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We have reexamined the aeronomic model of Titan's thermosphere by A.  J. Friedson 
and Y. L. Yung (J. Geophys. Res. 89, A1, 85-90).  Our computations disagree with theirs 
on the evaluation of the solar heating profile. We attribute this discrepancy to a numeri- 
cal error in their code. Moreover, new measurements on acetylene relaxation incite us to 
reconsider also their formulation of the (C2H2-dominated) infrared cooling. Once these 
factors are corrected, resolution of the heat transfer equation leads to a profile in severe 
conflict with the Voyager UVS temperature measurement at 1265 km from Titan's sur- 
face. A possible way to solve this problem is to assume very low (~0 .15-0 .20)  heating 
efficiencies. Simple considerations on the UVS measurements of temperature and N2 and 
CH4 densities, together with qualitative results from the aeronomic model and con- 
straints from the Voyager IRIS observations in the methane P4 band allow one to infer 
the general shape of Titan's atmosphere thermal profile. Possible features of this profile 
are a quasi-isothermal region between 200 and 400 km and a 135°K mesopanse at 800 
kill. © 1990 Academic Press, Inc. 

1. INTRODUCTION 

The Voyager  mission has brought major 
progress to our knowledge of the Titan at- 
mosphere. High-quality radio-occultation 
data allowed the inference of the thermal 
profile between the ground and 200 km 
(Lindal et al. 1983). Recently, a simulta- 
neous analysis of these data and of the //4 

emission of methane at 7.7/zm, as observed 
by the Voyager  IRIS experiment, has led to 
a rigorous estimate of the uncertainty on 
the thermal profile and to the definition of a 
"standard" profile in this altitude range 
(Lellouch et al. 1989). The region where 
thermal information can be retrieved from 
the v4 emission of methane actually extends 
from about 150 to 400 km (Coustenis et al. 
1989). Above 200 km, data are restricted to 
the solar occultation profiles obtained by 
the Voyager  Ultraviolet Spectrometer 
(UVS) experiment (Smith et  al. 1982). En- 
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try and exit occultations occurred near the 
Equator (at 2.7°N and 17.5°S latitudes, re- 
spectively). At 1265 kin, the number den- 
sity was found to be 2.7 _+ 0.2 × 108 cm -3, 
and the temperature was equal to 186 -+ 
30°K; these values are the average of entry 
and exit profiles. The major gas is N2 ; CH4 
was detected at 1115 km with a 8 -+ 3% 
mixing ratio. Smith et al. (1982) also report 
the detection of acetylene in this altitude 
range, with a mixing ratio of 1-2% above 
-850 km altitude and 0.1-0.3% below 700 
km. Isothermal interpolation down to tem- 
perature and density conditions at 200 km 
requires a mean temperature of 165°K be- 
tween 200 and 1265 kin, as pointed out by 
Smith et al. (1982). 

The heat budget of the thermosphere was 
first investigated by Friedson and Yung 
(1984). Using the density and temperature 
values quoted above as boundary condi- 
tions, and through simultaneous solution of 
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heat transfer and hydrostatic equilibrium, 
they predicted the shape of the thermo- 
sphere temperature profile down to the 
mesopause, which they estimated to occur 
at 736 km and 110°K. We have found, how- 
ever, that this work is questionable in some 
aspects that we discuss below. Moreover, 
temperature profiles proposed subse- 
quently for the whole 0-1300 km atmo- 
sphere (Hunten 1987, Lellouch and Hunten 
1987), based on Friedson and Yung's (here- 
after referenced as FY) work, contain high 
stratospheric temperatures to compensate 
for the very cold mesopause region. Cous- 
tenis and Gautier (1987) indicate that such 
profiles are too warm in the 200-400 km 
region to be consistent with the 7.7-/xm 
emission of CH4, as observed by Voyager 
IRIS. 

Besides the interesting theoretical prob- 
lem, and possible comparisons with other 
planets, there is at least one other reason 
justifying efforts to predict the temperature 
(and density) profile of Titan's atmosphere: 
in the framework of the ESA-NASA Cas- 
sini space mission to the Saturn system, 
such studies are essential for a Titan Probe 
mission analysis, including estimates of the 
Probe descent velocity and heating profile, 
and also for studies related to Orbiter-at- 
mosphere interactions, such as drag during 
passes through the upper atmosphere and 
spacecraft-induced glow phenomena (Lel- 
louch 1989). 

In this work, we reexamine the 
aeronomic model proposed by Friedson 
and Yung and show that some assumptions 
must be modified to obtain a sensible solu- 
tion. We then propose a temperature profile 
for the entire Titan atmosphere. Results are 
briefly discussed in the last section. 

2. THERMOSPHERIC MODEL 

The thermospheric model by FY solves 
the one-dimensional heat equation after 
evaluation of the energy sources and sinks. 
The main source of energy in the thermo- 
sphere is solar radiation, with a possible 
contribution due to precipitation of mag- 

netospheric electrons. Solar heating is con- 
sidered to occur only through gaseous ab- 
sorption of solar radiation, i.e., aerosol 
heating is neglected. Other possible sources 
of heating (such as viscous dissipation of 
internal gravity and acoustic waves, Joule 
h e a t i n g . . . )  are omitted. Heat is radiated 
through infrared emission of minor constit- 
uents, and transported by molecular con- 
duction. Eddy conduction is neglected. 
Following the results of Smith et al. (1982), 
three constituents are considered in the 
model: N2, CH4, and C2H2. The total pres- 
sure and the mixing ratios at the lower 
boundary of the model (680 km) are ad- 
justed so that the calculated abundances in 
the heterosphere (which are of course tem- 
perature-dependent) match the observed 
values. 

