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The Thermosphere of Titan 

A. JAMES FRIEDSON AND YUK L. YUNG 

Division of Geological and Planetary Sciences, California Institute of Technology 

The diurnal variation of the vertical structure of Titan's thermosphere is calculated through simulta- 
neous solution of the equations of heat transfer and hydrostatic equilibrium. The temperature and 
density profiles are found above the mesopause. The dynamical response of the thermosphere to heating 
is for the most part neglected. Nevertheless, we are able to draw some interesting qualitative and 
quantitative conclusions regarding the vertical structure. Heating of the upper thermosphere occurs 
primarily through absorption of solar Lyman • radiation by methane, with an additional amount of 
heating (•< 20%) due to low-energy magnetospheric electron precipitation. The heat is conducted down- 
ward to the mesopause, where it is removed by IR cooling due principally to acetylene. The mesopause is 
found to occur where the density is 2.2 x 10 x2 cm -3 (736 km), and has a temperature of ,-• 110 K. The 
exospheric temperature is unlikely to exceed 225 K in the course of a Titan day. The diurnally averaged 
exospheric temperature is in the range 187-197 K depending on the amount of magnetospheric electron 
heating that is included in the model. The amplitude of the diurnal variation is found to be <• 28 K. We 
find that the vertical extent of the hydrogen cloud is too large to be explained in terms of simple thermal 
escape of hydrogen from a ,-• 225-K exosphere, and we conclude that other processes must be important 
for populating or heating the neutral torus. 

1. INTRODUCTION 

As Voyager 1 passed through Titan's shadow, an oc- 
cultation of the sun was observed at the morning and evening 
terminators by the ultraviolet spectrometer (UVS). Analysis of 
the occultation data has yielded the temperature and density 
near the exobase. The temperature at 3840 km (measured from 
the center of Titan) has been inferred to be 176 + 20 K at the 
evening terminator and 196 + 20 K at the morning termina- 
tor, while the N 2 density at the same altitude is seen to be 
nearly the same at each terminator and equal to 2.7 + 0.2 
x 108 cm-3 [Smith et at., 1982]. 

It is apparent from the UVS observation that the morning 
and evening exospheric temperatures do not differ by much 
and may in fact be equal. This suggests that there may be little 
diurnal variation of the exospheric temperature. It should be 
pointed out, however, that the exospheric temperature at the 
morning and evening terminators of Venus was also measured 
to be quite similar [Keating et at., 1980], yet the exospheric 
temperature there exhibits a strong dependence on local time. 
Consequently, it would be ill advised to conclude a priori that 
Titan's exospheric temperature does not substantially vary 
during one rotation period. 

Our aim in the present study is to calculate the vertical 
structure of the thermosphere, down to the mesopause, as a 
function of local time. In so doing we have ignored any dy- 
namical response of the thermosphere except that associated 
with the "breathing velocity" of constant-pressure surfaces. 
Hence the amplitude of any diurnal variation predicted by our 
model must be interpreted as an upper limit. In addition, the 
calculation of the vertical structure is appropriate only for 
Titan's equator. 

Our task of modeling the temperature profile in the upper 
thermosphere is complicated by the fact that it is difficult to 
accurately quantify the heating due to precipitating mag- 
netospheric electrons. Results of the Plasma Science experi- 
ment on Voyagers 1 and 2 [Bridge et at., 1981, 1982] have 
shown that conditions in the magnetospheric environment at 
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the orbit of Titan are complex and highly variable. While the 
Voyager 1 UVS observation provided useful information on 
the energy flux of electrons incident on Titan at the time of the 
observation, the electron flux at other points along Titan's 
orbit is poorly constrained. Hence a model of the diurnal 
variation of the thermosphere which incorporates electron 
heating must make some initial, arbitrary assumption about 
the plasma conditions along the orbit. 

