadiabatic lapse 
rates. The integral in Eq .  2 does not 
contribute significantly to the small-scale 
variation in T(zo) because it is weighted 
by g(z)N(z) and therefore receives appre- 
ciable contributions from a full-scale 
height of the atmosphere above zo. In 
general, decreasing the methane content 
near the surface results in more stable 
model atmospheres. Lapse rates are ev- 
erywhere subadiabatic when the meth- 
ane abundance in the lowest 3 to 4 km is 
below saturation and varies slowly with 
altitude. This corresponds to a relative 
humidity 5 70 percent near the surface. 

Can methane oceans exist a t  other 
longitudes in the tropics? If they do, then 
a parcel of gas at one of the radio occul- 
tation locations must be brought nearly 
to saturation when the zonal winds trans- 
port it over ocean and must dry out again 
on encountering land. Since latent heat is 
being supplied to the atmosphere, the 
allowable energy available for evapora- 
tion places an upper limit on the zonal 
wind velocity. Most of the methane pre- 
cipitation will occur in the lowest 3 km of 
the atmosphere. If the atmosphere estab- 
lishes a relative humidity of 70 percent 
above the land surface, the models indi- 
cate that - 15 g of methane will precipi- 
tate out per square centimeter. If this 
occurs over a horizontal distance compa- 
rable to the planetary radius, a simple 
calculation implies that the average zon- 
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a1 velocity in the lowest 3 km is 4 cm 
sec-I. This is small compared to the 
- 10 m sec-I of zonal winds higher in 
the troposphere that have been inferred 
from the thermal wind relation (14). 
Moreover, organized vertical motions 
are probably required to effect the neces- 
sary precipitation; longitudinal structure 
indicative of such motions is not readily 
apparent in Voyager imaging or infrared 
data (14, 22). 

Sagan and Dermott (8) argued that the 
presence of large land masses precludes 
the existence of a global ocean. The land 
would act as a barrier to the tidal flow of 
the ocean and generate too much dissipa- 
tion to be consistent with the high eccen- 
tricity of Titan's present orbit. From a 
geological viewpoint, Titan is unlikely to 
possess a network of ocean basins and 
continents because the satellite is too 
small to generate any large amount of 
tectonic activity, and it is too far from 
Saturn for tidal dissipation to be very 
significant. This is consistent with the 
low relief observed on other large, icy, 
inactive bodies, such as Ganymede and 
Callisto (23). Thus, if oceans are absent 
at two locations on Titan, they may be 
absent everywhere. 

Note added in proof: The analysis 
presented here was applied to methane 
oceans. Some of the heavier hydrocar- 
bons produced by methane dissociation 
in the upper atmosphere, such as ethane 
and propane, are readily soluble in liquid 
methane, and, in bulk concentrations, 
could depress the methane vapor pres- 
sure at the surface. The nature and likeli- 
hood of such hydrocarbon oceans are 
currently under study. 
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Venera 13 and Venera 14: Sedimentary Rocks on Venus? 

Abstract. Venera 13 and Venera 14 transmitted almost complete panoramic views 
of their landing sites. Analyses of the photographs show the presence of rock 
formations undergoing geomorphic degradation. The formations display ripple 
marks, thin layering, differential erosion, and curvilinear fracturings. Some of them 
are interpreted as lithified clastic sediments. The lithification could have taken place 
at depth or at the surface, resulting in a type of duricrust. The origin of the sediments 
is unknown but could be aeolian, volcanic, or related to impacts or to turbidity 
currents. 

In March 1982 the automatic landers 7'30's and longitude 303" for Venera 13 
Venera 13 and Venera 14 landed on the and latitude 13"1S1S and longitude 310"9' 
surface of Venus and transmitted to for Venera 14 (1) .  The television system 
Earth panoramic television pictures. was essentially an improved version of 
Preliminary determinations of the loca- the system used in Venera 9 and Venera 
tions of the landing sites are latitude 10 (2, 3 )  with the difference that in Ven- 

Fig. I .  Landscape photographed by Venera 13. 

Fig. 2. Landscape photographed by Venera 14. 
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