2.1. Solar Heating 

Solar radiation is significantly absorbed 
in the thermosphere from the extreme ultra- 
violet (EUV) to about 2000 ,~. As pointed 
out by FY, the most important part of heat- 
ing occurs through absorption of Ly a by 
methane. Heating by nitrogen absorption is 
globally weak because it occurs below 1000 
A, where the solar flux is low. However, 
high above the mesopause (i.e., at altitudes 
->1000 km), the contribution of nitrogen to 
heating is dominant (Fig. 2) and therefore 
plays a very important role in determining 
the exospheric temperature. A consider- 
able part (~20%) of the nitrogen heating is 
due to the absorption of solar radiation in 
the He II line at 303.78 A. Acetylene ab- 
sorption between 1500 and 2000 ,~ is negli- 
gible above 1000 km, but dominant below 
800 km, where the atmosphere is opaque at 
all shorter wavelengths. 

The most difficult factor needed to calcu- 
late the solar heating profile is the effi- 
ciency, i.e., the fraction of the photon en- 
ergy actually transferred to the atmosphere 
after absorption. Through a detailed analy- 
sis of the dissociation channels of methane 
at Lyman t~, FY evaluated the heating effi- 
ciencies at various wavelengths. In the ab- 
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sence of  laboratory measurements ,  it is dif- 
ficult, however ,  to estimate the quality of 
such an evaluation. In our model,  we have 
assumed a linear dependence of  the effi- 
ciency on wavelength. This simplified para- 
meterization, which physically means that 
any photon energy greater than a given 
threshold is t ransformed into heat, is used 
in most  of  the early models of  the Earth 's  
thermosphere  (Johnson and Gottlieb 1970). 
More realistic descriptions of  the thermal- 
ization of  the EUV heating must take into 
account  the partitioning of  excitation be- 
tween vibrational and rotational energy, the 
quenching of  rotational states, and the colli- 
sional deexcitat ion of  the photodissociation 
products.  Resulting heating efficiencies are 
functions of  wavelength,  pressure,  and 
temperature.  However ,  such a sophisti- 
cated approach is not only very difficult to 
achieve, but also probably irrelevant in the 
framework of  this simple 1-D model, which 
in particular considers molecular absorp- 
tion of  solar radiation as the only source of 
energy, and neglects all dynamical phenom- 
ena. Our heating efficiency is simply 

e = 1 - Mho, f o r h -  h0 

e = 0 otherwise,  

where ~ is the incident photon wavelength. 
For  N2, the threshold wavelength is h0 = 

1265 ,~, corresponding to a bond energy of 
226 kcal mole -1, and giving e = 0.76 at 304 
,~. For  CH4 and C2H2, we use h0 = 1870 
and 3000 ,~, respectively,  to be consistent 
with FY evaluations. 

An order  of  magnitude of  the maximal 
solar heating can be evaluated simply: 

The contribution of Lyman  a absorption 
by CH 4 to the solar heating at solar zenith 
angle 0 and altitude z can be expressed as 

= e F~ h-- ff nCH4(Z)O "'~ Scm(Z, 0) ~ ~ hc 

e x p ( - r " ( z ) x ( O ) )  (1) 

where r = no-H is the opacity in vertical 
viewing, n is the CH4 number  density, and X 
is the airmass factor  or Chapman function. 

H is the scale height, typically equal to 80 
km in the thermosphere.  

This contribution is maximal at an alti- 
tude z such that ~- = 1/x and is then equal to 

Smax = 8aF~ hc ( exH)_ l .  
h~ 

With a solar flux F~ = 5.5 x 10 +9 photon 
cm -2 sec -1 at Lyman  a (solar maximum, 
valid for Voyager  1 encounter) ,  and an effi- 
ciency e ~ = 0.35 (value estimated by FY), 
we find that for 0 = 60 ° (X = 2), S peaks at 
7 × 10 -l° erg cm -3 sec l, which is already a 
factor  of  5 higher than the value given by 
FY for the maximal value of  the total solar 
heating (see Fig. 2 of  FY). We have 
checked with the authors that the discrep- 
ancy comes from an error  in their numerical 
calculation of  the heating profile (J. Fried- 
son, private communication).  Unfortu- 
nately, this miscalculation has important 
consequences for the computat ion of the 
thermospheric profile, as shown below. 

We have computed the contributions of  
N2, CH4, and C2H2 to the solar input profile 
as a function of  altitude between 680 and 
1400 km, with the vertical profiles dis- 
played in Fig. 1. The CH4 distribution 
adopted corresponds to a 2.5% mixing ratio 
in the homosphere ,  increasing up to - 8 %  at 
1115 km by mass fractionation. The C2H2 
mixing ratio is taken at 1.5% above the ho- 
mopause and decreases down to 2 × 10 -3 at 
700 km, consistent with Smith et al. (1982). 
It must be noted that, on the basis of  an 
evolved photochemical  model, Yung et al. 
(1984) have predicted much lower C2H2 
abundances than observed by Smith et al. 

and have questioned the C2H2 detection 
and suggested that the spectral features at- 
tributed to acetylene actually belong to 
other,  heavier, hydrocarbons.  However ,  
according to Nava  et al. (1986), Yung et al. 
(1984) used a rate constant for the H + 
C4H2 reaction, approximately a factor of  40 
too large. With the Nava  et al. experimen- 
tal rate, much higher C2H2 abundances 
would be expected.  Using solar fluxes 
taken from Mount and Rottman (1981) and 
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Fic. 1. Methane and acetylene distributions used in the computation of the temperature profile. 

