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A one-dimensional composition model of Titan’s upper atmosphere is constructed, coupling 36 neutral
species and 47 ions. Energy inputs from the Sun and from Saturn’s magnetosphere and updated
temperature and eddy coefficient parameters are taken into account. A rotating technique at constant
latitude and varying local-time is proposed to account for the diurnal variation of solar inputs. The
Keywords: contributions of photodissocation, neutral chemistry, ion-neutral chemistry, and electron recombination
Titan to neutral production are presented as a function of altitude and local time. Local time-dependent mixing
ratio and density profiles are presented in the context of the T4 and Ts Cassini data and are compared
in detail to previous models. An independent and simplified ion and neutral scheme (19-species) is
also proposed for future 3D-purposes. The model results demonstrate that a complete understanding
of the chemistry of Titan's upper atmosphere requires an understanding of the coupled ion and neutral
chemistry. In particular, the ionospheric chemistry makes significant contributions to production rates of

Atmospheres, chemistry
Photochemistry

several important neutral species.

© 2008 Elsevier Inc. All rights reserved.

1. Introduction

Titan’s complex ion and neutral chemistry is initiated by the
ionization and dissociation of nitrogen and methane, energized by
solar photons or magnetospheric electrons, resulting in a great
variety of heavy hydrocarbons and nitriles. Many photochemical
models were developed during the last twenty years in attempts
to describe this complex chemistry. Following the encounter of
Titan by Voyager 1 in November 1981, Yung et al. (1984) and
Yung (1987) outlined the major chemical mechanisms, and con-
structed a photochemical model that would be used as a basis for
the subsequent models (Toublanc et al., 1995; Lara et al., 1996).
Following the study of Toublanc et al. (1995), a 2D-model (lati-
tude/altitude) was developed by Lebonnois et al. (2001) between
0 and 1240 km, by coupling the general circulation model of
Hourdin et al. (1995) with the photochemical scheme of Toublanc
et al. (1995). The photochemical scheme used in Lebonnois et al.
(2001) was updated in further 1D studies (Lebonnois et al., 2003;
Lebonnois, 2005), and the vertical eddy diffusion coefficient was
adjusted below 500 km to account for meridional mixing by gen-
eral circulation.

The first general circulation model of Titan’s upper atmosphere
(z > 600 km) was reported in Miiller-Wodarg et al. (2000) and
Miiller-Wodarg and Yelle (2002), taking into account solar radia-
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tion and vertical coupling with middle atmosphere winds. Miiller-
Wodarg et al. (2003) then used the GCM of Miiller-Wodarg et al.
(2000) to calculate the global distribution of neutral gases due to
wind and diffusion in the upper atmosphere.

The strong dependence of the ionosphere on the background
neutral atmosphere was underscored by Keller et al. (1992),
Fox and Yelle (1997), and Keller et al. (1998). The construction
of the first coupled ion-neutral composition models followed
(Banaszkiewicz et al., 2000; Wilson and Atreya, 2004). In partic-
ular, Wilson and Atreya (2004) performed a sensitivity study on
the eddy coefficient, obtaining a best fit for the Voyager data with
a homopause at 850 km and a methane mole fraction of 2.2% in
the stratosphere.

In the afore-mentioned composition models, the neutral tem-
perature profiles were chosen as fixed parameters determined af-
ter the first analysis of the UVS Voyager data by Smith et al
(1982) and the subsequent studies of Strobel et al. (1992) and
Yelle et al. (1997). These studies suggested an exospheric tempera-
ture of 175+ 30 K and the presence of a mesopause at ~565 km
with a temperature of ~135 K. Recently, however, the reanaly-
sis of the UVS Voyager data by Vervack et al. (2004) and the
analysis of the first INMS Cassini data (De La Haye et al., 2007a;
Waite et al., 2005; Yelle et al., 2006) suggested an asymptotic tem-
perature about 20 to 30 K lower, and questioned the presence of
a mesopause. Such a difference in temperature profiles mainly af-
fects the components’ scale heights, an essential component in the
diffusion equation, and to a lesser extent the reaction rates.
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Fig. 1. Comparison of solar radiation absorption rate at zenith angle 60° for neutrals present in Titan’s upper atmosphere.

