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Distribution of Molecular Hydrogen in the Atmosphere of Titan 
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The diffusion problem of light gases in the atmosphere of Titan is reassessed after Voyager 
encounter. The pre-Voyager theoretical work of Hunten (1973a) is completed by the use of parameters 
derived from Voyager encounter: the radial distances of turbopause level (3500 km) and critical level 
(4100 km), the exospheric temperature (186 K) and the volume mixing ratio of 2 x 10 -3 for H2. An 
analytical expression of the solution of the diffusion equation is given for a spherical geometry and an 
isothermal atmosphere. It is used to predict an altitude profile of H2 in the upper atmosphere of Titan. 
The modification of this profile by a possible return flow of H2 from a torus to the atmosphere of Titan 
is addressed, and is found negligible since there is observational evidence from Voyager that the H2 
density is less than 100 cm -3 in the torus, at large distance from Titan. The H2 concentration at the 
exobase level is 3.1 x 105 cm -3, and the thermal escape of H2 is nearly equal to the diffusion limiting 
flux of 3.4 x 109 molecules cm -2 s -1 at the turbopause level. Photodissociation of CH4 has to provide 
for an equal constant supply of H2. 

1. INTRODUCTION 

Methane was the first gas identified by Kuiper [1944] as a 
component ofTitan's atmosphere. Trafton [1972] discovered 
an absorption feature in the near infrared around 815 nm and 
he tentatively attributed it to the 3-0 S(1) quadrupole line of 
molecular hydrogen with an abundance of the order of 5 km- 
atm corresponding to a H2 total content of 1.4 x 1025 cm -2. 
Although this interpretation has been seriously questioned 
[see Owen, 1982], it stimulated an important study of the 
diffusion and escape of H2 by Hunten [1973a], who showed 
that a pure atmosphere of 5 km-atm of H2 would last only for 
a few hours. An additional heavier gas was necessary to 
retain such a large amount of H2, and Hunten [1973a] 
suggested N2 and CH4 as possible candidates. This brilliant 
prediction was later confirmed by VOYAGER 1 [Hanel et 
al., 1981]. Besides the major constituents N2 and CH4, many 
hydrogen compounds have been detected in the infrared as 
trace species [Hanel et al., 1981] and H2 has been identified 
in the lower atmosphere with a volume mixing ratio of 0.002 
-+ 0.001 [Samuelson et al., 1981] equivalent to 0.2 km-atm, 
i.e. a value far less than the estimation of Trafton [1972]. 
Furthermore, an atomic hydrogen torus surrounding Saturn 
near the orbit of Titan has been discovered by Broadfoot et 
al. [1981] and it is assumed to be fed by escape from the 
upper atmosphere of Titan. 

Using the atmospheric model of Smith et al. [1982], we 
deduce in the present paper a vertical distribution of H2 
throughout Titan's atmosphere. The general atmospheric 
background, including possible exospheric distributions, is 
presented in section 2. The diffusion equation is solved 
analytically in section 3 for a spherical geometry taking into 
account the variation of gravity with altitude. The H2 
distribution is presented in section 4 and it is discussed in 
relation with the possible existence of a molecular hydrogen 
torus. 
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2. ATMOSPHERIC COMPOSITION AND STRUCTURE 

ß Our knowledge of Titan's atmosphere results essentially 
from three experiments on board VOYAGER 1: the infrared 
interferometer (IRIS), the ultraviolet spectrometer (UVS), 
and the radio science occultation measurements. The major 
component is N2 with a volume mixing ratio of 0.87 -+ 0.07 
and the total ground level pressure is 1.6 bar with a tempera- 
ture of 95 -+ 2 K [Hanel et al., 1981; Tyler et al., 1981; 
Samuelson et al., 1981; Owen, 1982]. Furthermore, the N2 
abundance is measured with the UVS by solar occultation in 
the upper atmosphere between 3700 - 4100 km radial 
distance, and the temperature is estimated to be 186 _+ 20 K 
[Smith et al., 1982]. This value is 21 K higher than the 
temperature deduced from IRIS around 2750 km radial 
distance [Hanel et al., 1981]. 