Torr and Torr (1985), we obtain the heating 
profiles of Fig. 2, where the total heating 
profile is also displayed and compared with 
the one computed by FY (their Fig. 2). 

As said above, another possible source of 
heating is the low-energy magnetospheric 
electron precipitation. FY point out the dif- 
ficulty of a quantitative evaluation of this 
contribution, because of the uncertainties 
on the electronic flux energy distribution 
and geometry, the heating efficiency for 
electron impact and the electron absorption 
cross sections. Their electronic heating 
profile is -20% of the solar input, and thus, 
taking into account their error on the latter, 
only a few percent of the total heating. 
However, Hunten et al. (1984) have esti- 
mated that the energy deposition due to 
electronic precipitation is 0.015 erg cm -2 
sec-1 averaged over the satellite at the ex- 
obase. When adjusted by a suitable effi- 
ciency, this energy is not negligible com- 
pared to the integrated solar heating rate 

(0.045 erg cm -2 sec -1 at 800 km for the pro- 
file of Fig. 2), and taking into account the 
fact that it is deposited at higher altitudes 
(1300-1500 km), it may have a significant 
influence on the high thermosphere profile. 
Our justification for omitting this contribu- 
tion is that we will demonstrate (2.3) that 
with current values of the solar heating effi- 
ciencies, the solar energy deposition alone 
is already too large to be consistent with the 
observed exospheric temperature. 

2.2. Infrared Cooling 

Heat is removed from the upper atmo- 
sphere by nonlocal thermodynamic equilib- 
rium (NLTE) cooling by minor constituents 
(Chamberlain and Hunten 1987). As 
pointed out by FY, the 7.7-/xm fundamental 
of CH4 is at too high a frequency to be 
strongly excited at Titanian temperatures 
and the 13.7-~m band of C2H2 dominates 
the cooling. FY used laboratory measure- 
ments at room temperature and the stan- 
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FIG. 2. Solar heating S and infrared cooling R profiles, computed with Friedson and Yung's (1984) 
thermospheric temperature profile (pressure: p = 1.5 × 10 -7 bar at 680 km). The heating profile is 
computed for maximal solar flux and zenith angle of 60 °. Solid lines: contribution of N2, CH4, and C2Hz 
to solar heating. Dashed lines: total solar heating, compared with Friedson and Yung's (1984). 
Dashed-dotted line: cooling profile. 

dard (so-called Landau-Teller) tempera- 
ture dependence to derive expressions of 
the collisional relaxation rate as a function 
of temperature. For both molecules, how- 
ever, we have found discrepancies between 
their formulation and experimental data. 

For methane, their formula (7) gives a 
value of the relaxation rate of the v4 band at 
room temperature too small by a factor of 5 
if compared to the measurement by 
Yardley et  al.  (1970) and by a factor of 20 if 
we refer to Wang and Springer's (1977) 
results. (Note, however, that Wang and 
Springer's measurements were performed 
in CH4-dominant (maximum N2 proportion: 
30%) CH4-N2 mixtures and are difficult to 
extrapolate to Nz-dominant mixtures; be- 
sides, the temperature dependence they 
quote is nonstandard.) 

For acetylene, the relaxation rate of the 

v s band at 13.7-tim, calculated at room tem- 
perature from expression (8) of FY (430 
sec -l Tort -1) falls below the observed value 
of H/iger et  al. (1981) by a factor of 3. (A 
detailed study of FY calculations showed 
that in both cases, the discrepancy comes 
from an error in their computation of the 
kinetic collision rate Z, due to an inappro- 
priate choice of the collision diameter of the 
CH4-N2 and C2H2-N2 pairs.) Moreover, re- 
cent measurements on C2D2 relaxation in 
N2 by Smith et  al. (1985), giving deactiva- 
tion rates higher than H/iger et  a l . ' s  value 
by a factor of 5, led the authors to seriously 
question the work of H/iger e t  al. (I. W. M. 
Smith, private communication). Indeed, 
H/iger et  al. used a 3-/zm laser flash to ex- 
cite the coupled levels v3 and (v2 + v4 + v5). 
The molecules rapidly decayed into the fun- 
damentals v2, vs, and v4, with excitation en- 
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FIG. 3. Simplified energy diagram for acetylene 
(adapted from H~iger et  al. 1981). 

ergies of 1974, 729, and 612 cm -~ (Fig. 3). 
The last is infrared inactive. The relaxation 
was monitored by the fluorescence of the u5 
state as a function of pressure. Smith et al. 
(1985) point out the difficulty of quantita- 
tive fluorescence measurements. More- 
over, the v4 and v5 states lie only 117 cm -1 
apart--which corresponds to a temperature 
difference of 168°K--and could be colli- 
sionally coupled, at room temperature and 
Titanian temperatures as well. If so, the in- 
terpretation of the observed decay rate as 
referring to z,5 only is not unique. For their 
CED 2 measurements, Smith et al. (1985) 
used a photoacoustic method (the relaxa- 
tion is measured through microphone moni- 
toring of the pressure change, which is di- 
rectly related to the energy released into 
the translational degrees of freedom of the 
gases) which is less subject to technical 
problems and ambiguities of interpretation. 
The rate coefficient for exciting the upper 
level, which then radiates, can be ex- 
pressed as a product of a deexcitation 

(quenching) coefficient and the Boltzmann 
factor of the upper state. 