The lack of any data concerning the rotation rate of the 
thermosphere becomes an additional source of uncertainty for 
the modeling. The Voyager 1 infrared interferometer spec- 
trometer (IRIS) experimenters have inferred the presence of 
superrotating winds in the stratosphere, but there is no com- 
pelling reason to believe that this superrotation extends all the 
way up to the thermosphere. In view of the complexity of 
plasma conditions at Titan's orbit and of our lack of knowl- 
edge of the thermospheric rotation rate, we cannot hope to 
present a comprehensive quantitative model of the thermo- 
sphere. However, some aspects of the thermospheric structure, 
such as the location and temperature of the mesopause, are 
fairly insensitive to the uncertainties discussed above. In addi- 
tion, we can set an upper limit to the exospheric temperature 
that can be achieved during a Titan day. 

The thermal time scales that characterize the diurnal behav- 

ior of the thermosphere are discussed in section 2. In section 3 
we present the input model atmosphere used to calculate the 
temperature profile and discuss the dominant heating and 
cooling mechanisms in the thermosphere. The temperature 
profiles obtained by integrating the heat transfer equation 
with and without electron heating are presented and discussed 
in section 4. In section 5 we investigate what implications the 
derived exospheric temperatures have for the neutral hy- 
drogen torus. 

2. Two THERMAL TIME SCALES 

The way in which thermospheric temperatures vary in time 
can be understood in terms of two time scales, which are 
related to the two principal cooling mechanisms. The first time 
scale is the response time associated with nonlocal thermody- 
namic equilibrium (NLTE; vibrational relaxation) cooling due 
to acetylene and methane. It is roughly the time required for a 
given level in the thermosphere to relax to a new steady state 
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Altitude profiles of N 2, CH,•, and C2H• chosen as initial Fig. 1. 
input for model calculations. These profiles are recalculated simulta- 
neously with the temperature profile. 

in response to a change in the heating, if the only cooling 
mechanism is NLTE cooling. This response time is given by 

pCe 
= (1) (o/OT)i T 

where p is the mass density at the level of interest, Cv is th• 
specific heat at constant pressure of N2, R is the total NLTE 
cooling rate, and T is the temperature. At all altitudes con- 
sidered in our models, the response time z •> 3 years. Since the 
longest the thermospheric rotation period is likely to be is 
only 16 days, we may conclude that the temperature profile at 
any local time is not a steady state profile but contains a good 
deal of memory of the temperatures at past local times. 

The second time scale of interest is simply the conduction 
relaxation time for the thermosphere above a given altitude 
level. It is given by 

where L is a characteristic scale length of the system and •c is 
the effective heat diffusivity. It is not immediately clear how to 
choose L and • for an inhomogeneous medium, but it is natu- 
ral to choose L to be equal to the scale height at a given 
altitude and to choose • to be the heat diffusivity there. The 
time scale Zc is then roughly the time required for conduction 
to bring the atmosphere above the altitude of inte est into 
equilibrium with the lower layers. 

We may estimate the density of the level where the conduc- 
tion relaxation time is comparable to the thermospheric rota- 
tion period. It is given by 

n • Pk/mCeH 2 (2) 

where n is the number density, P the thermospheric rotation 
period, k the heat conductivity of N2, m the mass of an N2 
molecule, and H the local scale height. If P is taken to be 16 
days (corresponding to rigid corotation), then n--• 8 x 10 •ø 
cm -3, corresponding to an altitude of --•860 km above the 
surface. Therefore we expect very little diurnal variation of the 
temperature below this altitude. The amplitude of the diurnal 
variation need not be small above this level. In our numerical 

calculations, we find that the actual level where the diurnal 
amplitude is --• 5 K lies at n -• 5 x 10 •ø cm -3, which tends to 
support the scaling arguments used here. 

3. MODEL 

For our model of the thermosphere we use the results of the 
UVS solar occultation experiment, as reported by Smith et al. 
[1982], together with the photochemical model produced by 
Yung et al. [1982]. Only three constituents of the upper atmo- 
sphere are important to the energy balance' N2, CH½, and 
C2H 2. The mixing ratio of methane is taken to be 8% near the 
exobase and falls off to --• 3% in the lower thermosphere. The 
acetylene mixing ratio drops from a value of 2% near the 
exobase to only 0.2% in the lower thermosphere, in accord- 
ance with the best fit model presented by Smith et al. The 
initial input altitude profiles of these constituents are shown in 
Figure 1. 