Taking these considerations into account, the construction of a
new one-dimensional composition model is presented. The model
describes interdependent ion and neutral densities for altitudes
between 600 and 2000 km, and includes the dissociation and ion-
ization schemes of the atmospheric neutrals by incoming solar
photons and magnetospheric electrons. A rotating method is de-
veloped allowing for the study of local time variations at constant
latitude, and providing a quasi-two-dimensional approach to the
modeling. The ion and neutral density profiles resulting from this
local time-dependent model are presented for the latitudinal and
solar conditions of the first close Titan flybys by the Cassini Or-
biter: T4 in October 2004 and T5 in April 2005. Both flybys took
place on Titan’s wake side with respect to Saturn’s magnetosphere.

2. Construction of the ion-neutral rotating model

Titan’s complex ion and neutral chemistry is initiated by the
impact of photons and electrons on molecular nitrogen, methane,
and major hydrocarbons. The solar fluxes impinging on Titan’s up-
per atmosphere are determined using the EUVAC Solar Flux Model
of Richards et al. (1994) and the method of Tobiska and Barth
(1990) with the average radio fluxes Fay10.7 cm = 106 s.f.u. for
Ta and Fay10.7 cm = 86 s.f.u. for Ts (NOAA, 2005). Nitrogen is
by far the dominant constituent (~98%), and is the almost exclu-
sive absorber of photons with energy in its absorption band, 16-
1000 A. Methane (~2%) has a wider wavelength absorption band
(16-1450 A), and absorbs most photons in the remaining 1000-
1450 A wavelength range. The less energetic photons penetrate
deeper into the atmosphere and can be absorbed by minor species
such as CyH;, CoHg, CoHg, and HC3N (Fig. 1). The photoelectron
and magnetospheric electron fluxes are determined separately us-
ing the model of Gan et al. (1992), with parabolic magnetospheric
field lines and conditions corresponding to the magnetospheric
wake. The photo- and electron-impact-absorption cross sections
and related dissociation and ionization quantum yields are refer-
enced in Table 1. When they were available, values corresponding
to Titan's temperatures (~150 K) were selected.

The model includes 35 neutral species: H, Hy, C, CH, 3CHy,
ICH,, CH3, CH4, G, GH, CyHy, CoH3, CoHy4, CoHs, CHg, C3Hs,
CH3CoH, CHpCyH,, C3Hg, C4Ha, c-CgHp, 1-CgHs, N(4S), N(°D),
N(2P), Np, NH, CN, HCN, H,CN, GN, C,N, HC3N, HC3N*, and
Ar. The neutral-neutral chemical reactions are selected from the

model of Wilson and Atreya (2004) and that of Lebonnois et al.
(2001), updated in Lebonnois et al. (2003) and Lebonnois (2005).
Vertical transport is modeled using the diffusion equation pre-
sented in Yelle et al. (2006) and De La Haye et al. (2007a),
recast from its more classic form to take into account minor
and major species, and especially CH4's non-negligible density
compared to N,. With the same considerations, molecular dif-
fusion was described for a multicomponent gas (Wilke, 1950;
Wilson and Atreya, 2004), using Ny-s and CHy-s binary coef-
ficients from Banks and Kockarts (1973), Wakeham and Slater
(1973), and Mason and Marrero (1970), or derived using the study
of Wilson and Atreya (2004) and Wilson (2002).

In a study of the INMS data recorded during flyby T4, Yelle
et al. (2006) found that certain combinations of eddy diffusion
and upward flux of methane allow appropriate fit of the CH4 den-

sity data. They found an eddy coefficient of K ~4 x 10° cm?s~!,

assuming a negligible CH4 escape flux, and of K ~ 107 cm?s~!,
assuming a CH4 escape flux of 2.2 x 10° cm~2s~!, referred to
Titan’s surface. In the present study, the escape flux of methane
was assumed to be negligible. A constant eddy coefficient of 4 x
10° cm?s~! was considered in the upper part of the atmosphere
(De La Haye et al., 2007a), a value in good agreement with the ef-
fective eddy diffusion coefficient calculated in Miiller-Wodarg and
Yelle (2002), including the effects of horizontal dynamics. Below
~1200 km, the eddy coefficient profile was assumed to decrease
with decreasing altitude, reaching 5 x 107 cm?s~! at 600 km, fol-
lowing the contour of the effective eddy diffusion coefficient of
Miiller-Wodarg and Yelle (2002).

