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In order to investigate seasonal variations of the composition of
Titan’s low stratosphere, we developed a two-dimensional (latitude–
altitude) photochemical and transport model. Large-scale advec-
tion, hidden in the vertical eddy diffusion for one-dimensional mod-
els, is accounted for explicitly. Atmospheric dynamics is prescribed
using results of independent numerical simulations of the atmo-
spheric general circulation. Both the mean meridional transport
and latitudinal mixing by transient planetary waves are taken into
account. Chemistry is based on 284 reactions involving 40 hydro-
carbons and nitriles. Photodissociation rates are based on a
three-dimensional description of the ultraviolet flux. For most
species, the model fits well the latitudinal variations observed by
Voyager I giving for the first time a full and self-consistent in-
terpretation of these observations. In particular, the enrichment
of the high northern latitudes is attributed to subsidence during
the winter preceeding the Voyager encounter. Discrepancies are
observed for C2H4, HC3N, and C2N2 and are attributed to prob-
lems in the chemical scheme. Sensitivity to dynamical parame-
ters is investigated. The vertical eddy diffusion coefficient keeps
an important role for the upper atmosphere. The wind strength
and horizontal eddy diffusion strongly control the latitudinal be-
havior of the composition in the low stratosphere, while mean
concentrations appear to be essentially controlled by chemistry.
c© 2001 Academic Press
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To understand the complex photochemistry in the atmosph
of Titan, several photochemical models have been develo
computing the composition as a function of altitude, under eq
torial or disk-averaged conditions; see Strobel (1982), Yu
et al. (1984), Yung (1987), Toublancet al. (1995), and Laraet al.
(1996). In these one-dimensional models, dynamical proce
are parameterized as a vertical eddy diffusion. The mixing co
ficient is fitted as a function of altitude in order to reproduce
observations, and especially the HCN vertical profile retriev
from ground-based millimeter and submillimeter observatio
(Tanguyet al. 1990 and Hidayatet al. 1997). One-dimensiona
models concentrated on the interpretation of planetary avera
or equatorial observations. The latitudinal contrasts in the co
position of the low stratosphere observed by Voyager I at sp
equinox (Coustenis and B´ezard 1995) have not been extensive
investigated. In particular, the enrichment in the high nor
ern latitudes in most species is not yet understood. In a
vious study (Lebonnois and Toublanc 1999), we develope
three-dimensional description of the ultraviolet flux to test t
latitudinal sensitivity of composition profiles obtained with
one-dimensional photochemical model. This study showed
radiation and chemistry alone could not explain the obser
tions. An important missing piece in these studies is the lar
scale atmospheric dynamics. Chemical concentrations gene
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TITAN’S ATMOSPHE

increase as a function of altitude between the surface and
source region at several hundred kilometers. It is thus expe
that downward (upward) winds should increase (decrease)
concentrations.

In this paper, we investigate this effect with a latitude–altitu
photochemical and transport model. The photochemistr
heritated from Toublancet al. (1995) and presented i
Section 2.2. Computation of photodissociation rates uses
full 3-D description of the UV flux mentioned above. The ma
advance in this paper is to introduce the two-dimensional tr
port of chemical species. Mean meridional transport is co
puted with a finite volume transport scheme (Van Leer 19
Hourdin and Armengaud 1999) using meridional and vert
winds matching the general circulation model (GCM) resu
(Hourdinet al.1995) as explained in Section 2.3. The effect
transient eddies is also accounted for based on a horizonta
fusion operator. The main results are presented in Section 3
latitudinal contrasts compare generally well with Voyager
servations, with an enrichment in nitriles and hydrocarbons
factor of 2 to 10. In the simulation, this enrichment is unambi
ously attributed to the effect of subsidence in the northern h
latitudes during the winter season which preceeds the Voy
encounter, bringing chemical species down from the sourc
gion. Section 4 presents systematic sensitivity studies of
model to eddy diffusion coefficients (vertical and horizonta
strength of the winds, and the phase of the seasonal chang
the circulation.

2. DESCRIPTION OF THE MODEL

The photochemical model includes 40 chemical compou
involved in 284 reactions (including photodissociations). Th
compounds are hydrocarbons and nitriles; oxygeneous c
pounds have not been included yet. All compounds with m
than five heavy atoms (C,N) are treated as solid organic m
rial and named “soot.” This “soot” is a sink for photochemist
and may be related to the source of Titan’s haze. The latitu
altitude plane is divided into 17× 130 cells, 10◦ wide in latitude
and 10 km high (which gives four layers by scale height in
stratosphere). In this model, the troposphere is not well descr
(only two layers by scale height), but our main focus is on
low stratospheric composition as a function of time and latitu

Temperature is prescribed as a function of altitude follow
Lellouch et al. (1989) below 250 km and Yelle (1991) abov
This profile is kept fixed in latitude and time. Hourdinet al.
(1995) explored with a GCM the structure of the lower p
of the atmosphere (up to the stratopause,∼250 km) and the
temperature latitudinal variations have also been retrieved f
VoyagerI/IRIS spectra for 0.4-mbar and 1-mbar levels (Fla
and Conrath 1990, Coustenis and B´ezard 1995). In both case
the variations have a maximum amplitude of∼15 K. These vari-

ations have only a small effect on the chemical reaction ra
and have therefore been neglected. It must also be kept in m
RIC COMPOSITION 385
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TABLE I
Mean Boundary Fluxes, in cm−2 · s−1

(Referred to the Surface)

Jeans escape for H 1.7× 109

Jeans escape for H2 7.3× 109

N atomsa 2.5× 108

Net destruction of CH4 6.5× 109

a Computed with the ionospheric model described
in Galandet al. (1999).

that there are important uncertainties in that many of the r
tion rates have not been measured at the relevant tempera
for Titan’s atmosphere. These uncertainties can have strong
plications on the composition, as shown by recent studie
Neptune (Dobrijevic and Parisot 1998) and Titan (Smith 199

The two seasonal major forcings in the model are the
field and the meridional wind field in the 0–500 km range. T
model also includes molecular diffusion, as well as vertical
horizontal eddy diffusion. The boundary fluxes are treated
the same way as in Toublancet al. (1995): Jeans escape for
and H2, dissociation of N2 by magnetospheric electrons for
atoms, and CH4 input flux at the surface, to balance the net d
struction of methane. These fluxes are indicated in Table I.
other species, upper and lower boundaries are zero flux.
cerning the dissociation of N2 by magnetospheric electrons, th
downward flux of N atoms represents a source that is mainly
cated above 1000 km. The approximation we use (global so
at 1300 km instead of a vertical distribution) has no signific
influence in the lower atmosphere (below 600 km), on wh
we focus in this paper. The condensation of compounds aro
the tropopause is treated in a simple way: Any constituen
bound to remain under its saturation vapor pressure during
resolution of the continuity equation. Laraet al. (1996) used
a more sophisticated treatment in their photochemical mo
and concluded that no compounds (excluding CH4) seemed to
be supersaturated, justifying the use of simple treatments
condensation. Supersaturation is still possible for CH4 in our
model, and we used a supersaturation factor of 1.2 to get a
fraction of 2% above the tropopause. The continuity equatio
solved for each species as described by Toublancet al. (1995),
with the additional terms resulting from horizontal diffusion a
dynamical transport by winds.

2.1. UV Field

A three-dimensional Monte-Carlo model has been used to
a complete description of the UV field, and diurnal means w
computed as functions of time (15 different solar declinatio
and of latitude. This model is described in detail in Lebonn
and Toublanc (1999). New absorption cross sections for C4H2

have been taken from Smithet al. (1998). Other cross section

tes
ind
are referenced in Table II. Dominant sources of opacity are in-
dicated in Table III. The haze opacity and scattering properties
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TABLE II
References Used for the Photoabsorption Cross Sections

Species References

CH3 Parkeset al. (1973)
CH4 Hudson (1971), Mountet al. (1977), Samsonet al. (1989)
C2H2 Cooperet al. (1995a), Smithet al. (1991)
C2H4 Cooperet al. (1995b), Zelikoff and Watanabe (1953)
C2H6 Okabe and Becker (1963), Mount and Moos (1978)
CH3C2H Natayama and Watanabe (1964), Fahr and Nayak (1996)
CH2CCH2 Rabalaiset al. (1971), Fuke and Schnepp (1979)
C3H6 Samsonet al. (1962), Fahr and Nayak (1996)
C3H8 Okabe and Becker (1963), Calvert and Pitts (1966)
C4H2 Okabe (1981), Fahr and Nayak (1994), Smithet al. (1998)
C4H4 Fahr and Nayak (1996)
C4H6 Fahr and Nayak (1994)
N2 Fennelly and Torr (1992)
HCN Lee (1980), Nuth and Glicker (1982)
HC3N Connorset al. (1974), Bénilanet al. (1994)
C2N2 Connorset al. (1974), Bénilan (1998, private communication

of aerosols have been calculated with fractal particles (Ran
et al.1995, Rannouet al.1999). The vertical profile of the haz
opacity is presented in Fig. 1. We do not include possible lat
dinal and seasonal variations of this opacity at this stage.