In the assumption where collisions are 
brief, theory (Lambert 1977) predicts a (so- 
called Landau-Teller) standard T" exp( -A/  
T 1/3) dependence of the relaxation rate k, 
where n = 0.5 if k is expressed in cubic 
centimeters per second. The A parameter 
depends on the frequency of the band, on 
the reduced mass of the colliding partners, 
and on a typical length characterizing the 
interaction potential range, and cannot be 
calculated ab initio. At high temperature, 
the standard temperature dependence is ob- 
served in most of the cases. To our knowl- 
edge, no experimental data are available on 
the relaxation of methane and acetylene at 
low temperatures. Yuan et al. (1973) have 
performed measurements on the relaxation 
of ethylene in rare gases, at various temper- 
atures, down to 248°K. For C2H4 relaxation 
in Ne, they obtain A = 35. We shall first 
assume that the same dependence is valid 
for relaxation of CH4 and C2HE in N2. We 
thus use, as a starting point,  the following 
expressions for the relaxation coefficients: 

k(CH4-Nz) = 2.25 × 10-14T °'5 

e x p ( - 3 5 / T  1/3) cm 3 sec -I 

k(CaHE-N2) = 1.9 × 10-lET °5 
e x p ( - 3 5 / T  1/3) cm 3 sec 1. 

At 170°K, these expressions, compared to 
the ones in FY, give relaxation coefficients 
higher by a factor of 10 for both molecules. 
At this point, we stress that our adopted 
expressions are highly uncertain. Accord- 
ingly to one of the referees (D. F. Strobel), 
it is very improbable that the Landau-  
Teller dependence is valid for colliding lin- 
ear molecules at low temperatures, as indi- 
cated by the behavior of COz, whose 
deactivation probabilities with various part- 
ners below 240°K are much less tempera- 
ture-dependent than predicted by the stan- 
dard dependence (Allen et al. 1980). In the 
absence of any firm information on C2H2, 
we will later test different values of the re- 
laxation rate with Nz. The cooling rate per 
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molecule in a band at frequency v can be 
expressed as a function of the relaxation 
coefficient k and of the radiative transition 
probability A, (Kockarts 1980) 

R =  hvtoA g-2exp( hv) 
go - ~-~ , (2) 

where gl and go are the degeneracies of the 
upper and lower levels of the transition, 
and to = k(T)N/(k(T)N + A) is a dilution 
factor from the LTE case (N is the total 
ambient density). This expression assumes 
that radiation in both the upward and down- 
ward directions cools the atmosphere, and 
holds in the isotropic "cool-to-space" ap- 
proximation, which is valid if YA/kN ~> 1, 
where ¥ is the probability of photon escape 
to space (Houghton 1986). Using a band 
model formulation, we find that for the v5 
band of acetylene, this inequality occurs at 
z -> 750 km. Below this level, the cool-to- 
space formulation provides an upper limit 
of the cooling rate. To account for the colli- 
sional coupling of the 1"4 and v5 bands, we 
use a degeneracy gl equal to 4 (2 for each 
level). The cooling rate profile computed 
with these coefficients, the molecular pro- 
files of Fig. 1, and the thermal profile of FY 
is displayed in Fig. 2. 

2.3. Computation of  the 
Thermospheric Profile 

With the heating efficiencies and relaxa- 
tion coefficients given above, and the verti- 
cal distributions of methane and acetylene 
as shown in Fig. 1, we now compute the 
temperature profile of the thermosphere, 
with the same type of boundary conditions 
as in FY. We actually compute the diur- 
nally averaged thermal profile, through the 
simplified conduction equation, in spherical 
coordinates, 

d 2 dT 
dr (K(T)r - ~ )  = r2(S - R), (3) 

where K(T) is the thermal conductivity of 
the atmosphere, S is the diurnally zenith, 
angle averaged solar heating profile, R is 
the diurnally averaged radiative losses, and 

where the contribution to heating due to 
electron precipitation has been neglected. 
K(T) is calculated as the weighted average 
of the conductivities of the three gases. For 
the conductivity of N2, we used Eq. (8) of 
FY, which is an excellent simple approxi- 
mation of experimental data in the relevant 
temperature range (50-300°K). The con- 
ductivities of CH4 and C2H2 were assumed 
to follow the same temperature dependence 
and were taken as 1.12 and 0.65 times the 
conductivity of N2, respectively (Weast 
1981). 