The molecular nitrogen concentration n(r) at radial dis- 
tance r is given by an isothermal hydrostatic distribution 
such as 

n(r) = n(ro)e -œ( I -y) (1) 

where y - ro/r and E = ro/Ho with H0 being the partial 
pressure scale height of N2 at the reference level r0. The N2 
model used in the present paper is identical to the engineer- 
ing model developed by Smith et al. [1982]. We have, 
therefore, considered two isothermal zones in which (1) is 
applied with the following conditions: 

1. Between 2750 and 3840 km, T = 165 K and at 2750 km, 
n(N2) = 4.4 x 1016 cm -3, Ho = 41.27 km, and E = 66.63 

2. Above 3840 kin, T = 186 K and at 3840 kin, n(N2) = 
2.7 x 108 cm -3, H0 = 90.72 kin, and E = 42.33. 

The increase in the scale height H between 2750 km and 3840 
km radial distance essentially results from the decrease in 
the acceleration of gravity. 

From the hydrocarbon density distribution, analyzed with 
a simple photochemical model, Smith et al. [1982] deduced a 
turbopause level at 3500 _+ 70 km radial distance. With a 
value of 2575 -+ 2 km for Titan's radius [Lindal et al., 1981] 
the turbopause is at 925 _+ 70 km altitude. We will, however, 
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Fig. 1. •V[o]ecu]ar hydrogen relative distribution as a function 0œ 
radial distance. Temperature at the critical level is 186 K. When all 
particles labelled (1), (2), (3), and (4) are present, their sum leads to a 
hydrostatic distribution in Titan's exosphere. 

explore a slightly larger range of the turbopause level in 
order to examine its influence on the H2 distribution. 

A complete description of an upper atmosphere requires 
also a knowledge of the radial distance rc of the exobase or 
critical level. It has been shown by Banks and Kockarts 
[ 1973] that the critical level is not a sharp transition between 
the heterosphere and the exosphere, but merely is the level 
where the probability for a particle with velocity greater than 
the escape velocity has a certain value. According to equa- 
tion (16.61) of Banks and Kockarts [1973] a critical level for a 
constituent 1 defined bv 

• niHiQli = 1 (2) 
i 

corresponds to a probability e-1 for an infinite free path. In 
equation (2) the summation extends over all constituents i 
with concentrations ni, partial pressure scale heights Hi and 
collision cross sections Qli. When equation (2) is applied to 
H2 molecules colliding with N2 and CH4 in Titan's atmo- 
sphere, one obtains a critical level around 4100 km radial 
distance for a temperature of 186 K and with the collision 
cross sections used by Hunten.[1973a]. 

The effusion velocity w•. used in the computation of Jeans' 
thermal escape can be written 

wc = (kT/2rrm)•/2(1 + Ec)e -L" (3) 

where k is Boltzmann's constant, T is the temperature at the 
critical level, m is the molecular mass of the escaping 
constituent, and E,. = rdH,. at the critical level. It is 
interesting to note that with equation (3) and with a hydro- 
static distribution of the escaping particles, the value of the 
escape flux does not strongly depend on the altitude of the 
critical level. From expression (16.65) of Banks and Kock- 
arts [1973], it appears that an exobase at (4100 --+ 100) km 
radial distance leads to a Jeans' escape flux Fc = F4100 x (1 
-+ 0.02) for H2. 

Since the effusion velocity given by equation (3) is 7.9 x 
10 3 cm s -1 at 4100 km for T = 186 K, a relatively large escape 
flux is expected for H2. A Saturnian torus of atomic hydro- 

gen, centered on the orbit of Titan was actually discovered 
by Broadfoot et al. [1981] with a concentration of the order 
of 20 atoms cm -3. A torus of molecular hydrogen could also 
exist with a much higher concentration, since H2 is notori- 
ously more difficult to detect than the Lyman-a emission of 
atomic hydrogen. It is even possible that a return flow of H2 
from the torus enters in the upper atmosphere of Titan. The 
extreme situation would be characterized by a return flux 
equal to Jeans' thermal escape at the critical level, leading to 
a net flux equal to zero at all levels. This would be a 
hydrostatic exosphere in which the outgoing flux is exactly 
compensated by the incoming flux of hyperbolic particles. 