Simultaneous computations of the UV radiative transfer a
2-D photochemistry would be too expensive. Instead, we u
sequential approach. Ultraviolet fluxes are first computed w
a first guess of the concentration of chemical compounds
sulting from one-dimensional calculations). Those precompu
radiative constants are then used to run the two-dimensi
photochemical model on a typical period of several Titan yea
The equatorial composition as function of height is then u
to make a new computation of the UV field. The photodiss
ciation rates calculated for several species for spring equat
conditions are displayed in Fig. 2, and two-dimensional m
(altitude–latitude) of the photodissociation coefficients of ace
lene are presented in Fig. 3 for northern winter solstice and sp
equinox. These variations are fairly representative of all the o
species’ photodissociation coefficients. At this stage, latitud
variations of the chemical composition are not included in
UV computations. This adds an uncertainty on the diurnal me
of the UV field, especially for high latitudes, but the domina
seasonal variations of the photodissociation rates are obta
with the three-dimensional calculations. Local variations of
opacity would affect essentially the region of absorption o

TABLE III
Dominant Sources of UV Opacity

Component Wavelength range Absorption region

N2 ≤100 nm 1000–1200 km
Methane 100–145 nm 600–800 km
Other gaseous species 145–200 nm 200–800 km

Aerosols ≥180 nm 100–400 km
IS ET AL.
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FIG. 1. Vertical profile of the haze opacity at 200 nm (dotted line), 250 n
(solid line), and 300 nm (dashed line).

given wavelength. Our computations have confirmed that p
todissociation rates and composition are not very sensitiv
small variations of the gaseous and haze opacity.

2.2. Chemistry

The photodissociation scheme used for CH4 is the second
scheme from Mordauntet al. (1993):

CH4 + hν
0.49−→CH3+ H

CH4 + hν
0.51−→CH+ H2+ H.

We have also tested the new scheme proposed by Smith
Raulin (1999)

FIG. 2. Photodissociation coefficients of several compounds for spr

equatorial conditions. The vertical dotted lines indicate the year timescale
(1/TY∼ 1× 10−9 s−1) and the day timescale (∼1× 10−6 s−1).
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FIG. 3. Photodissociation coefficients of acetylene (s−1) at (a) northern
winter solstice and (b) spring equinox.

CH4 + hν
0.41−→CH3+ H

CH4 + hν
0.53−→ 1CH2+ H2

CH4 + hν
0.06−→CH+ H2+ H

but found very similar results. The differences are only v
ible in the very high atmosphere (z> 800 km): with Smith
and Raulin scheme,1CH2 is higher, and yields3CH2 (then CH)
(R120, R100, R45) and CH3 (R101). Though CH3 is also higher,
HCN (its main product at these altitudes (R220, R221+R234))
keeps the same level for both schemes. CH also keeps the
level. For the molecules, only CH2CCH2 is enhanced in the
high atmosphere, because of the enhancement of1CH2 (R105).
The same conclusion can be drawn with the first scheme f
Mordauntet al. (1993):

CH4 + hν
0.51−→CH3+ H

CH4 + hν
0.24−→ 1CH2+ H2
CH4 + hν
0.25−→ 3CH2+ 2H.
IC COMPOSITION 387
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Another study by Wilson and Atreya has given similar resu
(Wilson and Atreya 1999).

Concerning the dissociation of N2, we take the simplifying hy-
pothesis that N(2D) atoms are rapidly quenched down to N(4S)
atoms. This hypothesis does not yield any significant disc
ancies with previous models. We also included dissociatio
N2 by cosmic rays with the dissociation profile from Laraet al.
(1996), but this introduction had no significant impact on
atmospheric composition (except on N atoms). The chem
of the metastable state C4H∗2 has been included as recommend
by Zwier and Allen (1996). The chemical reactions presen
in Tables IV and V were taken from previous models (Yu
et al. 1984, Toublancet al. 1995, Laraet al. 1996), from the
litterature (references are given) and also from a recent stud
hydrocarbons photochemistry (Smith 1999). For radicals C2H,
C4H, and C3N, some reactions have been estimated by a
ogy to others. Yunget al. (1984) suggested that the insertion
C2H radicals on C4H2 molecules is similar to the insertion o
C2H2 molecules, and that the C4H radicals behave similarly, bu
are less reactive (factor 1/3 on reaction rates). Zwier and Alle
(1996) also suggested that C3N radicals are behaving the sam
way as C2H radicals, and that the insertion on HC3N molecules is
similar to the insertion on C2nH2 molecules. We adopted thes
hypotheses to estimate several reactions. Concerning nit
the chemistry included is still to be improved. As in previo
models, C2N2 is badly underestimated, and HC3N seems over-
estimated by a factor of approximately 10. The excited s
HC3N∗ has not been taken into account, but some prelimin
studies show that its reactivity could be high, and that it co
react in a similar way as C4H∗2 (Ferriset al. 1990; Zwier, pri-
vate communication). CH3CN was not introduced in this mode
despite its detection in Titan’s atmosphere (B´ezardet al.1993).
The whole nitriles chemistry does not influence significantly
hydrocarbons composition, and it should be addressed in m
detail in further studies, as well as the chemistry of oxygene
compounds.

2.3. Transport

In one-dimensional models, eddy diffusion is used to acco
for the vertical transport of chemical species. The vertical pro
of eddy diffusion coefficient must be tuned to reproduce obse
tions (Hunten 1975). This one-dimensional representation
to reproduce the latitudinal behavior of chemical species in
stratosphere of Titan as observed by Voyager I, even with a
istic representation of the seasonal and latitudinal variation
the UV field (Lebonnois and Toublanc 1999). The new aspec
the present work is to introduce a better modeling of the tra
port mechanisms in the lower atmosphere of Titan. Theref
we introduced dynamical transport by meridional and vert
winds and by horizontal eddy diffusion. Vertical molecular a
eddy diffusion are still taken into account.
Meridional winds. Rather than directly using the mean
meridional winds from the GCM, we used an analytical
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TABLE IV
Photodissociations

Photodissociations Branching ratios References

CH3 + hν
1→ 1CH2 + H λ= 216 nm,σ ∼ 4.4× 10−17 cm2 Arthur 1986

CH4 + hν
2→ 1CH2 + H2 Lyα : 0.; other : 1 Mordauntet al.1993

CH4 + hν
3→ CH+ H2 + H Lyα : 0.51; other : 0 id.

CH4 + hν
4→ CH3 + H Lyα : 0.49; other : 0 id.

C2H2 + hν
5→ C2H + H λ < 150 nm : 0.3; other : 0.08 Okabe 1983

C2H2 + hν
6→ C2 + H2 0.1 id.

C2H4 + hν
7→ C2H2 + H2 0.51 Zelikoffet al.1953 &

C2H4 + hν
8→ C2H2 + 2 H 0.49 Backet al.1967

C2H6 + hν
9→ C2H4 + H2 Lyα : 0.13; other : 0.56 Liaset al.1970

C2H6 + hν
10→ C2H4 + 2 H Lyα : 0.30; other : 0.14 id.

C2H6 + hν
11→ C2H2 + 2 H2 Lyα : 0.25; other : 0.27 id.

C2H6 + hν
12→ CH4 + 1CH2 Lyα : 0.25; other : 0.02 id.

C2H6 + hν
13→ 2 CH3 Lyα : 0.08; other : 0.01 id.

C3H3 + hν
14→ C3H2 + H λ < 190 nm,σ ∼ 4.0×10−17 cm2 (estimated) Jacksonet al.1991

CH2CCH2 + hν
15→ C3H3 + H 0.89 id.

CH2CCH2 + hν
16→ C3H2 + H2 0.11 id.

CH3C2H + hν
17→ C3H3 + H 0.89 id.

CH3C2H + hν
18→ C3H2 + H2 0.11 id.

C3H6 + hν
19→ CH2CCH2 + 2 H 0.33 Collinet al.1979,

C3H6 + hν
20→ CH3C2H + 2 H 0.17 Niedzielskiet al.1982 &

C3H6 + hν
21→ C2H4 + 3CH2 0.03 Gierczaket al.1988

C3H6 + hν
22→ C2H3 + CH3 0.35 id.

C3H6 + hν
23→ C2H2 + CH4 0.05 id.

C3H8 + hν
24→ C3H6 + H2 Lyα : 0.33; other : 0.94 Calvert and Pitts 1966

C3H8 + hν
25→ C2H6 + 1CH2 Lyα : 0.09; other : 0. id.

C3H8 + hν
26→ C2H5 + CH3 Lyα : 0.39; other : 0. id.

C3H8 + hν
27→ C2H4 + CH4 Lyα : 0.20; other : 0.06 id.

C4H2 + hν
28→ C4H + H λ < 165 nm : 0.2; other : 0 Glicker and Okabe 1987

C4H2 + hν
29→ 2 C2H λ < 165 nm : 0.03;λ < 205 nm : 0.01 id.

C4H2 + hν
30→ C2H2 + C2 λ < 165 nm : 0.1;λ < 205 nm : 0.06 id.

C4H2 + hν
31→ C4H∗2 λ < 165 nm : 0.67;λ < 205 nm : 0.93; other : 1 id.

C4H4 + hν
32→ C4H2 + H2 0.8 Gladstoneet al.1996

C4H4 + hν
33→ 2 C2H2 0.2 id.

C4H6 + hν
34→ C4H4 + H2 0.04 Doepker 1968

C4H6 + hν
35→ C2H4 + C2H2 0.27 id.

C4H6 + hν
36→ CH3 + C3H3 0.69 id.