Strictly speaking, the exact computation 
of the diurnal averages of the heating and 
cooling terms in Eq. (3) would require 
knowledge of the temperature profile as a 
function of local time, but this in turn would 
imply solution of the time-dependent heat 
equation. Instead, diurnal averages have 
been calculated from Eqs. (1) and (2), with 
T being the diurnally averaged temperature. 
For the solar input average, the solar-time 
dependent exp(-z(z)x(O)) term was calcu- 
lated for 24 values of the airmass factor 
(one per hour, X(0) being infinite when the 
considered altitude is in the night). For the 
cooling rate, the strong non-linear depen- 
dence of k and R with T makes the method 
approximate. An estimate of the error can 
be obtained by comparing the cooling rate 
at 180°K with its averaged value between 
150 and 210°K, which may be the range of 
diurnal variation of the exospheric temper- 
ature, as found by FY. We find a difference 
of about 20%, which is negligible in view of 
the much larger uncertainty (factor 2-5?) 
on the relaxation coefficients. Since K, S, 
and R are all functions of T, Eq. (3) is 
solved iteratively. The problem is entirely 
defined with two boundary conditions: at 
the upper level of the model, the second 
member of the equation vanishes, and it 
may be assumed that dT/dr = 0. We take 
the upper boundary layer at 1500 km, 
checking that both solar input and radiative 
losses are negligible at this altitude. The 
second boundary condition is defined by 
the temperature at a given level. 
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conditions. 

In a first step, we use the same condition 
as in FY; i.e., the temperature is given at 
the lower boundary of the model, which is 
taken at 680 km (where, as shown by FY, 
the temperature profile has negligible diur- 
nal variations). Since we solve simulta- 
neously the hydrostatic equilibrium equa- 
tion, the total pressure has to be given at 
the same level. The mole fractions of the 
various species must also be specified and 
are constrained by the UVS measurements. 
With the boundary conditions, T(680 km) = 
120°K, p(680 km) = 1.5 × 10 -7 bar, we ob- 
tain the thermospheric profiles at the Equa- 
tor shown in Fig. 4, for maximal and mini- 
mal solar conditions, respectively. The 
Voyager I encounter with Titan occurred 
during solar conditions very close to maxi- 
mal. The computed profile is grossly inade- 
quate. The reason for a very large tempera- 
ture gradient above the mesopause, leading 
to extremely high (--310°K) exospheric 
temperatures, is the strong heating profile 

above 800 km. Actually, the cooling term, 
scaling roughly as the square of the total 
pressure, becomes entirely negligible above 
950 km. Taking into account the electronic 
heating would of course lead to even higher 
exospheric temperatures. We have not in- 
vestigated the diurnal variation of the tem- 
perature, but given the higher heating pro- 
file compared to FY, it can be expected that 
computation of the time-dependent heat 
equation would lead to a dramatic diurnal 
thermal variation, severely violating the 
UVS results. 

We have studied the sensitivity of the 
results to the lower boundary (pressure, 
temperature) conditions. An increase of 
pressure at the lower boundary causes a 
larger increase in the cooling term than in 
the heating, and thus produces a colder 
mesopause. But the moderate increase of 
the heating term above the mesopause (due 
to the increase of concentrations) is such 
that the exospheric temperature does not 
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depend strongly on the pressure assumed at 
the lower boundary. Specifically, T,,, is 
found to vary by +-5% when ~(680 km) un- 
dergoes a change by a factor of 4. (The N2 
and CH4 concentrations measured in the 
thermosphere constrain ~(680 km) to a pre- 
cision better than this.) The temperature at 
the lower boundary is entirely uncon- 
strained. FY assumed T(680 km) = 130°K. 
A higher value of this temperature causes a 
strong increase of the cooling term which 
compensates for this temperature, so that 
the temperature at the mesopause (and thus 
everywhere above) appears to be almost in- 
dependent of the temperature lower bound- 
ary condition, as found by FY. On the other 
hand, the CH4 and C2H2 mole fractions as- 
sumed below the mesopause do have a 
strong influence on the thermospheric pro- 
file, but they are also relatively well con- 
strained (especially CHJ by the UVS mea- 
surements. 

Therefore, we find that, to obtain a sensi- 
ble thermospheric profile, we have to mod- 
ify either the heating term (through the 
heating efficiencies) or the cooling term 
(through the relaxation rates) or both of 
them. Since the profile we first obtained 
was much too hot, we must try to reduce 
the solar input or increase the radiative 
losses. Thus, in a second step, instead of 
FY’s method, used above, we now inte- 
grate the equation of conduction (1) (again, 
neglecting electronic heating) downward 
from 1265 km, with the UVS measurements 
(T = 186”K, [Nz] = 2.7 lo8 cmm3) and again 
dT/dr = 0 at this point as boundary condi- 
tions. 

We first assume that the expression for 
the cooling term is valid, and we compute 
the thermospheric profile, starting from 
1265 km, for heating efficiencies reduced 
arbitrarily by various factors. Figure 5 
shows the results. The smaller the efficien- 

8 1 I I 1 I 

‘900 120 140 160 180 200 

TEMPERATURE (K) 