Two neutral temperature profiles, corresponding to flybys Ta
and Ts, are built and used as fixed inputs to the present model.
Above 1025 km, isothermal profiles of 152.8 and 157.4 K are as-
sumed, based on the fit of the T4 and Ts INMS data (De La Haye
et al., 2007a). A temperature of 182 K is chosen at 300 km, mid-
way between the value of the engineering model of Yelle et al.
(1997) and the value from the CIRS data analyzed by Flasar et al.
(2005). Simple interpolations were made between the two altitude
regions, and hydrostatic equilibrium was verified. The temperature
profiles are plotted in Fig. 2 and compared to the T4 UVIS results
of Shemansky et al. (2005). A characteristic of the Shemansky et
al. (2005) profile stands in the presence of a cold mesopause with

a value of 115 K at 600 km. According to our calculations, how-
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References used for the ionization and dissociation cross sections

Species Photoabsorption cross section Photodissociation quantum yield Photoionization quantum yield Electron impact cross section
H < Schunk and Nagy (2000) — Wilson (2002)
Shah et al. (1987)
Hy < Schunk and Nagy (2000) — Wilson (2002)
Backx et al. (1976)
CHgq 16-50 A: Wilson (2002) 16-50 A: Wilson (2002)
Gan (1991), Romani (1996) Gan (1991) Orient and Srivastava (1987)
Lukirskii et al. (1964) Lukirskii et al. (1964)
50-1050 A: 50-1050 A:
Schunk and Nagy (2000) Schunk and Nagy (2000)
1050-1200 A:
Hudson (1971)
1200-1400 A:
Chen and Wu (2004)
1400-1600 A:
Mount et al. (1977)
CoHy Wilson (2002) 1100-1650 A: 16-650 A: Wilson (2002)
150-750 A: Okabe (1981) Zheng and Srivastava (1996) Zheng and Srivastava (1996)
Wu and Judge (1985) 1650-1900 A:
750-1200 A: Okabe (1983)
Cooper et al. (1995) 1900-2300 A:
1200-2100 A: Seki and Okabe (1993)
Wu et al. (2001) Reviewed with:
2100-2300 A: Vuitton et al. (2006a)
Seki and Okabe (1993) Lduter et al. (2002)
CyHa Wilson (2002) Wilson (2002) 16-700 A: Wilson (2002)
Holland et al. (1997) Chang et al. (1998) Tian and Vidal (1998a) Tian and Vidal (1998a)
Zelikoff and Wanabee (1953)
Schmitt and Brehm (1966)
CyHg Wilson (2002) Wilson (2002) 16-700 A: Wilson (2002)
Au et al. (1993) Mount et al. (1977) Tian and Vidal (1998b) Tian and Vidal (1998b)
Mount and Moos (1978) Kameta et al. (1996) 700-1050 A:
Wilson (2002)
Kameta et al. (1996)
N(4S) Wilson (2002) Wilson (2002)
Fenelly and Torr (1992) Brook et al. (1978)
N2 16-50 A: Stolte et al. (1998) Wilson (2002)
< 50-1000 A: Schunk and Nagy (2000) — Zipf et al. (1980)
Itikawa et al. (1986)
HCN Wilson (2002) Keller et al. (1992)
< Nuth and Glicker (1982) — same as CoHy
Kreile et al. (1982)
HC3N Wilson (2002) Clarke and Ferris (1995)
Connors et al. (1974) Halpern et al. (1988)
Clarke and Ferris (1996)
Andrieux et al. (1995)
Bénilan et al. (1994)
Bruston et al. (1989)
CaNy < Clarke and Ferris (1995) — Not modeled