N2 + hν
37→ 2 N(4S) Okabe 1978

HCN+ hν
38→ H + CN Lee 1980

HC3N + hν
39→ C2H + CN λ < 150 nm : 0.3; other : 0.05 Yunget al.1984 &

Clarke and Ferris 1995
HC3N + hν

40→ C3N + H 0.09 Clarke and Ferris 1995
C2N2 + hν
41→ 2 CN 0.3 Yunget al.1984

io
t
a

her-
om
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reconstruction described in the Appendix. The stream funct
at northern winter solstice and equinox for the reconstruc
winds are plotted in Fig. 4. Figure 5 shows the quadratic me
of the reconstructed meridional wind ¯v (in m s−1) and ver-
d w̄ (in mm s−1). The mean meridional circulation
of a single pole-to-pole Hadley cell most of the ye
ns
ed
ns

with its ascending branch in the summer hemisphere (direct t
mal cell). Around equinoxes, the ascending motion moves fr
one pole to the other, therefore creating two equator-to-p
Hadley cells. The GCM predicts much weaker winds arou
ar,
this reversal (a factor of 3 is used for the synthetic recon-
struction).
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TABLE V
Chemical Reactions

Reactions Rates References

H + H + M
42→ H2 + M 1.5× 10−29T−1.3 Tsang and Hampson 1986

H + CH
43→ H2 + C 1.31× 10−10e−80/T Hardinget al.1993

H + 1CH2
44→ CH+ H2 5.× 10−11 Tsang and Hampson 1986

H + 3CH2
45→ CH+ H2 3.54× 10−11T0.32 Fulle and Hippler 1997

H + CH3 + M
46→ CH4 + M k0 = 6.33× 10−21T−2.98e−635/T Forst 1991

k∞ = 2.63× 10−8T−0.6e−189/T

H + CH3
47→ H2 + 3CH2 1.× 10−10e−7600/T Baulchet al.1992

H + CH4
48→ H2 + CH3 2.18× 10−20T3 · e−4045/T id.

H + C2H
49→ C2H2 3.× 10−10 Tsang and Hampson 1986

H + C2H2 + M
50→ C2H3 + M k0 = 3.3× 10−30e−740/T Baulchet al.1992

k∞ = 1.4× 10−11e−1300/T

H + C2H3
51→ H2 + C2H2 6.86× 10−11e23/T Monkset al.1995

H + C2H3 + M
52→ C2H4 + M k0 = 5.76× 10−24T−1.3 Monkset al.1995 &

k∞ = 8.9× 10−10e−494/T Duranet al.1988

H + C2H4 + M
53→ C2H5 + M k0 = 1.39× 10−29e−562/T Baulchet al.1994

k∞ = 6.6× 10−15T1.28e−650/T

H + C2H5
54→ 2 CH3 7.95× 10−11e−127/T Prattet al.1984

H + C2H5
55→ H2 + C2H4 3.× 10−12 Tsang and Hampson 1986

H + C2H5 + M
56→ C2H6 + M k0 = 5.5× 10−23T−2.e−1040/T Teng and Jones 1972 &

k∞ = 1.66× 10−10 Sillesenet al.1993

H + C2H6
57→ H2 + C2H5 2.4× 10−15T1.5e−3730/T Baulchet al.1992

H + C3H2
58→ C3H3 7.21× 10−11 Homann and Wellmann 1983

H + C3H3
59→ CH3C2H 7.21× 10−11 id.

H + CH2CCH2
60→ C3H5 1.4× 10−11e−1005/T Wagner and Zellner 1972b

H + CH3C2H
61→ C3H5 1.1× 10−11e−1005/T Wagner and Zellner 1972a

H + CH3C2H
62→ CH3 + C2H2 9.6× 10−12e−1560/T id.

H + C3H5
63→ CH2CCH2 + H2 1.4× 10−11 Hanning-Lee and Pilling 1992

H + C3H5
64→ CH3C2H + H2 1.4× 10−11 id.

H + C3H5
65→ C3H6 2.8× 10−10 id.

H + C3H6
66→ C3H5 + H2 2.87× 10−19T2.5e−1254/T Tsang 1991

H + C3H6
67→ C2H4 + CH3 4.31× 10−16T1.5e−1006/T Hidakaet al.1992

H + C3H6
68→ C3H7 1.2× 10−11e−1460/T id.

H + C3H7
69→ C3H6 + H2 3.× 10−12 Tsang 1988

H + C3H8
70→ C3H7 + H2 2.2× 10−18T2.54e−3400/T id.

H + C4H2
71→ C4H3 1.39× 10−10e−1184/T Navaet al.1986

H + C4H3
72→ C4H4 8.56× 10−10e−405/T Schwanebeck and Warnatz 1975 &

Duranet al.1988

H + C4H3
73→ C4H2 + H2 1.2× 10−11 Schwanebeck and Warnatz 1975

H + C4H3
74→ 2 C2H2 3.3× 10−12 id.

H2 + C+ M
75→ 3CH2 + M k0 = 6.89× 10−32 Husain and Young 1975 &

k∞ = 2.06× 10−11e−57/T Hardinget al.1993

H2 + CH+ M
76→ CH3 + M k0 = 1.5× 10−23T−2.6 Fulle and Hippler 1997

k∞ = 8.55× 10−11T0.15

H2 + CH
77→ 3CH2 + H 3.10× 10−10e−1650/T Brownswordet al.1997

H2 + 1CH2
78→ CH3 + H 1.2× 10−10 Tsang and Hampson 1986

H2 + CH3
79→ CH4 + H 1.14× 10−20T2.74e−4740/T Baulchet al.1992

H2 + C2
80→ C2H2 1.77× 10−10e−1470/T Pittset al.1982

H2 + C2H
81→ C2H2 + H 1.2× 10−11e−998/T Opansky and Leone 1996b

H2 + C2H3
82→ C2H4 + H 1.57× 10−20T2.56e−2529/T Knyazevet al.1996

H2 + C2H5
83→ C2H6 + H 5.11× 10−24T3.6e−4253/T Tsang and Hampson 1986
84 −19 2.38 −9557/T
H2 + C3H5 → C3H6 + H 1.8× 10 T e Tsang 1991
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H2 + C3H7
85→ C3H8 + H 3.× 10−21T2.84e−4600/T Tsang 1988

C+ C+ M
86→ C2 + M k0 = 4.97× 10−27T−1.6 Slack 1976

k∞ = 2.16× 10−11 Martinotti et al.1968

C+ CH4
87→ C2H4 2.× 10−15 Husain and Kirsch 1971

C+ C2H2
88→ C3H2 5.95× 10−10 Liao and Herbst 1995

C+ C2H4
89→ CH2CCH2 2.0× 10−10 Haider and Husain 1993

C+ CH3C2H
90→ C4H4 3.9× 10−10 Haider and Husain 1992

C+ C4H6
91→ C3H3 + C2H3 1.1× 10−9 Husain and Ioannou 1997

CH+ CH
92→ C2H2 1.99× 10−10 Braunet al.1967

CH+ CH4
93→ C2H4 + H 3.96× 10−8T−1.04e−36/T Canosaet al.1997

CH+ C2H2
94→ C3H3 1.59× 10−9T−0.23e−16/T id.

CH+ C2H4
95→ C3H5 7.75× 10−9T−0.55e−29/T id.

CH+ C2H6
96→ C3H7 3.8× 10−8T−0.86e−53/T id.

1CH2 + 1CH2
97→ C2H2 + 2 H 5.× 10−11 Tsang and Hampson 1986

1CH2 + 3CH2
98→ C2H2 + 2 H 3.× 10−11 id.

1CH2 + CH3
99→ C2H4 + H 3.× 10−11 id.

1CH2 + CH4
100−→ 3CH2 + CH4 1.2× 10−11 Böhlandet al.1985a

1CH2 + CH4
101−→ 2 CH3 5.9× 10−11 id.

1CH2 + C2H
102−→ C2H2 + CH 3.× 10−11 Tsang and Hampson 1986

1CH2 + C2H2
103−→ 3CH2 + C2H2 8.14× 10−11 Baulchet al.1992

1CH2 + C2H2
104−→ C3H3 + H 9.62× 10−11 id.

1CH2 + C2H2
105−→ CH2CCH2 9.62× 10−11 id.

1CH2 + C2H2
106−→ CH3C2H 9.62× 10−11 id.

1CH2 + C2H3
107−→ C2H2 + CH3 3.× 10−11 Tsang and Hampson 1986

1CH2 + C2H4
108−→ 3CH2 + C2H4 2.3× 10−11 Baulchet al.1992

1CH2 + C2H4
109−→ C3H6 1.5× 10−10 id.

1CH2 + C2H5
110−→ C2H4 + CH3 1.5× 10−11 Tsang and Hampson 1986

1CH2 + C2H5
111−→ C3H6 + H 1.5× 10−11 id.

1CH2 + C2H6
112−→ 3CH2 + C2H6 3.6× 10−11 Baulchet al.1992

1CH2 + C2H6
113−→ C2H5 + CH3 1.9× 10−10 Tsang and Hampson 1986

1CH2 + C3H5
114−→ C4H6 + H 3.3× 10−10 Tsang 1991

1CH2 + C3H5
115−→ C2H4 + C2H3 6.67× 10−11 id.

1CH2 + C3H6
116−→ C3H5 + CH3 8.7× 10−11 id.

1CH2 + C3H7
117−→ C2H5 + C2H4 4.29× 10−11 Tsang 1988

1CH2 + C3H7
118−→ C3H6 + CH3 1.71× 10−11 id.

1CH2 + C3H8
119−→ 2 C2H5 1.6× 10−10 id.

1CH2 + N2
120−→ 3CH2 + N2 1.× 10−11 Baulchet al.1992

3CH2 + 3CH2
121−→ C2H2 + 2 H 1.8× 10−10e−400/T id.

3CH2 + CH3
122−→ C2H4 + H 7.× 10−11 id.

3CH2 + CH4
123−→ 2 CH3 7.13× 10−12e−5052/T Böhlandet al.1985b

3CH2 + CH4
124−→ C2H6 3.5× 10−12e−3332/T id.

3CH2 + C2H
125−→ C2H2 + CH 3.× 10−11 Tsang and Hampson 1986

3CH2 + C2H2
126−→ CH3C2H 1.× 10−11e−3330/T Baulchet al.1992

3CH2 + C2H2
127−→ CH2CCH2 1.× 10−11e−3330/T id.