In a classical exosphere [Chamberlain, 1963], composed 
of ballistic particles, which return to the critical level, and 
hyperbolic particles, which escape, the velocity distribution 
function at any given point in the exosphere is an incomplete 
Maxwellian distribution. It is, however, possible to add the 
necessary particles to obtain a complete Maxwellian distri- 
bution. This implies the existence of satellite particles, 
hyperbolic particles crossing the critical but coming from 
interplanetary space and external hyperbolic particles that 
never cross the exobase. Banks and Kockarts [1973] have 
given simple analytical expressions in their equations (16.49) 
to (16.52) for the computation of the vertical distribution of 
each type of particles. Figure 1 gives these distributions for 
H2. The concentrations are normalized to unity at the critical 
level where the temperature is 186 K. At large distance the 
hydrostatic distribution essentially results from the external 
hyperbolic particles. The outgoing and incoming hyperbolic 
particles are present in equal amount, so that the escape flux 
is exactly balanced by a return flux. If such a situation 
exists, the relative contribution of the return flux to the 
concentration at the critical level is 6.4% for H2. An absolute 
estimate would'require a measurement of the hyperbolic 
incoming particles at large distance of Titan. Another sim- 
pler estimate is, however, possible in the case of a hydrostat- 
ic exosphere in which the H2 concentration would be given 
by (1), with E = Ec = 2.84. In such an extreme situation, a 
knowledge of the H2 concentration in the torus very far from 
Titan allows a direct computation of the contribution to the 
critical level concentration by use of a hydrostatic distribu- 
tion. The equality between outgoing and incoming fluxes 
allows then to make use of the effusion velocity (3) to 
compute the return flow. Such a procedure leads to an upper 
limit that is evaluated in section 4 after the presentation of 
the analytical solution for the diffusion equation in the next 
section. 

3. DIFFUSION EQUATION 

When a light gas with concentration n l diffuses through an 
isothermal background atmosphere with no vertical wind, 
the diffusion velocity w l(r) can be written [Banks and 
Kockarts, 1973] as 

(••-• -d/•l •11) (•d/•/1 1• ' ) wl(r) - -D + - K + (4) 
dr dr 

where D and K are the molecular diffusion coefficient and 

the eddy diffusion coefficient, respectively, H1 = kT/mlg is 
the partial pressure scale height of the light gas, and H is the 
pressure scale height for the background gas. Above the 
turbopause level K can be considered as negligible so that (4) 
becomes 
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w](r) = -D + 
dr 

(5) 

which is equivalent to equation (A9) of Hunten [1973b]. 
When chemical production and loss terms are ignored or 
compensate each other, the continuity equation in spherical 
coordinates leads to 

t'2t'/lW1 = r02•b0 (6) 

where • is the flux at a reference level r0. This implies that 
the surface integrated flux 4•rr2•b(r) is constant throughout 
the atmosphere, but not the local flux 4ffr). The diffusion 
equation (5) can now be written as 

D + = -(ro/r)2Cbo (7) 
dr 

where the molecular diffusion coefficient of a minor constitu- 

ent diffusing through N2 is given by 

D = Dono(N2)/n(N2) (8) 

Do being its value at the reference level r0. Making a change 
of variable y - to/r, it is easily seen that 

1/Hi = E](ro/r 2) (9) 

with E] = ro/H]o. The parameter El for the minor constituent 
with mass rn] is related to the parameter E for the back- 
ground gas with mass rn by 

E- El(m/m]) (10) 

Using for N2 the hydrostatic expression (1), the diffusion 
equation (7) is transformed into 

n]E] = (roqbo/Oo)e -E(I-y) (11) 
ay 

This first order differential equation can be integrated analyt- 
ically and its solution is 

r0qb0 -E(] -y) F/1 --' e q- F/10 
Do(E- El) 

rotbo t - . e (12) ß 1 Do(E- E])nlo 
where n]0 is the concentration at the reference level r0 where 
y = 1. This is actually the boundary condition and from a 
mathematical point of view 4•0 is a free parameter that will 
influence the shape of the distribution. The solution (12) can 
be obtained also from the more general expressions given by 
Kockarts [ 1973]. 