Two sources of energy are available to heat the thermo- 
sphere' solar energy and energetic magnetospheric electrons 
[Strobel and Shemansky, 1982]. The solar flux used in our 
model is taken from Mount and Rottman [1981]. The flux in 
Lyman • incident on Titan is 5.5 x 10 9 photons cm -: s -•. 
The bulk of the solar heating occurs through absorption of 
Lyman o• by methane. Acetylene also contributes to the heat- 
ing through its absorption at wavelengths less than 2000 
Although nitrogen is an order of magnitude more abundant 
than methane, it only absorbs at wavelengths shortward of 
1000 ,&, where the solar flux is low. Hence it contributes only 
--• 10% to the solar heating. 

Methane is dissociated at Lyman • via three channels 
[Slanger, 1982]' 

CH½ + hv-• •CH 2 + H 2 

CH 4 + hv-• CH 2 + 2H 

CH½ + hv--} CH + H 2 + H 

40% 

5O% 

8% 

The heating efficiency due to CH½ absorption is calculated for 
each channel separately, and the weighted average over the 
channels is then taken to yield a mean heating efficiency. In 
each channel, the kinetic energy of the dissociation fragments 
as well as 50% of the CH2 (or ell) recombination energy 
contributes to the local heating. Once the •CH2 radical is 
formed, it is rapidly quenched in collisions with N 2 to 3CH2. 
Subsequently, two 3CH2 radicals combine to produce C2H2 
and H 2 [Yung et al., 1982]. Since C2H 2 is chemically stable in 
the thermosphere, the reaction sequence terminates at this 
point. This set of reactions releases 2.8 eV of heat, and we 
include 50% of this recombination energy, or 1.4 eV, with the 
kinetic energy of the dissociation fragments when the heating 
efficiency is calculated. The recombination energy of H, how- 
ever, does not contribute to the local heating, as H is slow to 
react compared with the transport time scale. The average 
heating efficiency over the three methane channels is found to 
be 0.35 at Lyman •. It varies from a maximum of 0.47 at 1000 
,& to 0.32 at 1300 ,&. A similar analysis done for acetylene 
yields a mean heating efficiency of 0.45 between 1300 and 2000 
A. 

The solar heating is given by 

H(r, 0)= •/ni(r ) • d2 i•i(• ) o'i(•)Fov(• ) e -•(";øz(ø) (3) 

where r is the radial distance from Titan's center; ni is the 
concentration, ei the heating efficiency, and ai the absorption 
cross section for constituent i; Foo(2) is the incident solar flux 
per unit wavelength; r is the total normal optical depth; and 
Z(0) is the Chapman function for solar zenith angle 0. The 
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integration over wavelength is performed between 50 ,& and 
2000 A. 

Another energy source for heating the thermosphere is 
derived from electron impact on N2. Some features of Titan's 
EUV emission spectra obtained during the Voyager 1 en- 
counter suggest that some of the emission originates below the 
exobase [Strobel and Shemansky, 1982]. The emission is con- 
sistent with being caused by a secondary electron energy dis- 
tribution that is roughly a Maxwellian with an electron tem- 
perature of T e = 2 x 105 K. This temperature corresponds to 
an average electron energy of -•26 eV. Observation of the 
emission from the bright limb constrained the source altitude 
to be above -• 1100 km. If photoelectrons produced -• 25 R of 
N2 Lyman-Birge-Hopfield emission, then the hemispheric- 
averaged energy flux below the exobase was -•0.0! erg cm -• 
s- • at the time of the observation [Strobel, 1983]. The altitude 
at which the source of this emission occurs, however, is still 
uncertain. Clearly, the actual electron energy flux incident on 
Titan should depend on the position of the satellite along its 
orbit. It is possible, in view of the complexity of the Saturnian 
magnetosphere at Titan's orbit, that this flux fluctuates sub- 
stantially. 