3CH2 + C2H3
128−→ C2H2 + CH3 3.× 10−11 Tsang and Hampson 1986

3CH2 + C2H4
129−→ C3H6 5.31× 10−12e−2658/T Krauset al.1993

3CH2 + C2H5
130−→ C2H4 + CH3 3.× 10−11 Tsang and Hampson 1986

3CH2 + C2H6
131−→ C3H8 8.13× 10−12e−3332/T Böhlandet al.1985b
132
3CH2 + C2H6 −→ C2H5 + CH3 1.07× 10−11e−3981/T id.
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3CH2 + C3H5
133−→ C4H6 + H 5.× 10−11 Tsang 1991

3CH2 + C3H6
134−→ C3H5 + CH3 1.2× 10−12e−3116/T id.

3CH2 + C3H7
135−→ C3H6 + CH3 3.× 10−12 Tsang 1988

3CH2 + C3H7
136−→ C2H4 + C2H5 3.× 10−11 id.

3CH2 + C3H8
137−→ C4H10 8.13× 10−12e−3332/T Böhlandet al.1985b

3CH2 + C3H8
138−→ C3H7 + CH3 1.5× 10−24T3.65e−3600/T Tsang 1988

3CH2 + C4H2
139−→ C4H + CH3 2.16× 10−11e−2165/T Böhlandet al.1988

CH3 + CH3
140−→ C2H5 + H 8.28× 10−12T0.1e−5335/T Stewartet al.1989

CH3 + CH3 + M
141−→ C2H6 + M k0 = 1.7× 10−5T−7.25e−2172/T Du et al.1996

k∞ = 1.53× 10−7T−1.2e−295/T

CH3 + C2H
142−→ C3H3 + H 4.× 10−11 Tsang and Hampson 1986

CH3 + C2H2
143−→ C3H5 1.× 10−12e−3877/T id.

CH3 + C2H3
144−→ C2H2 + CH4 3.4× 10−11 Fahret al.1991

CH3 + C2H3
145−→ C3H6 1.2× 10−10 id.

CH3 + C2H4
146−→ C2H3 + CH4 1.1× 10−23T3.7e−4780/T Tsang and Hampson 1986

CH3 + C2H4
147−→ C3H7 3.5× 10−13e−3700/T Baulchet al.1992

CH3 + C2H5
148−→ C2H4 + CH4 3.25× 10−11T−0.5 Tsang and Hampson 1986

CH3 + C2H5 + M
149−→ C3H8 + M k0 = 1.01× 1020T−16.14e−1897/T Tsang and Hampson 1986 &

k∞ = 8.12× 10−10T−0.5 Lauferet al.1983

CH3 + C2H6
150−→ C2H5 + CH4 2.5× 10−31T6.e−3043/T Baulchet al.1992

CH3 + CH3C2H
151−→ C2H6 + C2H 8.32× 10−13e−4428/T Kerr and Parsonage 1972

CH3 + CH2CCH2
152−→ C2H5 + C2H2 3.32× 10−13e−4076/T id.

CH3 + C3H5
153−→ CH2CCH2 + CH4 5.× 10−12T−0.32e66/T Tsang 1991

CH3 + C3H6
154−→ C3H5 + CH4 2.66× 10−13e−4440/T Kinsman and Roscoe 1994

CH3 + C3H7 + M
155−→ C4H10+ M k0 = 8.63× 1028T−18.5e−2307/T Lauferet al.1983

k∞ = 3.2× 10−10T−0.32

CH3 + C3H7
156−→ C3H6 + CH4 1.9× 10−11T−0.32 Tsang 1988

CH3 + C3H8
157−→ C3H7 + CH4 1.5× 10−24T3.65e−3600/T id.

CH3 + C4H4
158−→ C4H3 + CH4 6.61× 10−13e−2502/T Scherzeret al.1985

CH4 + C2
159−→ C2H + CH3 5.05× 10−11e−297/T Pittset al.1982

CH4 + C2H
160−→ C2H2 + CH3 1.2× 10−11e−491/T Opansky and Leone 1996a

CH4 + C2H3
161−→ C2H4 + CH3 2.4× 10−24T4.02e−2754/T Tsang and Hampson 1986

CH4 + C2H5
162−→ C2H6 + CH3 1.43× 10−25T4.14e−6322/T id.

CH4 + C3H7
163−→ C3H8 + CH3 4.× 10−26T4.02e−5473/T Tsang 1988

C2H + C2H
164−→ C2H2 + C2 3.× 10−12 Tsang and Hampson 1986

C2H + C2H2
165−→ C4H2 + H 8.6× 10−16T1.8e474/T Opansky and Leone 1996a

C2H + C2H3
166−→ 2 C2H2 1.6× 10−12 Tsang and Hampson 1986

C2H + C2H4
167−→ C4H4 + H 7.8× 10−11e134/T Opansky and Leone 1996b

C2H + C2H5
168−→ C3H3 + CH3 3.× 10−11 Tsang and Hampson 1986

C2H + C2H5
169−→ C2H2 + C2H4 3.× 10−12 id.

C2H + C2H6
170−→ C2H2 + C2H5 3.5× 10−11e2/T Opansky and Leone 1996b

C2H + C3H5
171−→ CH2CCH2 + C2H2 1.2× 10−11 Tsang 1991

C2H + C3H6
172−→ CH3C2H + C2H3 2.× 10−11 id.

C2H + C3H6
173−→ C3H5 + C2H2 6.× 10−12 id.

C2H + C3H7
174−→ C3H3 + C2H5 2.× 10−11 Tsang 1988

C2H + C3H7
175−→ C3H6 + C2H2 1.× 10−11 id.

C2H + C3H8
176−→ C3H7 + C2H2 7.8× 10−11e3/T Hoobleret al.1997

C2H2 + C2H3
177−→ C4H4 + H 3.32× 10−12e−2516/T Fahr and Stein 1989
C2H2 + C3H2
178−→ C4H2 + 3CH2 5.× 10−13 Homann and Schweinfurth 1981
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C2H2 + C3H3
179−→ C4H2 + CH3 2.× 10−13 id.

C2H2 + C3H7
180−→ C2H4 + C3H5 1.2× 10−12e−4531/T Tsang 1988

C2H3 + C2H3
181−→ C4H6 1.2× 10−10 Fahret al.1991

C2H3 + C2H3
182−→ C2H2 + C2H4 2.4× 10−11 id.

C2H3 + C2H4
183−→ C4H6 + H 8.3× 10−13e−3676/T Tsang and Hampson 1986

C2H3 + C2H5
184−→ C3H5 + CH3 6.1× 10−47T11.25e3289/T id.

C2H3 + C2H5
185−→ 2 C2H4 8.× 10−13 id.

C2H3 + C2H5
186−→ C2H2 + C2H6 8.× 10−13 id.

C2H3 + C2H6
187−→ C2H4 + C2H5 9.98× 10−22T3.3e−5285/T id.

C2H3 + C3H5
188−→ CH2CCH2 + C2H4 4.× 10−12 Tsang 1991

C2H3 + C3H5
189−→ C3H6 + C2H2 8.× 10−12 id.

C2H3 + C3H6
190−→ C4H6 + CH3 1.2× 10−12e−2520/T id.

C2H3 + C3H6
191−→ C3H5 + C2H4 3.68× 10−24T3.5e−2356/T id.

C2H3 + C3H7
192−→ C3H6 + C2H4 2.× 10−12 Tsang 1988

C2H3 + C3H7
193−→ C3H8 + C2H2 2.× 10−12 id.

C2H3 + C3H8
194−→ C3H7 + C2H4 1.× 10−21T3.3e−5285/T id.

C2H4 + C2H5
195−→ C2H6 + C2H3 1.× 10−21T3.13e−9063/T Tsang and Hampson 1986

C2H5 + C2H5 + M
196−→ C4H10+ M k0 = 6.59× 10−6T−6.39e−301/T Lauferet al.1983

k∞ = 1.26× 10−11e−96/T

C2H5 + C2H5
197−→ C2H6 + C2H4 2.74× 10−11e−402/T Ivin and Steacie 1951

C2H5 + C3H5
198−→ CH2CCH2 + C2H6 1.6× 10−12e66/T Tsang 1991

C2H5 + C3H5
199−→ C3H6 + C2H4 4.3× 10−12e66/T id.

C2H5 + C3H6
200−→ C2H6 + C3H5 3.7× 10−24T3.5e−3340/T id.

C2H5 + C3H7
201−→ C3H6 + C2H6 2.4× 10−12 Tsang 1988

C2H5 + C3H7
202−→ C3H8 + C2H4 1.9× 10−12 id.

C2H5 + C3H8
203−→ C2H6 + C3H7 1.5× 10−24T3.65e−4600/T id.

C2H6 + C3H5
204−→ C3H6 + C2H5 3.9× 10−22T3.3e−9986/T Tsang 1991

C2H6 + C3H7
205−→ C3H8 + C2H5 4.2× 10−25T3.82e−4550/T Tsang 1988

C3H5 + C3H5
206−→ CH2CCH2 + C3H6 1.4× 10−13e132/T Tsang 1991

C3H5 + C3H7
207−→ 2 C3H6 2.4× 10−12e66/T id.

C3H5 + C3H7
208−→ CH2CCH2 + C3H8 1.2× 10−12e66/T id.

C3H5 + C3H8
209−→ C3H6 + C3H7 3.9× 10−22T3.3e−9986/T id.

C3H6 + C3H7
210−→ C3H8 + C3H5 3.7× 10−24T3.5e−3340/T id.