Halpern et al. (1988)

ever, there appears to be incompatibility between the Shemansky
et al. (2005) temperature profile, and the verification of hydrostatic
equilibrium between the CIRS density data at 300 km (Flasar et
al., 2005) and the INMS density data above 1174 km (Waite et al.,
2005). As mentioned in the introduction, the Yung et al. (1984),
Toublanc et al. (1995), and Wilson and Atreya (2004) models used
earlier temperature profiles, based on the first analyses of the Voy-
ager ingress UVS data by Smith et al. (1982): a 174 K-isothermal
profile in Yung et al. (1984), the temperature profile recommended
by Lellouch and Hunten (1987) in Toublanc et al. (1995), and the
temperature profile recommended by Yelle et al. (1997) in Wilson

and Atreya (2004). The model of Lebonnois et al. (2001) was re-
cently re-run for altitudes above 500 km, a latitude of 40° N, and a
season corresponding to the winter solstice. This new run used the
updated chemistry and eddy diffusion coefficient of Lebonnois et
al. (2003) and Lebonnois (2005) and the temperature profile sug-
gested by Vervack et al. (2004) after the re-analysis of the Voyager
ingress UVS data.

Compared to the models of Yung et al. (1984), Toublanc et al.
(1995), Wilson and Atreya (2004), and Lebonnois (2005), which de-
scribe Titan’s atmosphere from the surface to altitudes close to the
exobase, the present model focuses on the upper atmosphere and
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Fig. 2. Temperature profiles derived from the Cassini INMS (De La Haye et al., 2007a), CIRS (Flasar et al., 2005) and UVIS (Shemansky et al., 2005) data, and from the analysis
(Smith et al., 1982; Yelle et al., 1997) and revised analysis (Vervack et al., 2004) of the Voyager UVS data. The profiles noted ‘INMS T, data’ and ‘INMS Ts data,’ extended by

dash lines, were used as inputs into the present coupled ion-neutral rotating model.

exosphere between 600 and 2000 km. At 600 km, the mixing ra-
tios are assumed to be fixed for all species with a lifetime larger
than one percent of a Titan rotational period (for example species
Ny, CHy4, Hy, CoHy, CoHy, CoHg, C3Hy, and Ar). For species with
shorter lifetimes, for example C;H or N(*S), photochemical equi-
librium is assumed as the boundary condition. Considering the
afore-mentioned set of input parameters (temperature and eddy
coefficient), the lower boundary mixing ratios of the present model
are adjusted at 600 km to match adequately the INMS density data
recorded at higher altitudes. If no INMS data are available, the mix-
ing ratios are taken directly from the Lebonnois (2005) results at
600 km.

The exobase, defined here as the altitude at which atmospheric
scale height and mean free path are equal, constitutes the upper
limit of the collisional region. The altitude of the exobase is re-
calculated after each time iteration, assuming a common exobase
for all species except H, and H. For these two lighter species,
the exobase is found at ~1700 km, about 300 km higher than
other species. Once the exobase altitude is determined, a collisional
regime is modeled below, taking into account chemistry and verti-
cal transport, and exospheric processes are modeled above, using a
method based on the Liouville theorem (De La Haye et al., 2007a;
Schunk and Nagy, 2000). In the present model, as in the mod-
els of Yung et al. (1984), Toublanc et al. (1995), Wilson and Atreya
(2004), and Lebonnois (2005), the upper boundary condition of the
collisional region is set in terms of an escape flux. Thermal escape
fluxes (Jeans escape) are applied and are found to be significant
for Hy and H but negligible for all other species.

The ionospheric model is constructed using the model of Keller
et al. (1992, 1998). Photoequilibrium is assumed. A few ion-neutral
and electron recombination rates were updated using Anicich
(2003), Kella et al. (1996), Lehfaoui et al. (1997), Janev and Reiter
(2004), and Sheehan and St-Maurice (2004). The electron tempera-
ture profile is chosen as that reported by Wahlund et al. (2005) for
inbound T4. The model includes the following 44 ions: HT, H2+,
Hi, C*, CHT, CHJ, CHJ, CHJ, CHJ, GHY, GHJ, GHI, GHY,
GHI, GHY, C3HY, c-C3HJ, 1-G3HT, ¢-C3HS, G3HS, C3HY, G3HY,

C3HY, C4HJ, C4HY, C4HY, C4HT, CsHY, CsHY, CsHY, CsHY, CgHY,
C7HF, N*, NJ, NHT, NoHF, CN*, HCN*, H,CN*t, CNCF, C3HNT,
C3HyN™T, and CsHsN™. As in Keller et al. (1998), three additional
species are taken into account: C, > ,H,+ representing other hy-
drocarbon ions, and ZLO' and ZHI" representing nitrile ions with
mass lower and greater than 30 amu, respectively. Our model does
not include some of the new ion species observed by the Cassini
INMS (e.g., masses 18 and 30 as suggested in Cravens et al., 2006,
identified as NH; and CH,NHJ in Vuitton et al, 2006b), but it
does couple the ion and neutral chemistry and provide insight into
the formation of key hydrocarbon species as a function of local
time.