It is very difficult to calculate directly an effective heating 
efficiency for electron impact on N2 that would correctly take 
into account the numerous physical and chemical processes 
that determine the fraction of energy that is ultimately dissi- 
pated as heat. Generally, this quantity will lie somewhere be- 
tween 0.3 and 0.7. Since the electron energy flux below the 
exobase is probably uncertain by a factor of 2 or so, it seems 
pointless at this time to specify a unique value for the electron 
heating efficiency. We will lump the uncertainty in the electron 
energy flux and the heating efficiency together and treat their 
product, e•b, as an adjustable parameter. The value of e•b is not 
well constrained by the data. Nevertheless, we have included a 
model run which incorporates a plausible amount of electron 
heating for illustrative purposes. We model the electron heat- 
ing in the simple parametrized form 

E(r, ,•)= ecp(l•)n(r)• exp [--z(r)] (4a) 

where 

z(r) = n(r')a dr' (4b) 

is the absorption path length for electron scattering, a is an 
"absorption" cross section, e is the electron heating efficiency, 
<p is the hemispherically averaged electron flux incident below 
the exobase, and // is the angle between the Saturn-sun line 
and the position of Titan in its orbit. The cross section a is 
chosen to put the peak in the electron heating above the 
1!00-km level. The value used for a is 4.2 x !0- •7 cm 2. We 

consider the electron flux to have reached its peak during 
Voyager 1 closest approach (//= 0) and allow <p(//) = 0 on the 
nightside magnetosphere. This model is intended to roughly 
account for the dayside-nightside asymmetry in the plasma 
flux tube content observed by the Plasma Science experiments 
on Voyagers 1 and 2 [Bridge et al., 1981, 1982]. It is a crude 
approximation in that it ignores the longitudinal asymmetry 
in the electron deposition at Titan observed by the UVS ex- 
periment [Broadfoot et al., 1981' $trobel and Shemansky, 
!982]. The value of e•p(fl = 0) is taken to be 6 x 10 -3 erg 
cm -2 s -•. Admitting a larger electron energy flux at the 
morning terminator causes the exospheric temperature to 
exceed the range allowed by the UVS observation. 

The solar heating at a zenith angle of 60 ø is plotted as a 
function of altitude in Figure 2. The peak electron heating as a 
function of altitude is shown in Figure 3. 

Heat can be removed from the thermosphere by NLTE 
cooling. The cool-to-space approximation [Chamberlain and 
McElroy, 1966; Strobel and Smith, 1973] is quite adequate at 
all levels in our model. The 13.7-#m band of acetylene and, to 
a smaller degree, the 7.7-#m band of methane are responsible 
for the bulk of the NLTE cooling. Although methane is more 
abundant than acetylene in the thermosphere, acetylene domi- 
nates the NLTE cooling. This is true for two reasons' (1) the 
relaxation rate of the 13.7-#m acetylene band in collisions 
with N2 is an order of magnitude greater than that of the 
methane 7.7-#m band, for the same temperature and pressure 
[Yardley et al., 1970; Hager et al., 1981], and (2) the lower 
energy associated with the 13.7-#m transition gives it a higher 
probability of excitation relative to the 7.7-#m transition by a 
factor of >• 100. 

If we denote the total NLTE cooling rate per unit volume 
as R(r, T), then 

R(r, T)= • •ihvirh(T)e-n'•/krfi[n(r)]2Y•(r ) (5) 
i 

Here vi is the frequency of a 13.7-#m or 7.7-#m transition, T is 
the kinetic temperature of the ambient gas, f• is the mixing 
ratio of acetylene or methane, n is the total density, r h is the 
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collisional relaxation rate for the appropriate transition, •i is 
the ratio of the statistical weights of the first excited state to 
the ground state, and Y• is the net collisional bracket for the 
transition. For a transition whose optical depth is •< 1% of its 
thermalization depth, Y• _• 1 [Avrett and Hummer, 1965]. This 
is the case, at all altitudes of the model, for individual lines in 
the methane 7.7-#m band. Some lines in the acetylene 13.7-#m 
band, however, will have optical depths of • • 100, or as much 
as • 10% of the thermalization depth, at the lowest altitudes 
of the model. For these lines the value of Y• may differ sub- 
stantially from unity. The value of Y• for the strongest lines is 
approximately 0.7 at the mesopause (740 km), and it decreases 
almost linearly to •0.1 at the lower boundary of the model 
(680 km). We have determined, by numerical calculation, that 
the effect of setting Y• = 1 in equation (5) is to underestimate 
the mesopause temperature by 7 K and to overestimate the 
lapse rate in the vicinity of the mesopause. (In particular, the 
temperature gradient at the lower boundary of the model, as 
shown in Figure 5, is slightly superadiabatic. Allowing Y• to 
differ from unity in equation (5) causes the lapse rate to 
become subadiabatic.) For simplicity, we have set Y• = 1 in 
equation (5). Uncertainties associated with other aspects of the 
model are potentially more important. 