C3H7 + C3H7
211−→ C3H8 + C3H6 2.8× 10−12 Tsang 1988

C4H∗2
212−→ C4H2 upper limit : 1000 s−1 Lisy and Klemperer 1980 &

Zwier and Allen 1996

C4H∗2 + N2
213−→ C4H2 + N2 upper limit : 1.4× 10−15 Zwier and Allen 1996

N2
214−→ 2 N(4S) 1.× 10−16 s−1 (GCR, 100–800 km) Laraet al.1996

N(4S)+ H + M
215−→ NH + M 5.× 10−32 Brown 1973

N(4S)+ C+ M
216−→ CN+ M 9.41× 10−33 Kley et al.1974

N(4S)+ CH
217−→ CN+ H 2.67× 10−10T−0.09 Brownswordet al.1996

N(4S)+ N(4S)+ M
218−→ N2 + M 8.27× 10−34e490/T Campbell and Thrush 1967

N(4S)+ CN
219−→ N2 + C 3.24× 10−13e1770/T Atakan and Wolfrum 1992

N(4S)+ CH3
220−→ HCN+ H2 6.× 10−12 Marstonet al.1989

N(4S)+ CH3
221−→ H2CN+ H 5.6× 10−11 id.

N(4S)+ H2CN
222−→ HCN+ NH 1.× 10−10e−200/T Nesbittet al.1990

N(4S)+ C2N
223−→ 2 CN 1.× 10−10 Whyte and Phillips 1983
224
NH + NH −→ N2 + 2 H 1.16× 10−9 Meaburn and Gordon 1968
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CN+ H2
225−→ HCN+ H 2.23× 10−21T3.31e−756/T Sunet al.1990

CN+ CH4
226−→ HCN+ CH3 5.15× 10−16T1.53e−504/T Yanget al.1993

CN+ C2H2
227−→ HC3N + H 5.67× 10−9T−0.55e−4/T Yanget al.1992b

CN+ C2H4
228−→ HCN+ C2H3 3.66× 10−12T0.7e−28/T Simset al.1993 &

Monkset al.1993

CN+ C2H6
229−→ HCN+ C2H5 5.91× 10−12T0.22e58/T Simset al.1993

CN+ C3H8
230−→ HCN+ C3H7 3.58× 10−15T1.14e284/T Hesset al.1989

CN+ HCN
231−→ C2N2 + H 6.31× 10−17T1.57e−50/T Zabarnick and Lin 1989

HCN+ H + M
232−→ H2CN+ M k0 = 4.4× 10−24T−2.73e−3855/T Tsang 1991

k∞ = 5.5× 10−11e−2438/T

HCN+ C2H
233−→ HC3N + H 5.26× 10−12e−770/T Hoobler and Leone 1997

H2CN+ H
234−→ HCN+ H2 1.4× 10−10e−200/T Nesbittet al.1990

C2N2 + C
235−→ C2N + CN 3.× 10−11 Whyte and Phillips 1983

C3N + H2
236−→ HC3N + H 1.2× 10−11e−998/T estimated, k(C2H + H2)

C3N + CH4
237−→ HC3N + CH3 1.2× 10−11e−491/T estimated, k(C2H + CH4)

C3N + C2H6
238−→ HC3N + C2H5 3.5× 10−11e2/T estimated, k(C2H + C2H6)

C3N + C3H8
239−→ HC3N + C3H7 6× 10−12 estimated, k(C2H + C3H8)

C2H3 + C2H5
240−→ soot 2.5× 10−11 Tsang and Hampson 1986

CH3C2H + CH
241−→ soot 4.6× 10−10 Butleret al.1981

C3H5 + CH3
242−→ soot 1.69× 10−10T−0.32e66/T Tsang 1991

C3H5 + C2H2
243−→ soot 5.3× 10−14e−3500/T id.

C3H5 + C2H4
244−→ soot 1.× 10−14e−5776/T id.

C3H5 + C3H5
245−→ soot 1.7× 10−11e132/T id.

C3H5 + C3H6
246−→ soot 1.× 10−14e−5776/T id.

C3H5 + C3H7
247−→ soot 3.4× 10−11e66/T id.

C3H6 + CH3
248−→ soot 1.19× 10−13e−3260/T Kinsman and Roscoe 1994

C3H6 + C2H3
249−→ soot 1.2× 10−12e−3240/T Tsang 1991

C3H7 + C2H3
250−→ soot 1.6× 10−11 Tsang 1988

C3H7 + C2H4
251−→ soot 3.24× 10−14e−3070/T Kerr and Parsonage 1972

C3H7 + C2H5
252−→ soot 3.3× 10−11 Tsang 1988

C3H7 + C3H7
253−→ soot 1.7× 10−11 id.

C3H8 + CH
254−→ soot+ H 1.9× 10−10e240/T Baulchet al.1992

C4H + C2H2
255−→ soot+ H 2.9× 10−16T1.8e474/T estimated, k(C2H + C2H2)/3

C4H2 + C2H
256−→ soot+ H 8.6× 10−16T1.8e474/T estimated, k(C2H + C2H2)

C4H2 + C4H
257−→ soot+ H 2.9× 10−16T1.8e474/T estimated, k(C2H + C2H2)/3

C4H∗2 + C2H2
258−→ soot+ 2 H 3.5× 10−13 Zwier and Allen 1996

C4H∗2 + C2H4
259−→ soot+ 2 H 4.2× 10−13 id.

C4H∗2 + CH3C2H
260−→ soot+ 2 H 1.6× 10−13 id.

C4H∗2 + CH3C2H
261−→ soot+ CH3 + H 2.3× 10−13 id.

C4H∗2 + CH3C2H
262−→ soot+ C2H2 2.5× 10−13 id.

C4H∗2 + CH3C2H
263−→ soot+ C2H3 8.7× 10−14 id.

C4H∗2 + C3H6
264−→ soot+ 2 H 1.6× 10−13 id.

C4H∗2 + C3H6
265−→ soot+ CH3 + H 4.1× 10−13 id.

C4H∗2 + C3H6
266−→ soot+ C2H2 2.5× 10−13 id.

C4H∗2 + C3H6
267−→ soot+ C2H3 4.9× 10−14 id.

C4H∗2 + C4H2
268−→ soot+ 2 H 1.× 10−12 id.

C4H∗2 + C4H2
269−→ soot+ C2H2 8.2× 10−13 id.
270
C4H4 + C4H4 −→ soot 7.25× 10−14e−9261/T Lungard and Heicklen 1984
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C4H6 + CH3
271−→ soot 1.35× 10−13e−2063/T Kerr and Parsonage 1972

C4H6 + C2H3
272−→ soot 2.45× 10−12T−0.17e−1630/T Westmorelandet al.1989

C4H10+ CH
273−→ soot 4.4× 10−10e28/T Baulchet al.1992

C4H10+ 3CH2
274−→ soot 4.3× 10−12 Halberstadt and Crump 1973

N(4S)+ C2H6
275−→ soot 4.× 10−16 Aleksandrovet al.1990

CN+ C2H4
276−→ soot+ H 9.14× 10−13T0.7e−28/T Simset al.1993 &

Monkset al.1993

CN+ C2N2
277−→ soot 2.19× 10−21T2.7e−325/T Yanget al.1992a

HCN+ C2H3
278−→ soot+ H 1.× 10−12e−900/T Monkset al.1993

C3N + C2H2
279−→ soot+ H 8.6× 10−15T1.8e474/T estimated, k(C2H + C2H2)

C3N + C2H4
280−→ soot+ H 7.8× 10−11e134/T estimated, k(C2H + C2H4)

C3N + C4H2
281−→ soot+ H 8.6× 10−16T1.8e474/T estimated, k(C2H + C2H2)

C3N + HC3N
282−→ soot+ H 8.6× 10−16T1.8e474/T estimated, k(C2H + C2H2)

HC3N + C2H
283−→ soot+ H 8.6× 10−16T1.8e474/T estimated, k(C2H + C2H2)
HC3N + C4H
284−→ soot+ H 8.6× 10−16T1.8e474/T estimated, k(C2H + C2H2)/3

n
c
rs

c
li
f
s

f
.

ean
ite
in
our
er

me

dies
al
re-
dies

ds:
−1
The major parameters for this section are the strength of
winds, and the phase of the reversal with respect to the equi
For the GCM results, which were obtained with opacity sour
uniform in the horizontal plane and over the year, the reve
occurs around equinoxes. In a recent model, Tokanoet al.(1999)
obtained the same phase with uniformely distributed opa
sources, but they also ran their model under modified coo
rates, in order to take into account the seasonal variations o
radiatively active gases. This modification shifted the rever
by half a season, and also shortened the reversal period. In
paper, both cases are investigated: the ascending edge o
Hadley cells versus the solar longitude is indicated in Fig. 6

FIG. 4. Stream functions for the synthetic meridional winds, in 109 kg s−1
direct rotation, dotted line is clockwise). (a) is the reversal (equin
ason later) and (b) is northern winter solstice.
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Transport of chemical compounds by this prescribed m
meridional circulation is computed with a second-order fin
volume scheme with slope limitation (Van Leer 1977, Hourd
and Armengaud 1999). We checked the possible impact of
poor latitudinal resolution (17 latitudes) by doubling the numb
of air columns from pole to pole (33 latitudes). Almost the sa
results were obtained as with the coarser grid.

Mixing by transient eddies.Horizontal eddy diffusion must
be introduced to simulate transport by horizontal transient ed
which cannot be explicitly accounted for in a two-dimension
latitude–altitude model but that are present in the GCM
sults, especially near the 1-mbar level. These transient ed

FIG. 5. Vertical profiles of the quadratic means of the reconstructed win

oxmeridional component ¯v (solid line, in m s ) and vertical component ¯w (dashed
line, in mm s−1).
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FIG. 6. Latitude of the ascending edge of the Hadley cells as functio
the solar longitude. Solid line: the reversal occurs at equinox (Hourdinet al.
1995); dashed line: the reversal is faster and occurs half a season later (T
et al.1999).

transport angular momentum latitudinally, playing a central
in the maintenance of atmospheric superrotation (Hourdinet al.
1995). They also transport chemical species. In our model
horizontal mixing by eddies was parameterized as an hori
tal diffusion: for a given speciesi, we added to the continuit
equation the term

∂yi (φ, r )

∂t
= 1

r 2 cosφ

∂

∂φ

[
cosφKh(φ, r )

∂yi (φ, r )

∂φ

]
,

whereφ is the latitude,r the radial coordinate,yi is the species
mole fraction, andn is the density. The diffusion coefficientKh

was crudely estimated from the GCM results (Hourdinet al.
1995, Fig. 13) as

Kh ∼ |v
′µ′|R
µ

,

where|v′µ′| represents the transient transport of angular
mentum,µ is the angular momentum, andR is Titan’s radius.
The maximum wave activity is seen in the GCM in the stra
sphere. The approximated vertical profile of this coefficien
shown in Fig. 7. Above 300 km, it is difficult to constrain th
parameter, so it is assumed to be constant. No variations
latitude or time have been introduced.