For the case of a plane parallel atmosphere with no 
variation of gravity, Hunten [1973a] showed that the diffu- 
sion equation has a solution with two components, one with 
the background scale height and one with the partial pres- 
sure scale height of the minor diffusing constituent. Such a 
situation is also found in (12) valid for spherical geometry 
and height dependent gravity acceleration. Furthermore, 
two extreme cases appear in the solution (12). If the flux 60 
= 0, the solution (12) reduces to a hydrostatic distribution 
with scale height Hi0 for constituent 1. If, however, 4•0 is 
given exactly by the limiting flow 

n]0 (13) qb0 = •- 1 - n]0 =D0 
the solution (12) reduces to a perfect mixing distribution n• = 
n]0 exp [- E(1 - y)] with scale height H0, since in that case 
rocho/[Do(E - El)] = n]0. This implies that, for any distribu- 
tion between these two extreme cases, the actual diffusion 
velocity is always smaller (even very slightly) than the 
maximum diffusion velocity involved in (13). 

4. MOLECULAR HYDROGEN DISTRIBUTION 

In the model atmosphere of Smith et al. [1982], the 
temperature is 165 K between the turbopause level rt and a 
level ra at 3840 km radial distance and it abruptly changes to 
186 K between ra and the critical level rc. Equation (12) 
must, therefore, be applied with some caution. When the 
critical level is taken as the reference level, (12) completely 
determines the shape of the profile n](r)/n]c and the ratio 
nl(r,)/n]c at 3840 km radial distance. Since the effusion 
velocity is given by (3), the conservation of the surface 
integrated flux, leads to a determination of the diffusion 
velocity w(r,) from r,2n](ra)w(r,) = rc2n]cWc. Equation (12) 
can then be applied a second time with ra = 3840 km 
between r, and the turbopause level. The shape of the H2 
profile is thus obtained between rt and r,. For H2 the binary 
diffusion coefficient Do has been taken from Hunten [1973a] 
as n0(N2)D0 = 1.88 x 10 ]7 T ø'82 (cm- 1 s-l). With a molecular 
nitrogen concentration of 2.77 x 10 lø cm -3 at 3500 km radial 
distance and a measured volume mixing ratio [Samuelson et 
al., 1981] of 2 x 10 -3 for H2, we obtain the molecular 
hydrogen distribution shown in Figure 2. The N2 distribution 
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Fig. 2. Vertical distribution of N2 and H2 as a function of radial 
distance (lower scale) and altitude (upper scale) when Titan's radius 
is 2575 km. The turbopause and the exobase (or critical level) are 
indicated by vertical arrows. H2 volume mixing ratio at the turbo- 
pause is 2 x 10 -3. The dashed curve corresponds to diffusive 
equilibrium distribution for which the net transport flux is zero. This 
situation can occur when the exospheric incoming flux or return flux 
is equal to Jeans' thermal escape. The temperature distribution is 
shown in the upper part of this figure. 



BERTAUX AND KOCKARTS'. H2 IN TITAN'S ATMOSPHERE 8719 

is also indicated and the dashed curve corresponds to a H2 
distribution in diffusive equilibrium with •b0 = 0 in equation 
(12). The Jeans' escape flux for H2 is qbc = 2.47 x 109 cm -2 
s-l and the surface integrated flux at 4100 km radial distance 
is Fc = 4rrrc2qbc. = 5.22 x 10 27 molecules per second, i.e., a 
value comparable to the production rate of a modest comet 
at 1 AU. The corresponding local flux at the turbopause is 
qbt = C•c(rc/rt) 2 = 1.372 •b•. = 3.39 x 109 cm -2 s -1. The 
maximum diffusive flux or limiting flux given by (13) is 3.44 
x 109 cm -2 s -1 i.e a value only 1 5% larger than the 
escape flux referred to the turbopause level. This explains 
why the slope of the H2 profile is almost identical to the 
slope of the background gas N2 as can be seen in Figure 2 
around the turbopause. The effect of an arbitrary variation of 
the turbopause level from 3300 km to 3700 km radial distance 
indicates that a shift of -+200 km around the radial distance 

of 3500 km does not produce a variation larger than 10% in 
the H2 concentration at the critical level. In our computation 
we have neglected the photochemistry recently reviewed by 
Strobel [1982] since the solar radiation which photodisso- 
ciates CH4 is mainly absorbed below the turbopause level 
where we have adopted the measured volume mixing ratio of 
2 x 10 -3 for H2. 