The collisional relaxation rate of the 13.7-#m band of C2H2 
by N 2 has been determined at room temperature [Hager et al., 
1981]. We have not located any experimental data for this 
rate at other temperatures. Consequently, we have used data 
for the temperature dependence of C2H 4 vibrational relax- 
ation in N: [Wang and Springer, 1977] and expect that these 
data should give an adequate description of the temperature 
dependence of the C:H:-N: system. The collisional relaxation 
rate for C:H:-N: is taken to be 

r/c•a•(T ) = 5.08 x 10- •'•T •/2e- 28/T1/3 cm3/s (6) 

The collisional relaxation rate of the CH,• 7.7-#m transition in 
N2 is given by [Wang and Springer, 1977] 

r/c.•(T ) = 1.02 x 10-i3Ti/2e-56/T •/3 cm3/s (7) 

Heat is transported in the thermosphere by molecular con- 
duction. For the conductivity of N 2 we use 

ks•(r) = 42.7 r ø'69 + 2.61 r- 355.6 (8) 
which fits the data to within 5% between 80 K and 500 K 

[Weast, 1967]. We neglect eddy heat conduction, since it is 
not clear to what extent the downward transport of heat due 
to eddies is able to balance or overcome the heat generated by 
viscous dissipation [$choeberl et al., 1983' Walterscheid, 
1981]. 

Given the heating and cooling rates, we calculate the verti- 
cal temperature profile as a function of local time by solving 
the time-dependent heat transfer equation 

c3T 1 c3 (r2 kN2 (T) C3T) pCv r3t r 2 r3r • = H(r, t) + E(r, t) + R(r, T) 
(9) 

where H(r, t) is the total solar heating rate, E(r, t) is the 
electron heating rate, and R(r, T) is the NLTE cooling rate. 
The specific heat at constant pressure, Cv, is used rather than 
Cv in equation (9) in order to take account of the general 
expansion or contraction of constant-pressure surfaces in re- 
sponse to heating and cooling. This thermospheric "breathing" 
acts to reduce the diurnal temperature variation. Horizontal 

conduction and dynamical advection of heat are neglected in 
equation (9). These processes must reduce horizontal and ver- 
tical temperature gradients in the thermosphere, so the diurnal 
amplitude predicted by equation (9) must be considered as an 
upper limit. 

Equation (9) must be supplemented with boundary con- 
ditions at the upper and lower boundaries of our model as 
well as with an initial temperature profile specified at a partic- 
ular local time. The upper boundary condition is that the 
vertical temperature gradient must vanish above the exobase 
for all local times. We set the temperature to a constant value 
at the lower boundary, which occurs at an altitude of 680 km. 
Choosing the temperature at 680 km to be independent of 
time is supported by the scaling arguments presented in sec- 
tion 2. Numerical solution of equation (9) has shown that the 
vertical structure obtained at and above the mesopause is 
insensitive to the particular value chosen for the temperature 
at the lower boundary. Specifically, the vertical temperature 
profile was found to be the same for lower boundary temper- 
atures in the range 100-160 K. 

To guess an initial temperature profile for the morning ter- 
minator, we impose a steady state profile with a slightly re- 
duced heating efficiency to account for the thermal inertia of 
the system. The validity of the initial guess is determined by 
the degree to which the solution returns to the initial profile 
after one rotation. Below 860 km, where the diurnal temper- 
ature variation is expected to be negligible, the initial profile 
should be that associated with diurnally averaged heating con- 
ditions. A model run with diurnally averaged heating showed 
that the initial guess fulfilled this requirement. 

The density profile at each local time is found simultaneous- 
ly with the temperature profile by integrating the equation of 
hydrostatic equilibrium. The density at the lower boundary is 
chosen in order that the vertical profile at the morning termi- 
nator predicts a density at 1270 km of 2.6 x 108 cm -3, in 
agreement with the UVS observation. The mixing ratios of the 
minor species are held fixed during the diurnal run. 