We are currently working on a parameterization of thisKh co-
efficient based on studies with a dynamical horizontal (shall
water) model. These studies will help us to constrain this co
cient as a function of altitude and also as a function of latitu
so that we can better represent transient horizontal eddi
two-dimensional (latitude–altitude) GCMs.

Vertical eddy diffusion. Below 500 km, the vertical edd
diffusion coefficient does not account for the same proce
than in one-dimensional models, since advection is now exp
in the model. It is now restricted to representation of turbu

mixing, or dynamical phenomena that are not taken into
count in the analytic description of the meridional circulatio
RIC COMPOSITION 395
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FIG. 7. Eddy diffusion coefficients: vertical (Kv) and horizontal (Kh) (solid
lines), with the molecular diffusion coefficient (DCH4) of methane in nitrogen
(dotted line) (units are cm2 s−1).

This parameter (together with molecular diffusion) is the on
description of dynamics above mesopause (∼500 km), and it
controls the exchanges between the regions below and ab
mesopause. As a first guess, the profile of this parameter
taken from Toublancet al. (1995), and is shown in Fig. 7.

Dynamical timescales.For these three transport modes
timescales have been evaluated (Table VI). For vertical transp
the characteristic length is the scale heightH and for horizontal
transport we used the equator-pole distanceL ∼ 4000 km, lead-
ing to

τ K
v =

H2

Kv

and τ K
h =

L2

Kh

for vertical and horizontal diffusion, respectively, and

τW
v =

H

w̄
and τW

h =
L

v̄

for mean meridional transport, where ¯w andv̄ are the root mean

TABLE VI
Dynamical Timescales τ , in Unit TY = 9.47× 108 s (Titan Year)

Horizontal Vertical Horizontal Vertical Altitude
dynamics dynamics diffusion diffusion (km)

Turbopause — — 2.5 0.008 ∼800
High atmosphere — — 2.5 l
Mesopause 0.1 0.1 2. 0.04 ∼550
Mesophere 0.04 0.01 2. l
Stratopause 0.1 0.01 2. 0.3 ∼250
Stratosphere l l 2. l
Tropopause 4. 1. 10. 6. ∼50
Troposphere 4. 1. — 6.
ac-
n.

Note.These are approximate values. The arrows indicate an approximately
linear variation of logτ with height.
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squares of the vertical and meridional components of the w
speed for a given altitude at solstice (Fig. 5).

Numerical values are given in Table VI. These timesca
give an idea of the dominant transport mechanism at dif
ent altitudes. Horizontal diffusion seems to be significant o
in the low stratosphere. In the lower atmosphere where it
been introduced, the dynamical transport by winds appea
be the important mechanism, especially for vertical mixing w
a strong influence on vertical profiles, as shown below.

Numerical aspects. Conservation of chemical elements
good in the model. Both the transport scheme (Hourdin
Armengaud 1999) and the continuity equations solver (Toub
et al.1995) have proven their accuracy. No effects of numer
diffusion could be detected: When horizontal or vertical d
sipation are cut off, steep gradients appear in the compos
profiles. Also, two different horizontal resolutions (17 and
latitudes) gave the same results.

3. RESULTS

3.1. High Atmosphere and Seasonal Oscillations

The high atmosphere (z> 600 km) is not well constrained
by observations, except for CH4 and C2H2 (Smithet al. 1982;
Strobelet al.1992; Vervacket al.1999) and for the column den
sity of HC3N above 300 km (B´ezardet al.1992). In this region,
where photolysis is the primary driver for chemistry, the co
position undergoes a seasonal cycle, where the amplitude o
variations are related to the latitude (the higher the latitude,
larger the difference between summer and winter UV fluxe
This behavior is similar to the one described by Lebonn
and Toublanc (1999) (where no horizontal diffusion nor win
were included). In this case, these oscillations are located a
500 km. This altitude appears in the two-dimensional simu
tions as a node, a stable point for most species (Fig. 8).
FIG. 8. Seasonal variations at 70◦N for methane and acetylene. Most o
the minor compounds are seasonally invariant around z= 500 km.
IS ET AL.
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FIG. 9. Simulated profiles of HCN at equator. The reference simulat
(black solid line for equinox, gray solid line for solstice) and the sensitivity te
with Kv × 10 andKv × 1/10 (dashed–dotted lines, for equinox only) are co
pared to observations: ground-based millimeter observations from Tanguyet al.
(1990) (gray dashed lines, delimiting the uncertainty domain) and from Hid
et al. (1997) (black dashed lines), and VoyagerI/IRIS observations (Cous
and Bézard 1995) (dotted box). The approximate solar longitude at Satu
indicated for each observation.

influence of photochemical oscillations, propagated down
diffusion, decreases with altitude. On the other side, the os
lations resulting from dynamical transport are strongest in
stratosphere, and decrease when altitude increases. Since
oscillations are in opposite phase, this yields a stable re
around 500 km of altitude, at the upper limit of the dynami
transport. However, this node may be partly model-depend
and this region, around mesopause, is still mostly unknown

3.2. Full Dynamics versus Eddy Mixing Approach

The use of eddy diffusion coefficient is generally conside
in one-dimensional model as a way to represent vertical mix
by dynamics. But this ad-hoc coefficient hides a lot of phy
cal processes, leading to a strong limitation in the use of o
dimensional models. Laraet al.(1996) performed a comparativ
study of different profiles of the vertical eddy coefficient for t
atmosphere of Titan. In this study, it appears clearly that i
impossible to fit all the observed species with a unique vert
eddy coefficient, which is not a good point for a parameteri
tion of transport. In particular, using the profile derived from t
ground-based millimeter and submillimeter HCN observatio
by Hidayatet al. (1997) yields a mismatch for most of the h
drocarbons. It may be argued that some loss of N to the h
was not included in this study, which could affect HCN retriev
(McKay 1996; Laraet al.1999). These possible problems in t
chemical scheme make it difficult to determine the vertical ed
diffusion coefficient, which is another limit of this parameteriz
tion. We show in Fig. 9 the comparison of the HCN mole fracti
(at equator) obtained from our two-dimensional photoche
fcal model with the profiles retrieved from HCN observations
(Tanguyet al.1990, Hidayatet al.1997). The modeled profile
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FIG. 10. Latitudinal variations at spring equinox for (a) CH , (b) C H , (c)
-
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from Voyager I observations, and their limits in height are given by the half

is shown for the reference simulation (equinox and solstice),
also for the test runs (equinox only) with the vertical eddy co
ficient scaled by factors of 0.1 and 10 (see Section 4). For b

observations, the simulations are almost in the error bars.
difference between both retrievals is then clearly attributed t
C2H6 and C4H2, (d) CH3C2H and C3H8, (e) HCN, and (f) HC3N. The boxes are
width of the contribution functions (Coustenis and B´ezard, 1995).

but
f-

oth

seasonal effect. Note also the weak sensitivity to vertical dif
sion. From this example, it clearly appears that the advant
of the two-dimensional approach is twofold: first, stratosphe
The
o a
levels at the equator are satisfactorily reproduced for most of
the constituents (see Fig. 10) without any tuning. Second, these
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results are much less sensitive to the choice of the vertical
fusion coefficient. This full description of the dynamics in t
stratosphere allows a better representation not only of horizo
but also of vertical mixing of chemical species.

3.3. Latitudinal Behavior in the Lower Atmosphere

We show in Fig. 10 the vertical profiles (below 500 km
of several species at the equator, 50◦ S, 50◦, and 70◦ N at
spring equinox, together with uncertainty boxes of Voya
observations. The limits in height for these boxes are the h
width of the contribution functions (Coustenis and B´ezard 1995).
The agreement is good for C2H2, C3H8, and HCN. For C4H2, we
must notice that the relaxation rates of C4H∗2 (R212+R213) are
upper limits, and that the stratospheric level of C4H2 is sensitive
to these values. When these rates are fixed to the upper
values, the C4H2 mole fraction at 100 km altitude is a facto
of 10 above the observed level. We had to lower the relaxa
rates by a factor of 5000 to reach agreement with the Voyage
servations. This adjustment has no significant influence on o
species. The stratospheric levels of C2H4, C2H6, and CH3C2H at

the equator are slightly underestimated, and the mole fraction of

ved varia-

rial values, we can describe three different latitudinal behaviors
dinal
HC3N is overestimated. In the lower atmosphere (z< 400 km),

FIG. 11. Latitudinal variations of some components for the two-dimensional photochemical model (dashed lines), compared to the obser
tions (solid lines). The altitude chosen is the approximate maximum of the contribution function: C2H2 (altitude = 150 km), C2H4 (180 km), C4H2

at these altitudes: (1) species that undergo moderate latitu
(100 km), C2H6 (160 km), C3H8 (125 km), CH3C2H (90 km), HCN (105 k
tracers (see text).
IS ET AL.
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the vertical profiles of most species are more homogeneous
in previous models, because of the large-scale motions in
duced in this new model. The differences between the obse
and modeled equatorial stratospheric compositions indicate
the photochemical scheme needs improvement in order to b
understand this composition. The uncertainties on the chem
reaction rates can also be partly responsible for these prob
However, we will focus our discussion on the latitudinal var
tions of the mean composition, which are related to the ver
gradients of the species’ profiles and to the two-dimensio
transport, as shown below.