The escape flux of 2.47 x 10 9 cm -2 s -• corresponds to a 
surface level flux of 6.26 x 109 cm -2 s -1. A H 2 mixing ratio 
of 2 x 10 -3 corresponds to a column content of 5.13 x 1023 
cm -2 at the surface of Titan where the atmospheric scale 
height is 20.4 km. The time constant for evacuating the 
whole H2 content of Titan's atmosphere is, therefore, 8.2 x 
1013 s. Without a continuous supply, the H2 content would be 
eliminated in 2.6 million years. However, Strobel [1982] has 
shown that the rate of hydrogen production in all forms leads 
to a flux of the order of 1.4 x 10 lø cm -2 s -1 at the 
turbopause. This value is sufficient to compensate the mo- 
lecular hydrogen upward flux of 3.39 x 109 cm -2 s -l at 3500 
km radial distance. 

The question of a possible effect of a return flow was 
addressed by Hunten [1977] during the pre-Voyager period. 
In order to examine the possible contribution from a molecu- 
lar hydrogen torus to the concentration of H2 below the 
critical level, we need an estimate of H2 in the torus. W.-H. 
Ip (unpublished manuscript, 1982) indirectly derived an 
upper limit from the low energy charged particles (LECP) 
instrument, which detected a flow of 4.3 cm -2 s -1 energetic 
neutral particles at an upstream distance of 45 Saturnian 
radii [Kirsch et al., 1981]. The most likely source of these 
neutrals is charge exchange of magnetospheric protons with 
H atoms or H2 molecules. An upper limit of 1.6 x 102 cm -3 
was deduced by W.-H. Ip (unpublished manuscript, 1982) 
and we will retain a molecular hydrogen concentration of 102 
as a reasonable value in the torus. 

We have shown in section 2 that a hydrostatic exosphere 
implies an exact balance between outgoing and incoming 
fluxes. Since the concentration distribution is then given by 
equation (1) with E - Ec - 2.84 fo r H2, a value of 102 cm -3 
H2 molecules at sufficiently large distance where y = ro/r • 0 
leads to a concentration of 1.7 x 103 cm -3 at the critical 
level, i.e. only 0.5% of the H2 population shown at 4100 km 
radial distance in Figure 2. The return flow is then given by 
the classical Jean's expression Ft. = 4rrrc2Wc X 1.7 x 10 3 = 
2.8 X 1025 molecules per second. This value is negligible 
compared to the thermal escape of 5.22 x 1027 molecules per 
second. As a consequence, the H2 component corresponding 

to a torus population of 100 cm -3 can be ignored in the 
atmosphere of Titan below the critical level. 

5. CONCLUSION 

An analytical solution of the diffusion equation for a 
spherical geometry and an isothermal atmosphere provides a 
vertical profile of molecular hydrogen when physical param- 
eters measured during Voyager encounter with Titan's atmo- 
sphere are used. The H2 concentration varies from 5.5 x 107 
cm -3 at a turbopause radial distance of 3500 km to 3.1 x 105 
cm -3 at a critical level of 4100 km radial distance where 

the escape flux is 2.5 x 10 9 cm -2 s -1. The importance of the 
escape flux is such that a variation of -+200 km of 
the turbopause level does not change the concentration at 
the critical level by more than 10%. The observed existence 
of an atomic hydrogen torus leads to an estimation of the 
concentration of a molecular hydrogen torus that has not yet 
been detected. The estimated concentration of H2 in the 
torus is 100 cm -3. When the effect of a return flow from the 
torus toward Titan's atmosphere is evaluated in a hydrostat- 
ic exosphere, it appears that the contribution of the torus to 
the H2 concentration below the critical level is negligible. 
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