The idea of a one-dimensional rotating model, sweeping through
a range of zenith angles from day to night and from night to
day, is introduced to take into account the diurnal variation ef-
fects, such as the ceasing of the solar flux induced mechanisms
on the night side. For coupling purposes, it is interesting to note
the relative time scale of the modeled processes. The time con-
stants corresponding to molecular diffusion (7p, = HSZ/DS), eddy
diffusion (tx = Haz/K), and ion and neutral chemistry (Tchem,s =
—%) are plotted in Fig. 3 and compared to Titan’s rota-
tional period, Trijtan ~ 16 Earth days. lon chemistry is found to be
several orders of magnitude faster than a Titan day, as opposed
to neutral chemistry and diffusion, which are found to be slower
or comparable to Trjtan. Ion mechanisms are therefore considered
instantaneous, whereas time iterations are taken into account for
neutral processes. An estimate of the thermal structure time con-
stant, 77, based on the calculation of the HCN rotational cooling
rate, is also included in Fig. 3. This shows that the time scales
of Titan’s thermal structure are comparable to Titan’s rotational
period. Thermal structure variations, however, are judged to be be-
yond the scope of the present paper, and a temperature profile
that is constant with local time is assumed throughout the study.

The rotating method is operated by dividing each Titan day
into twelve local time sectors (Fig. 4). The latitude is fixed to
38.8° N for T4 and 73.7° N for Ts. Subsequently, using a sub-
solar latitude value of 23° S, the zenith angles corresponding to
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the twelve local time sectors were determined to vary between
61.7° at noon and 164.8° at midnight in the T, conditions, and
between 97.0° at noon and 129.0° at midnight in the T5 condi-
tions. Within each local time sector, the zenith angle and therefore
the solar and electron fluxes, are assumed to be constant. After
each Titan day, the neutral density profiles corresponding to the
sectors’ centers are compared to those of the previous rotation
until periodic equilibrium is reached (10 to 14 Titan days). The so-
lar flux and ion density profiles are re-calculated once and twice,
respectively, per local time sector. The fluxes of photo- and magne-
tospheric electrons were computed independently using the model
of Gan et al. (1992). Considering that Titan’s orbit around Saturn

is synchronous, particles in Titan’s atmosphere remain in the same
configuration with respect to Saturn over time. The flux of mag-
netospheric electrons was therefore assumed to be constant with
local time, and conditions corresponding to the magnetospheric
wake were chosen to match the T4 and Ts closest approach con-
figurations. For the calculation of the photo-electron flux, several
runs were performed using Gan et al. (1992) to cover the neces-
sary range of zenith angles.

The possibility of the atmospheric particles rotating at a slightly
different speed than Titan’s surface is also considered, using the
longitudinal component of the wind calculated in Miiller-Wodarg
et al. (2000) averaged over the altitude range 600-1450 km. The
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Fig. 5. Chemical scheme I. Construction of the first key neutrals and ions starting
from photon and electron impact with nitrogen and methane: C;Hy, HCN, HoCNt,
CHZ, and CHJ.

number of time steps per sector is modified so that particles re-
main longer in sectors with lower angular velocity and pass faster
through sectors with higher angular velocity. In particular, it is
noted that particles are submitted about 5 times longer to morning
radiation (~6 h) than to afternoon radiation (~18 h).

3. Local time-dependent ion-neutral production

The ion and neutral chemical mechanisms that take place in Ti-
tan’s upper atmosphere are studied as a function of local time with
a particular emphasis on the role played by ion-neutral processes.
Considering the extent of the number of species and reactions
involved, local time-dependent production rate profiles are only
presented for a few species, C;Hy, CoHg, CoHg, C3Hg, and CgHg,
most of them initially observed by INMS (Waite et al., 2005). More
complete discussion of all species is found in De La Haye et al.
(2007b) and De La Haye (2005).