In Lebonnois and Toublanc (1999), we demonstrated th
model including the seasonal variations of the UV field,
without two-dimensional dynamics, could not induce the
pected latitudinal variations in the stratospheric composit
With the introduction of the two-dimensional transport, the
uation is much different. Figure 11 displays the latitudinal
havior of compounds as retrieved by Voyager observations
as obtained with this model (for altitudes corresponding to
maximum of the contribution functions, as indicated in the c
tion). From these results, and if we do not focus on the equ
m), HC3N (105 km), C2N2 (80 km). The dotted lines correspond to idealized
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variations that are reproduced by the model (C2H2, C2H6, C3H8),
(2) species that undergo important latitudinal variations that
more or less reproduced by the model (C2H4, CH3C2H, C4H2,
and HCN), (3) species that undergo important latitudinal va
ations that are underestimated by the model (HC3N). We must
notice that in this model, the horizontal eddy coefficient is co
sidered uniform in latitude, which is a poor approximation of re
dissipative motions (Luz and Hourdin 1999). In Fig. 12, we sh
the two-dimensional distribution of C2H2 and HCN at northern
spring equinox and at the following solstice. These distributio
clearly suggest that the latitudinal contrasts we observe in
low stratosphere are the result of the large-scale transport
has now been included in the model. Between both seas
after the reversal of the Hadley circulation, the descending
cending) motions at the southern (northern) pole seem to rev
the stratospheric contrasts, which keep increasing until the
reversal.

FIG. 12. Altitude–latitude mole fractions of (a) C2H2 and (b) HCN, at

northern spring equinox (solid lines), and at the following solstice (i.e., northe
summer solstice, dotted lines).
RIC COMPOSITION 399
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3.4. Idealized Tracers

Thus, the results above suggest that the latitudinal structur
the low stratosphere results from vertical transport in an atm
sphere where concentrations of chemical species increase v
cally. To confirm this hypothesis, we have done two other typ
of simulations. First, we have run a two-year simulation simil
to the reference run, except that the UV field was constan
time and latitude, equal to the spring equatorial situation. Sm
differences in the resulting composition were obtained bel
500 km, but the seasonal and latitudinal behavior of each co
pound was very close to the reference simulation. Second,
applied the same two-dimensional atmospheric transport to
alized tracers for which the full chemistry is replaced by a simp
linear relaxation toward a prescribed vertical profile, indepe
dent of time and latitude. This approach reduces enormously
computer time, but can still describe the situation fairly well,
will be shown below. For a given speciesi, we use as relaxation
profileyo

i (z) the equilibrium profile of a one-dimensional photo
chemical simulation. The relaxation time constantτi (z) is taken
as the time and latitudinal average of the chemical timescale

τi (z, φ, t) =
∣∣∣∣∣ yo

i (z)− yi (z, φ, t)∑
R

(
∂yi

∂t

)
(z, φ, t)

∣∣∣∣∣
derived from the two-dimensional simulations, whereyi (z, φ, t)
is the mole fraction of speciesi at the given altitudez, latitudeφ,
and timet , and the sum is done over all the chemical reactio
involving the speciesi . For idealized tracers, the model uses th
same grid (limited to 500 km in altitude) and the same dynami
transport by winds and horizontal eddies than the photochem
model. Vertical eddy diffusion is also included and condensat
in the troposphere is taken into account. From the refere
vertical profile (uniform in latitude), the tracer is transported f
two Titan years, which yields satisfying steady oscillations.

The cases of C2H2, C2H6, C4H2, and HCN were investigated
with this idealized tracer approach. Relaxation profilesy0

i (z) and
time constantsτi (z) are given in Fig. 13. The relaxation profile
increase with altitude, and this induces stratospheric latitudi
contrasts. The results are very close to those obtained with
full chemistry (Fig. 11). The global distributions are also a
proximately reproduced by this simple approach (Fig. 14, to
compared to Fig. 12). This shows that latitudinal contrasts c
be explained without any seasonal variation of the UV field n
any complex nonlinearity of the chemistry. The latitudinal co
trasts are just the result of an increase of the mole fraction
latitudes where there is a downwelling motion, because spe
are more abundant higher in the atmosphere. Figure 15 ill
trates this dominant mechanism. For example, the strong c
trast obtained for the C4H2 tracer is essentially due to the larg
difference between the mole fraction atz= 100 km (∼10−9 at
the equator) and atz= 500 km (∼10−6–10−5). Of course, de-
rnposition of UV radiation and chemistry play an important role
in the formation of latitudinal contrasts in the low stratosphere,
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FIG. 13. (a) Relaxation profiles of mole fractionsyo
i and (b) relaxation time

constantsτi (in unit TY= 9.47× 108 s) used in the idealized tracers’ approa
for some chemical species.

but only by modifying the mean equilibrium vertical gradient
the chemical species.

We can conclude that the observed latitudinal profiles in
low stratosphere are indicators of the dynamical structure o
lower atmosphere, which gives the shape, and of the chem
schemes, which act on the amplitude of the contrasts throug
vertical distribution of the species and their chemical timesca
The mismatch between the modeled behavior of HC3N and
its observed stratospheric latitudinal profile strongly sugge
that the problem comes from the chemical scheme in the lo
atmosphere.

4. SENSITIVITY TO DYNAMICAL PARAMETERS

The results appear to be satisfying with the a priori value

the different dynamical parameters used in the reference s
ulation. However, since the model is complex, it is importa
IS ET AL.
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FIG. 14. Same as Fig. 12, but for the idealized tracers correspondin
(a) C2H2 and (b) HCN.
nt
FIG. 15. Impact of dynamics on the distribution of chemical compounds.

This impact appears to be the dominant effect on latitudinal contrasts.
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FIG. 16. Sensitivity tests: Equatorial mixing ratios, normalized to the re
ommended values from Coustenis and B´ezard (1995). The uncertainty limits
for these observations are shown as light gray boxes. The results of the
runs of the 2-D photochemical model (at the corresponding altitudes) are
ted with symbols: diamonds forKv × 10 andKv × 1/10, triangles forKh × 10
andKh × 1/10, crosses (×) for wind speed×1/2 and wind speed×2, squares
for the shifted reversal test and plus signs for the reference simulation.

to have an idea of the impact of each parameter. For this,
made several limited runs (some of which have already b

mentioned), changing each time one parameter: (1) the ve
cal eddy coefficient was scaled by factors of 10 and 1/10, (2)

a

data
comparable to the Voyager I observations (therefore concerning
FIG. 17. Sensitivity tests: Ratio between the 50◦N mole fractions and the 50◦S ones. The results from Coustenis and B´ezard (1995) are shown as black
circles, the reference simulation of the 2-D photochemical model (at the corresponding altitudes) as gray circles, and the results of the tests runsre shown

as: (a) diamonds forKv × 10 and triangles forKv × 1/10, (b) diamonds fo
1/2 and triangles for wind speed×2. (d) diamonds for shifted reversal test.
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the horizontal eddy coefficient was scaled by factors of 10
1/10, (3) the strength of the winds was scaled by factors
1/2 and 2. We also ran the model with a different phase for
seasonal reversal of the winds. Since this model has a h
numerical cost, these runs were limited by two aspects: tho
the reference simulation was done for four Titan years in
der to achieve a good steady-state cycle, the sensitivity sim
tions were limited to one Titan year, except for the phase of
reversal (two TY). Though this is not long enough, the diffe
ences between two symmetrical seasons were small. As se
Table VI, most timescales above 100 km are less (or arou
one Titan year, except for horizontal dissipation. WhenKh is
stronger, the timescale is less and the effects are clear eve
ter only one Titan year (the stratosphere is more uniform),
when this coefficient is lower, the dominant horizontal mixi
is due to transport.

So we can expect that these tests give a good idea o
first-order sensitivity, especially for the latitudinal contrasts. T
height of the atmosphere was also limited to 500 km (taking
vantage of the node we see in the composition), except for
on the vertical eddy coefficient. We ran a simulation with the
limitations and the reference values of the parameters: ex
above 400 km where some differences were visible becaus
the limited height of the atmosphere, the test was almost id
tical to the reference results in the stratosphere. We displa
Fig. 16 and 17 the main effects of these tests on two sets of
rKh × 10, and triangles forKh × 1/10, and (c) diamonds for wind speed×
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the low stratosphere: 80–150 km): the equatorial mole fracti
and the ratio between mole fractions at 50◦ N and 50◦ S to ex-
plore the enrichment of high latitudes and the asymmetry of
enrichment. Generally, changing the dynamics strongly aff
latitudinal contrasts. The equatorial values seem to be es
tially controlled by chemistry, though some species are affe
by variations of dynamical parameters (Fig. 16).