Equation (9) is integrated numerically by a finite difference 
relaxation technique. The vertical resolution is 8 km; hence 
there are at least six steps per scale height in the model. The 
validity of the numerical solutions is checked by requiring 
energy to be conserved both locally and globally. 

4. RESULTS AND DISCUSSION 

The vertical structure of the thermosphere is found through 
simultaneous solution of the heat transfer equation and the 
equation of hydrostatic equilibrium. The value of the total 
density at the lower boundary is fixed by the condition that 
the density at 1270 km on the morning terminator agrees with 
the UVS solar occultation observation. 

We have considered two model runs which differ only in the 
sources of heating for the thermosphere. Both models assume 
the rotation period of the thermosphere to be equal to Titan's 
orbital period (16 days). The first model considers the effects of 
solar heating alone, while the second introduces some amount 
of magnetospheric electron heating which might be repre- 
sentative of the conditions at Titan's orbit. The product 
e4•(/• = 0) for the electron heating is taken to be 6 x 10-3 erg 
cm-2 s-•. For a hemispherically averaged electron energy flux 
below the exobase of 0.01 erg cm-2 s-• this corresponds to 
an electron heating efficiency of 0.6. It must be emphasized 
here that the actual amount of electron heating at Titan and 
its diurnal variation are highly uncertain. The true value of 
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Fig. 4[ Diurnal temperature variation at five altitudes, solar heat- 
ing only. The dashed curve for 1270 km is for the model which 
includes electron heating. 

e•b(//= 0) could be negligible, or it could be twice the value 
used in the model. Our purpose in including this model is to 
determine what, if any, effect the inclusion of an electron heat 
source has on the conclusions we make in this study. 

Figure 4 shows the diurnal temperature variation at five 
altitudes when solar EUV radiation is the only source of heat- 
ing. The data points shown on the curve for the 1270-km level 
represent the UVS solar occultation measurements at each 
terminator. The peak exospheric temperature is 216 K and 
occurs at • 1600 hours local time, while the minimum of 159 
K occurs at •0400 hours. The diurnal amplitude of the ex- 
ospheric temperature is AT • 30 K. Also shown in Figure 4 is 
the diurnal variation at 1270 km when electron heating is 
included. The peak exospheric temperature is •6 K warmer 
for this case than for the solar heating case. Both models 
predict a temperature at 1270 km on the evening terminator 
which is 15 K warmer than the highest temperature allowed 
by the UVS observation. The dynamical response of the ther- 
mosphere or superrotation would be expected to reduce the 
diurnal amplitude of the temperature variation. Hence it is 
possible that winds or superrotation of the thermosphere 
could explain the discrepancy at the evening terminator. 

The diurnal average temperature and density profiles for 
solar heating only are shown in Figure 5. These profiles were 
found as solutions to the diurnal average of equation (9) and 
to the equation of hydrostatic equilibrium. In order to fit the 
observed density at 1270 km on the morning terminator, we 
find that the density at the mesopause must be n= = 2.3 
x 10 t2 cm-3. The mesopause is located at an altitude of 736 
km and is quite cold, T= = 104 K (110 K if we include opacity 
effects; see equation (5)). The diurnally averaged exospheric 
temperature is 187 K. The diurnally averaged exospheric tem- 
perature is • 10 K warmer than this when electron heating is 
included. The mesopause location and temperature are the 

same in both models and are therefore insensitive to the as- 

sumptions made concerning electron heating. 
Superrotation of the thermosphere would tend to reduce the 

amplitude of the diurnal variation and tend to increase the 
time lag of the response to the heating. If there is a diurnal 
temperature variation in the thermosphere, the average cool- 
ing rate at each level is greater than the cooling rate in a 
thermosphere with the same average temperature but no diur- 
nal variation. This arises from the nonlinear dependence of the 
cooling rate on temperature. As a consequence, a superrotat- 
ing thermosphere with little diurnal temperature variation 
should exhibit a slightly higher diurnally averaged exospheric 
temperature than a slower rotator. In the limit where Titan's 
thermosphere is considered to rotate so fast as to not experi- 
ence any diurnal variation, the average exospheric temper- 
ature is -• 190 K when only solar heating is included. If these 
models come close to describing the actual heating conditions 
at Titan, it appears unlikely that the exospheric temperature 
exceeds 225 K. A fluctuation in electron heating conditions (a 
local magnetospheric "storm," for example) could temporarily 
raise the exospheric temperature above this limit; however, 
the diurnal average of the exospheric temperature should stay 
below 225 K. 