3.1. Ethylene and the primary ion-neutral chemical processes

The formation of CyHy is the first important step in the foun-
dation of Titan’s upper atmospheric chemistry (Fig. 5). The first
of the two main production paths follows the photodissociation of
methane into reactive species CH, 3CH,, !CH;, and CHs. [The same
CyH4 production scheme was used in Lebonnois (2005) and Wilson
and Atreya (2004).]

CH4 + hv — CH, 3CH,, 'CH,, CH3,

ICHy 4+ Ny — 3CHy + Ny,

ICH, + CH4 — CH3 + CHjs,

3CH, + H — CH + Hy,

CH + CHs — CyH4 + H,

3CH, + CH3; — CyH4 + H. (1)

Different methane photodissociation schemes were proposed
by Mordaunt et al. (1993), Romani (1996), and Smith and Raulin
(1999). While the study of Mordaunt et al. (1993) was experi-
mental, using an adaptation of the technique of H(D) photofrag-
ment translational spectroscopy, the two other studies were mostly
based on models and constraints from previous experiments. In
Romani (1996), the branching ratio leading to 'CH, + H + H was

arbitrarily set to zero, leading to an overdetermined system of con-
straints then solved with a least-squares fit method. Sensitivity
studies of the methane photodissociation scheme on Titan’s atmo-
spheric composition were performed in Wilson and Atreya (1999)
and Lebonnois (2000). In particular, Lebonnois (2000) focused on
the consequence of different amounts of 'CH, released into the
atmosphere, and found that the only noticeable effect appeared in
the mixing ratio of CH,C;H,. In the present study, the photodisso-
ciation scheme chosen in Wilson and Atreya (2004), i.e. the scheme
of Romani (1996), was selected.

The second C;H4 production path follows the photo- and elec-
tron impact dissociation and ionization of nitrogen (Wilson, 2002;
Schunk and Nagy, 2000; Stolte et al., 1998; Itikawa et al., 1986;
Zipf et al., 1980), either involving the formation of key ions CH}'
and C2Hs+ and the electron recombination of CZH;r through the
following process:

Ny + hv, e — NI, Nt + N,

NJ + CH4 — CHf + Ny + H,

NT + CH4 — CH + NH,

CH4 + hv, e” — CHI + H,

CHY + CH4 — GHI + Hy,

GHY +e™ — GHs + H, (2)
or involving the formation of HCN followed by ion-neutral chem-
istry:

CH4 + hv — CH3 + H,

Nz + hy, e — N(*s)+---,

N(%s) + CH3 — H,CN + H,

HCN + H — HCN + Hy,

CoHY + HCN — CyHg + HpCN*. (3)

In the altitude range of the present study (z > 600 km), the ter-
molecular mechanism leading to the production of C;H4 through

CyHs +H M, CyH4 was found to be negligible by about four or-
ders of magnitude compared to the afore-mentioned processes.

The altitude-dependent influence of the ethylene production
mechanisms are compared in Fig. 6 for various local times. These
profiles were computed using the T, solar and latitudinal condi-
tions, taking into account the effects of both photo- and magne-
tospheric electrons. On the day side, ethylene production is domi-
nated by neutral chemistry processes [Eq. (1)] below 1045 km, by
ion-neutral chemistry [Eq. (2)] between 1045 and 1400 km, and by
electron recombination [Eq. (3)] above 1400 km. On the night side,
neutral chemistry is prevalent below 1100 km, and the peak pro-
duction of C;H4 occurs higher, between 1100 and 1285 km, in the
region where ion-neutral chemistry dominates. Above this region,
ethylene is mainly produced by electron recombination.