For the tests on the vertical eddy coefficient, the essentia
fects are seen in the high atmosphere (z> 500 km), where the
mean meridional circulation is not explicitly accounted for. T
parameter has an influence on the stratosphere through th
change that takes place around 500 km. It affects the compos
in the mid-atmosphere, and therefore can influence latitud
contrasts. This effect is more visible for C2H2, C2H4, C2H6,
C3H8, and HC3N, species that are sensitive to transport thro
the mesopause. The influence of the vertical eddy coefficien
the high-atmosphere levels is also interesting. In a recent re
ysis of the Voyager I/UVS solar occultation data, Vervacket al.
(1999) concluded that the structure of the high atmosphe
different than previously derived by Smithet al. (1982). In par-
ticular, methane mixing ratio is still around 2% above 1000 k
and the mixing ratio of C2H2 they retrieve is approximately
hundred times less than the previous results. This reanalysis
have to be taken into account for future models of the high at
sphere of Titan. The test with stronger eddy coefficient sh
a C2H2 mixing ratio in the high atmosphere that was similar
the one derived by Vervacket al. The high-atmosphere mol
fractions are very sensitive to the vertical eddy coefficient, s
gesting that this parameter could be adapted in order to fi
new results. The wind strength and the horizontal eddy co
cient Kh have a strong effect on the latitudinal behavior of
stratospheric composition, as shown in Fig 17. Slower wind
stronger Kh have roughly the same effect: the lower atmosph
is more uniform in latitude. On the other hand, stronger wi
enhance the contrast, as well as lower values of Kh (as this pa-
rameter decreases, contrast is controlled by the wind stren

The profiles that fit the best with the observations in these
runs are obtained for the (Kh × 0.1) test. Note that for this tes
the ethylene profile exhibits a small increase toward the s
pole, while the strong enhancement in the north begins a
50◦N, which explains the only point lower than 1 (Fig. 17). Fro
the composition obtained with the phase shift, we can deduce
the influence of the exact moment of the reversal is not strong
latitudinal profiles at the equinox are fairly similar in both cas
This can be explained because the latitudinal contrasts are
during the period after the solstice, and stay visible until
reversal. Whether this reversal happens just at the equino
half a season later only slightly affects the contrasts at the
of Voyager encounter.

5. CONCLUSION
Introduction of two-dimensional transport in a rather soph
ticated photochemical model yields, for the first time, to a sa
IS ET AL.
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factory and self-consistent simulation of the latitudinal profi
of the concentration of chemical species retrieved by Voyag
for the low stratosphere. These latitudinal contrasts are re
duced as well by a much simpler model with the same me
ional circulation and latitudinal mixing by eddies (both deduc
from numerical simulations of the atmospheric circulation) a
chemical species relaxed toward a fixed vertically increas
profile.

Thus, at least in our model, the latitudinal contrasts are un
biguously attributed to meridional transport: downward tra
port from the enriched upper atmosphere leads in a local enr
ment below. In this self-consistent explanation, latitudinal a
seasonal variations of the UV field play no role. Photochemis
essentially controls the planetary mean vertical profiles and t
constants. In turn, both the mean vertical gradient and time c
stant of course have an impact on the latitudinal contrasts.

This has two important consequences. First, an accurate
scription of the 2-D distribution of the UV field is probably o
secondary importance for determining latitudinal contrasts
the low stratosphere. This indeed confirms the previous st
by Lebonnois and Toublanc (1999). Thus, the potential eff
of seasonal variations of the haze distribution (very difficult
guess with the current status of observation or modeling) is
of secondary importance for our purpose. Second, if we beli
that the chemistry model gives a good description of verti
profiles (as suggested by comparisons with the available
servations), the good agreement with Voyager data, in term
latitudinal contrasts, gives a unique constraint on the vert
winds in the lower stratosphere and an interesting a poste
validation of the simulations by Hourdinet al. (1995). How-
ever, our sensitivity experiments show that the comparison w
Voyager data does not completely constrain the phase of th
versal of the mean meridional circulation. A reversal at equino
or some time later would be compatible with Voyager obs
vations since the building of these latitudinal contrasts occ
between reversal and solstice.

There are certainly problems in the chemical schemes
C2H4, HC3N, and C2N2 since their equatorial values in the low
stratosphere do not match the observations (neither do H3N
latitudinal contrasts). For all species but for HC3N, latitudinal,
contrasts are satisfactorily reproduced. Note also that differen
between Tanguyet al. (1990) and Hidayatet al. (1997) ob-
servations are compatible with our results and interpreted
a seasonal effect. The mismatch in the details of the shap
the modeled latitudinal profiles with the shape of the obser
profiles can be explained by the simple parameterization u
for the meridional wind field and for the horizontal eddy coef
cient. The understanding of the latitudinal distributions obser
by Voyager is tied to a better understanding of the dynamic
the stratosphere and mesosphere, and its interactions with
different components of the atmosphere: the haze layer and
trace species distributions.
is-
tis-

Some of these trace species have an influence on the cool-
ing rates in Titan’s stratosphere and their latitudinal variations
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may have an impact on latitudinal temperature contrasts
shown by Bézardet al. (1995). To go further in the compre
hensive modeling of the lower part of the atmosphere of Tit
we are now developing a coupled GCM-photochemistry tw
dimensional model. This model should be an important too
analyze and understand the abundant and detailed observa
that the Cassini–Huygens mission will make of Titan’s atm
sphere.

APPENDIX: WINDS RECONSTRUCTION

The reconstruction of the meridional winds was based on the mean val
the vertical component of the wind speedw0, as a function of altitude, obtaine
from the GCM. Below 60 km,w0(z) is constant and equal to 1.× 10−5 m s−1

(except at the surface:w0(z= 0)= 0); it linearly increases to 7.× 10−4 m s−1

at z= 240 km, and then to 6.× 10−3 m s−1 at z= 320 km. The GCM did
not go higher than 300 km, so we extrapolatedw0(z) upward by decreasing i
exponentially down to zero at 500 km. To reconstruct the latitudinal and seas
variations of the vertical wind speed, we built a time-dependent latitudinal fa
f (φ, LS), whereφ is the latitude andLS is the solar longitude− f is a sine
function going from 1 at the ascending pole to−1 at the subsiding one whe
the Hadley cell is pole-to-pole. During the reversal,f (φ, LS) is composed of
two sinusoids, with maximum following the ascending latitudeφA. The general
shape forf (φ, LS) is

φ > φA : f (φ, LS) = cos

[
π
φ − φA

φA − φN

]

φ < φA : f (φ, LS) = cos

[
π
φA − φ
φA + φN

]
,

whereφN = 80◦ is the latitude of the north pole grid point. WhenφA 6= ±φN ,

f (φA) is doubled in order to satisfy mass conservation. According to what
obtained in the GCM, this factor is also decreased during the reversal so t
reaches a minimum when the ascending latitude is at the equator (one th
the solstice value). The two-dimensional vertical component of the mass
wm(φ, z, LS) (in kg s−1) can then be calculated as

wm(φ, z, LS) = f (φ, LS)w0(z)
m0(z)

1z
,

wherem0(z) is the mean mass of a two-dimensional grid cell, and1z= 10 km
is the vertical step. The meridional component of the mass fluxvm(φ, z, LS) is
computed from mass conservation (the divergence of the mass flux is e
to zero for each cell). This reconstruction yields the Hadley cells that
shown in Fig. 4, which can be compared to the GCM results (Fig. 6 in Hou
et al.1995). The shape of the extrapolation from the maximum value ofw0(z)
(w0(320 km)= 6× 10−3 m s−1) down to zero at 500 km has no real influen
on the mesospheric Hadley cell, since its center is located below 300 km. F
wm(φ, z) (resp.vm(φ, z)) at solstice, we computed ¯w(z) (resp.v̄(z)) as

w̄(z) =
[

1

Nφ

∑
φ

(
wm(φ, z)

1z

m(φ, z)

)2
]1/2

,

v̄(z) =
[

1

Nφ

∑
φ

(
vm(φ, z)

1L(z)

m(φ, z)

)2
]1/2

,

wherem(φ, z) is the mass of the grid cell at altitudez and latitudeφ, Nφ = 17

is the number of latitudes in the model, and1L(z) is the meridional length of a
grid cell. The profiles of ¯w(z) (mm s−1) andv̄(z) (m s−1) are presented in Fig. 5.
RIC COMPOSITION 403

as

n,
o-
to
tions
o-

e of

nal
tor

as
at it
d of
ux

qual
re
in

e
rom

ACKNOWLEDGMENT

This work was supported by the Programme National de Plan´etologie of the
Institut National des Sciences de l’Univers (CNRS).

REFERENCES

Aleksandrov, E. N., V. I. Vedeneev, S. N. Kozlov, A. A. Obvivalneva, a
G. A. Pryakhin 1990. Rate constants and mechanism of the reactions of N4S)
atoms with methane and ethane.Bull. Acad. Sci. URSS, Div. Chem. Sci.39,
625.

Arthur, N. L. 1986. Methyl radical absorption cross section at 216.4 nm and
constant for methyl radical recombination.J. Chem. Soc. Faraday Trans.
82, 331–336.

Atakan, B., and J. Wolfrum 1992. Kinetic studies of the reactions of CN radi
with alkanes in the temperature range between 294 and 1260 K.Chem. Phys.
Lett.186, 547–552.

Back, R. A., and D. W. L. Griffiths 1967. Flash photolysis of ethylene.J. Chem.
Phys.46, 4839–4843.

Baulch, D. L., C. J. Cobbs, R. A. Cox, C. Esser, P. Frank, Th. Just, J. A. K
M. J. Pilling, J. Troe, R. W. Walker, and J. Warnatz 1992. Evaluated kin
data for combustion modeling.J. Phys. Chem. Ref. Data21, 411–734.

Baulch, D. L., C. J. Cobbs, R. A. Cox, C. Esser, P. Frank, Th. Just, J. A. K
M. J. Pilling, J. Troe, R. W. Walker, and J. Warnatz 1994. Evaluated kin
data for combustion modeling. Supplement I.J. Phys. Chem. Ref. Data23,
847.

Bénilan, Y., P. Bruston, F. Raulin, C. Cossart-Magos, and J.-C. Guillemin 1
Mid-UV spectroscopy of propynenitrile at low temperature: Consequence
expected results from observations of Titan’s atmosphere.J. Geophys. Res
99, 17069–17074.
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Bézard, B., A. Marten, and G. Paubert 1993. Detection of acetonitrile on T
Bull. Am. Astron. Soc.25, 1100.
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