5. THE HYDROGEN TORUS 

The neutral hydrogen torus orbiting Saturn has been re- 
ported to extend radially between 8 R s and 25 R s and to have 
a vertical half thickness of 6-8 R s [Sandel et al., 1982]. It is 
interesting to consider to what extent the morphology of the 
torus is determined by simple Jeans escape of hydrogen from 
Titan. 

In order to understand the torus geometry it is necessary to 
know first whether or not collisions between atoms are impor- 
tant to the dynamics of the cloud. Recent data of the flux of 
neutral particles, detected by the low-energy charged particle 
detector aboard Voyager 2 during the preencounter phase, 
have been used to set an upper limit of 100 cm-3 for the total 
neutral density in the torus (W. H. Ip, unpublished data, 1982). 
The mean free time for collisions, Zc, is of order z c .• (nat))-•, 
where n is the torus density, a is the collisional cross section, 
and v is the average relative velocity between atoms. The rela- 
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tive velocity between atoms is approximately •e•a, where fl 
is the orbital frequency, e the eccentricity, and a the semimajor 
axis of a typical particle orbit. Adopting values for a and fl 
appropriate for particles near Titan, a-• 10 -•5 Cm2, and 
n-• 100 cm-3, the mean free collision time is of order •:c • 
2 x 10 ? 1/e s. Thus for eccentricities of •<0.2, the collision 
time is greater than the torus lifetime of 108 s estimated by 
Bridge et al. [1982]. A collisionless treatment for the torus 
would then be appropriate. Due to the uncertainties involved 
in this analysis, however, the question of the importance of 
collisions in the torus must be left open for the present. 

$myth [1981] used a detailed computer model to study the 
structure of a collisionless torus. For a mean emission velocity 
for H atoms of 2.0 km s-•, corresponding to an exospheric 
temperature of ,-• 240 K, the vertical half thickness of the torus 
was found to be 1.5 Rs. This is considerably less than the 6-8 
Rs inferred from the Voyager 1 and 2 UVS data. Therefore if 
the torus is collisionless, it is much thicker than can be ex- 
plained by simple thermal escape from a ,-• 225-K exosphere. 

The same conclusion can be reached if the torus is collision 

dominated. A vertical scale height of 8 R s implies a cloud 
temperature of 260 K [Sandel et al., 1982]. This is warmer 
than the 225-K upper limit we have set for the exospheric 
temperature., More complicated processes than thermal escape 
must be iriV•ølved in forming a torus with half thickness •8 
Rs. Among the viable alternatives are nonthermal escape from 
Titan, gravitational scattering in the torus, local heating in the 
torus, or perhaps a source of neutral hydrogen other than 
Titan. 

The diurnal variation of Titan's thermospheric temperature 
and density profiles has been calculated by simultaneously 
solving numerically the heat transfer equation and the equa- 
tion of hydrostatic equilibrium. It is found that the exospheric 
temperature is unlikely to exceed 225 K during a Titan day. 
Its diurnally averaged value lies in the range 187-197 K. The 
amplitude of the diurnal variation is •< 30 K. The mesopause 
is fairly cold, • 110 K, and is located at a density of 2.3 x 10 •2 
cm -3 (736 km). This density is greater than that expected at 
736 km if Titan's upper atmosphere were isothermal above 
190 km with a temperature of 170 K. This suggests that the 
temperature reaches a local maximum, warmer than 170 K, 
somewhere between 200 km and 700 km altitude. The vertical 

extent of the hydrogen torus is too large to be explained by 
simple thermal escape from a • 225-K exosphere. We con- 
clude that other mechanisms must be more important in 
populating the torus. 
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