FIG. 5. Thermospheric profile computed downward from the UVS point (T = 186”K, [NJ = 2.7 x 
lo8 cm-3 at 1265 km) for various reduction factors of the solar heating efficiencies from their nominal 
values. Labels indicate the reduction factors. Cooling rates are nominal. 
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cies, the smaller the integrated solar flux 
and thus the temperature gradients, and 
since we integrate downward, with a fixed 
point at 1265 km, the higher the thermo- 
spheric temperatures are, even though this 
may seem paradoxical at first glance. For 
efficiencies reduced by a factor of about 2.4 
(i.e., for an efficiency of about 0.15 for CH4 
in Lyman a, and 0.32 for N2 at 304 .~), a 
profile similar to FY's is obtained. That 
cannot be related directly to the difference 
in the solar heating profile (factor of about 
7, as shown in Fig. 2), because the discrep- 
ancy on the relaxation rates (factor 10) also 
plays a role. The same thermosphere profile 
can be obtained assuming a global heating 
efficiency of 0.19, independent of molecule 
or wavelength. This value is significantly 
smaller than the ones proposed by FY for 
CH4 absorption (0.35 in Ly ot and 0.40 at 
other wavelengths), and it seems very diffi- 
cult to find a theoretical model predicting 
such a low CH4 efficiency (A. J. Friedson, 
private communication). However, it ap- 
pears that absorption by CH4, although 
globally dominant, is not the most impor- 
tant in determining the thermospheric pro- 
file. The reason for this is that it occurs at 
relatively low altitudes (800-900 km), 
where a large fraction of the heat can be 
removed from the atmosphere by infrared 
cooling. Instead, the exospheric tempera- 
ture is primarily a function of the N2 heating 
at EUV wavelengths (150-350 ~), and pro- 
vided the assumed relaxation rates are cor- 
rect, efficiencies in the 0.2-0.4 rather than 
in the 0.7-1 range are needed. 

We next compute the thermospheric pro- 
files with the efficiencies used in the begin- 
ning, exploring a range of values of the re- 
laxation rate of acetylene, since methane 
contribution to the cooling is small. For 
simplicity, we assume a constant value of 
the C2H2 relaxation rate at all temperatures. 
In other words, we are testing various val- 
ues of the relaxation rate of acetylene by 
nitrogen around 170°K. Results are shown 
in Fig. 6, and compared with the "nomi- 
nal" C 2 H 2  relaxation rate (which includes 

the temperature dependence). Rate coeffi- 
cients of at least 5 x 10 -13 cm 3 sec -1 are 
needed to produce a sensible solution, i.e., 
a factor of at least l0 higher than the value 
used initially (5 × 10 -14 cm 3 sec -1 at 170°K). 

Finally, we have tested several values of 
the C2H2 relaxation rate, assuming reduc- 
tion of the heating effiencies by a factor of 
2.4. As shown in Fig. 7, various possible 
solutions are obtained for a rate coefficient 
ranging from 2 × 10 -14 to 10 -12 c m  3 s e c  -1 at 
170°K. 

It must be noted that, due to the rapid 
increase of the cooling term downward (due 
to the increase of pressure, and even 
though the C2H2 mixing ratio probably de- 
creases), all computed profiles show an ex- 
tremely strong negative gradient just below 
the mesopause. Since the gradient cannot 
exceed the adiabatic lapse rate, which is 
0.87°K/km at 600 km, this indicates the lim- 
itations of the model. In particular, infrared 
opacities become nonnegligible below the 
mesopause and departure from the "cool- 
ing-to-space" regime should be considered, 
acting as an effective heating source. More- 
over, there may be substantial heating by 
near-infrared bands of methane and by dust 
particles, both of which can absorb solar 
energy. 

To conclude at this point, the model 
shows that the thermosphere structure of 
Titan is extremely sensitive to the solar 
heating efficiencies and to the relaxation 
rates of the cooling agents. Given our poor 
knowledge of these parameters, almost any 
thermal profile can be obtained theoreti- 
cally, and the only firm achievement of the 
model seems to demonstrate the existence 
of a mesopause, which is due to the very 
efficient cooling in the C2H2 v5 band. 

3. POSSIBLE PROFILE OF 
TITAN'S ATMOSPHERE 

In this section, we put together the 
results of the thermospheric model given 
above and other independent observational 
constraints in order to propose a profile of 
Titan's atmosphere, from the ground to the 
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exosphere. The Voyager  UVS experiment 
(Smith et  al. 1982) measured the tempera- 
ture and the nitrogen number density at 
1265 km, and the methane concentration 
(1.2 x 108 cm -3) and mixing ratio (8 -+ 3%) 
at 1115 km above Titans surface. Smith et 
al. inferred the homopause level to be at 
925 +- 70 km. 

Recently, from a joint reanalysis of the 
Voyager  radio-occultation and IRIS 7.7-/xm 
data, Lellouch et  al. (1989) found the tem- 
perature at 200 km to be 173 -+ 4°K. The 
methane mole fraction in the uniformly 
mixed stratosphere is bounded between 0.5 
and 3.4%, and between 1 and 1.7% if no 
significant argon is present in the atmo- 
sphere. 

Let us assume that the CH4 mixing ratio 
in the low stratosphere, q~, is constant up 
to the homopause (altitude zh), and then in- 
creases to a value q2 at 1115 km. This sim- 
plified model is supported by the results of 
the photochemical model of Yung et al. 
(1984). In this framework, the densities and 
temperature measured by UVS allow eval- 
uation of the most reasonable values of q~, 
q2, and Zh. Indeed, each set (ql ,q2,Zh) pro- 
vides a value of the average temperature 
between Zh and 1115 km: T2. Furthermore, 
q2 and the methane concentration at 1115 
km provide the N2 concentration at 1115 
km, which in turn gives the average temper- 
ature between 1115 and 1265 km: T3 (see 
Fig. 9). 

Coustenis et  al. (1989) show that the /)4 

emission of CH 4 at 7.7-/xm observed by 
IRIS is compatible with a CH4 mole fraction 
of 1.8%, and a profile with temperatures of 
170°K at 200 km, 176°K at 250 km, and 
180°K at 350 km and above. From the error 
bars on the temperature at 200°K found by 
Lellouch et  al. (1989), we conclude that the 
average temperature between 200 and 500 
km is most probably higher than 175°K. 
This shows that the CH4 mixing ratio in this 
altitude range cannot be much higher than 
1.8%. We therefore explored the three-di- 
mensional domain where ql varies from 0.5 
to 2.5%, q2 from 5 to 11%, and Zh from 855 

to 995 km, calculating T2 and T3 for each set 
(q l ,q2,Zh) .  No argon was assumed. Rea- 
sonable constraints on T2 and T3 (T2 -> 
120°K; T2 --< T3; 155°K -< T3 -< 215°K), 
based on observational results and qualita- 
tive properties of the thermospheric profile, 
as found in Section 2, were used to find a 
plausible range for the three parameters. 
For example, low values of ql and high val- 
ues of Zh are excluded because they lead to 
unacceptably low values of T2; T3 -< 215°K 
imposes q2 -~< 10%. Figure 8 shows, for vari- 
ous values of Zh, the most "reasonable" 
couples (ql ,q2) .  The most satisfactory so- 
lutions are obtained for large values of ql, 
but such values tend to be excluded by the 
analysis of Coustenis et  al. (1989). More- 
over, in the absence of argon, stratospheric 
CH4 mole fractions higher than 1.7% would 
imply supersaturation of CH4 with respect 
to the condensation level (32 km) value. We 
finally adopt ql = 1.7%, q2 ---- 7%, and Zh = 

880 km as the "bes t "  solution. The corre- 
sponding average temperatures are T1 = 
T(200-880 km) = 160°K, Tz = T(880-1115 
km) = 169°K, and T3 = T(1115-1265 km) = 
180°K. 

Simple consideration of these numbers 
shows that there must be a mesopause 
somewhere in the atmosphere, in agree- 
ment with the prediction of the aeronomic 
models, and that it is most probably located 
below the homopause level, since T1 -< T2. 
The fact that T3 is not close to T2 implies a 
significant temperature gradient in the 
1100-1200 km range and would indicate 
that the profile becomes isothermal only 
well above 1265 km. 

A smooth profile was then obtained by 
trial and error, which satisfies the hydro- 
static equation (Fig. 9). It shows a cold 
mesopause at about 800 km and 135°K. To 
compensate for the low temperatures 
around the mesopause, the warm region in 
the stratosphere extends up to about 500 
km. Below 200 km, the temperatures follow 
the standard profile of Lellouch et al. 
(1989). The 150-400 km region can be 
tested against 7.7-/zm emission of C H 4 ,  as  
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observed by IRIS. For this purpose, a syn- 
thetic spectrum is generated, with the tem- 
perature profile and its associated methane 
mole fraction (1.7%), through a line-by-line 
radiative transfer program which computes 
the monochromatic radiance emerging from 
the atmosphere. This spectrum is compared 
to an average of a selection of 30 IRIS spec- 
tra taken in Titan's Equatorial region. The 
noise level on the resulting spectrum is 
about 0.014 erg cm -2 sec -1 sr-l/cm -~. De- 
tails of the analysis can be found in Cous- 
tenis e t  al .  (1989). As shown in Fig. 10, the 
agreement between the observed and syn- 
thetic spectrum is satisfactory within ---3 o- 
error bars. Profiles with much colder meso- 
pauses (such as FY) tend to be excluded, 
because they require, in order to satisfy hy- 
drostatic equilibrium, temperatures too 
warm at lower levels to allow for a good fit 
of the v4 emission of CH4 (Fig. 10). 

4. DISCUSSION 

Comparing the temperature profile ob- 
tained from simple arguments in the pre- 
vious section with predictions of the ther- 
mospheric model should in principle give 
information on the physics of the thermo- 
sphere. Although the shape of the proposed 
profile is very uncertain and most probably 
criticizable, due to the absence of any con- 
straint between 400 km and the mesopause, 
the temperatures above the mesopause are 
to some extent constrained by the UVS 
data, as shown in Section 3. However, the 
thermospheric profile (and especially the al- 
titude and the temperature of the meso- 
pause), as predicted from the model, is bas- 
ically a function of two parameters, the 
heating efficiencies and the relaxation rate 
of C2H2, and it is difficult to derive informa- 
tion on both of them independently. Still, 
some qualitative results can be given: 
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The profile proposed in Fig. 9 has its 
mesopause at 800 km. A glance at the 
models in Figs. 5-7 shows that such a result 
is most readily obtained with a reduced 
heating efficiency. A reduction of the 
"nominal" efficiencies by a typical factor 
of 2.5-3 would be adequate, as would be a 
global average heating efficiency in the 
range 0.15-0.20. Increased cooling coeffi- 
cients (Fig. 6) tend to raise the mesopause 
into the 900 km region or even higher. Al- 
though considerations in Section 3 tend to 
indicate that the mesopause is located be- 
low the homopause (-880 km), the over- 
simplified approach adopted there does not 
allow ruling out the possibility of generating 
a full profile corresponding to this situation. 
The mesopause would then be warmer and 
lapse rates in the mesosphere smaller. Also 
possible is a slightly reduced heating effi- 
ciency combined with increased cooling. 
For example, the cooling rate at low tem- 
perature might be essentially equal to the 
room-temperature value of Smith et  al. 
(1985). Such cases, though not the most 
common, do exist: in SO2, CH3F, CH3Br, 
the rate actually rises at lower tempera- 
tures. They are attributed to formation of a 
long-lived complex (Lambert 1977), a pro- 
cess that could also be important in the ni- 
trogen-acetylene system. 

A heating efficiency in nitrogen reduced 
to 0.15-0.20 seems to be in conflict with the 
well-established value for the Earth, where 
the gas is actually a mixture of nitrogen and 
atomic oxygen. However, the CO2 atmo- 
spheres of Venus and Mars offer prece- 
dents. The need for low efficiencies was 
first realized by Stewart (1972) at Mars and 
Dickinson (1976) and Dickinson and Ridley 
(1977) at Venus, and this suggestion has 
been confirmed by later work. Bougher et 
al. (1988a) require 10-12% for Venus, and 
Bougher et  al. (1988b) find 18% for Mars. 
Thus, a reduced value for Titan may not be 
ruled out. The best prospect for the near 
future is for further laboratory measure- 
ments to establish the actual cooling rate of 
acetylene at low temperatures. 

As we said earlier, the aeronomic model 
described in Section 2 becomes nonvalid 
below the mesopause, because the com- 
puted lapse rates are superadiabatic there. 
This is partly due to the breakdown of the 
assumption that infrared optical thick- 
nesses effects are negligible, but this proba- 
bly also demonstrates the existence of a 
source of heating in the high mesosphere, at 
altitudes (600-800 km) where solar UV ra- 
diation cannot penetrate. In the absence of 
solar heating, the temperature of the entire 
stratosphere and mesosphere should ap- 
proach the Gold-Humphreys skin tempera- 
ture (Chamberlain and Hunten 1987), which 
is about 72°K if the effective temperature of 
Titan is 86°K. Since the actual temperature 
over the whole region is around 160°K, it is 
clear that the heating is dominated by the 
solar input. Short wavelength overtones of 
CH4 are certainly significant, but the heat- 
ing is probably dominated by absorption by 
the smog particles (or Danielson dust) that 
make Titan's albedo so low. The V o y a g e r  
UVS experiment saw absorption layers at 
the limb up to 765 km, and it is likely that 
diffuse dust extends to 800 km or somewhat 
higher (Smith et al. 1982). There can thus 
be no doubt that there is major dust heating. 
Its amount could be in principle estimated 
from the proposed thermal profile, but al- 
most any result could be obtained depend- 
ing on what is assumed about the infrared 
cooling rates. 

A final comment on the "engineering" 
aspect of the problem. In the baseline Cas-  
sini  mission, the Probe will enter Titan's 
atmosphere with an - 7  km/sec velocity. A 
decelerator will reduce its speed to Mach 
1.5 (-400 m/sec) at about 190 km altitude 
above Titan's surface. At this point, mark- 
ing the end of the entry phase, the decelera- 
tor is jettisoned and the parachute de- 
ployed, and the descent phase starts. 
Atmospheric friction will begin at about 500 
km. The Probe will undergo decelerations 
up to -15g,  peaking near 290 km (Flury et 
al. 1987). At the same level, the heating flux 
on the Probe will peak at about 46 W/cm 2 
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(M. Eiden, private communication). All 
these numbers are of course functions of 
the density profile between 200 and 500 km. 
The mission design also foresees 30 to 40 
Titan flybys of the Orbiter at -1000 km alti- 
tude. At this level, the density is about 10 ~° 
mol. cm 3, which compares with the den- 
sity in the Earth's atmosphere at 200 km. 
Spacecraft-induced glow phenomena have 
been observed in the atmosphere up to 300 
km (Dalgarno 1985), which raises concern 
about possible similar contamination in the 
Cassini case (Lellouch 1989). Glow intensi- 
ties may vary very quickly with ambient 
density, perhaps as its cube (Conway et al. 
1987). This ensemble of facts illustrates the 
importance of a good knowledge of the Ti- 
tan's atmosphere density--and therefore 
temperature--profile above 200 km. Fur- 
ther efforts to reconcile thermospheric 
models with Voyager 1 data and to model 
the stratosphere and mesosphere profiles, 
together with possible new observational 
data, notably from stellar occultation or 
measurements of strong CO submillimeter 
lines, leading to a more reliable profile of 
the entire Titan's atmosphere will be most 
useful in the preparation of the mission. 
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Note added in proof. The recent occultation of 28 
Sgr by Titan on July 3, 1989 provided a unique oppor- 
tunity to probe Titan's atmosphere in the 250-500 km 
range. Isothermal fits of occultation curves recorded at 
various stations in the Mediterranean area give scale 
heights of 53.6 -+ 6 km (Sicardy et al. 1989, Nature) 
and 55.6 + 3 km (Hubbard et al. 1989, Nature) at 450 
km altitude. For a molecular mass of 27.84, corre- 
sponding to 1.7% CH4 and 98.3% N2, the correspond- 
ing temperatures are 175 + 21 K and 182 -+ 10 K, in 
good agreement with the model presented here (174 K 
at 450 km). 
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