Local time-dependent production rate profiles were plotted in
Fig. 7 for hydrogen cyanide (HCN), a key neutral species for de-
termining the thermal structure of Titan’s upper atmosphere. Be-
low ~1100 km, the production of HCN is found to be domi-
nated by neutral chemistry [Eq. (3)], with production peaks of
~5.1x 10" cm®s~! at ~920 km on the day side, and ~9.9 cm3s~!
at ~830 km on the night side. Above 1100 km, the HCN produc-
tion is found to be dominated by the electron recombination of
H,CN*:

H,CN*t + e~ — HCN +H. (4)

It is interesting to note that the production mechanisms of HCN
and H,CN™ are tightly related, with the main production mecha-
nism of H,CN* being CzHg' + HCN — CyHy4 + HCN* [Eq. (3)].
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2000

T T \I‘tlll\l II" W T r ooy T T TTTTy T rrorrmf T T TTTTm T rrorrmf T T TTImm
r NN ]
1900 N 1
b SO HCN ]
1800 P, AN NN | i
BN L \ — neutra ]
1700 T NN e ]
1600 - \\ NN chemisy
i — el

1500 B “\{; %:\ ?e?:gtr:’loglmation:
—_ L = RU® N 1
U Ry, Ny _
§ 1400 - -ﬁ‘;\\ > 1
@ 1300 - NN R T R _
g b RN -
£ 1200 F B NN 4
E: - wh O NN :
1100 - o 2y TN .
F I L N 6h .
1000 : N X AN ]
F_B'L——rr__r_f—r——r—r”:*‘ ghaish\zh (PN
900 o i DN
[ e o ]
800 20n L L
700 '___—i———i ~ . ) - —_— __> =
600 TR N U1 B N W 1 T1 N B WA 1171 B II\I:_Ir_i\;;“ Fob 'r_lr—-l_ll-lll‘lr'_;_\ Ll ||1||||_

10° 10° 10* 107 10 107 10° 10 10?

Production Rate (cm3s™)
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The chemical species presented in Fig. 5 may be used to con-
struct a self-sustainable ion and neutral composition model of Ti-
tan’s upper atmosphere. All the species included in this scheme
are presented with their most efficient production and loss mech-

anisms, with the addition of CH3 + CHj M, C,Hg to model ad-
equately the loss of CHs at low altitudes (see following section).
This chemical scheme is also interesting in that it involves HyCN*
and C2H5+, the two most abundant ions in Titan's ionosphere. The
diurnally-averaged profiles obtained using the species of the sim-
plified chemical scheme [i.e. neutrals H, H, CH, 'CH», 3CH,, CH3,
CHa, CoHg, No, N(S), N(2D), N(?P), HCN, and H,CN, and ions CH{,
CHI, N*, NJ, and H,CN*] and forcing all other species to zero

are presented in Fig. 8. The results show good agreement with
those obtained using the full ion and neutral scheme. The main
discrepancy is found in an over-estimate of the HoCN™T profile at
altitudes <900 km, due to the absence of H,CN*t + C4Hp — C41-[;r
+ HCN from the simplified scheme. This process is, on average,
about one order of magnitude less efficient than the electron re-
combination of HCN™ [Eq. (4)], but it becomes the dominant loss
process of HyCN™T at altitudes <900 km. Overall, the simplified
chemical scheme is shown to constitute a good description of Ti-
tan’s ion and neutral chemistry, and may be useful to future three
dimensional models, considering their constraint of having a lim-
ited number of ion and neutral species.
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3.2. Acetylene, ethane, and the second ion-neutral chemical processes

Now that C;H4 and CzHgr are formed, the complex formation
of a series of hydrocarbons can begin. The chain of chemical reac-
tions starts with the production of species such as C;H,, CH3 and
C3HT, and leads to the production of ethane and species as heavy
as propane and diacetylene (Fig. 9).

Acetylene is essentially produced according to two processes.
The first involves the photodissociation of ethylene,

CHy4 + hv — CoHy + Ha, (5)
and the second the electron recombination of C2H5+,
GHY +e” - GHy +Hy +H,

— CHy + 3H. (6)

Two additional processes insure the regeneration of acetylene after
its photodissociation:

CyHy + hv - GH + H,
CH + GHy — GHy + CGHj3,

CoH + CH4 — CyHy + CHs, (7)
and

CoHy + hv — GH + H,

CoH+H % GoH,. (8)

Diacetylene is then produced as a result of the following reaction,
involving the two newly created molecules C;H; and CoH:

CHy + GGH — C4Hy + H. (9)

The production rate profiles of acetylene were plotted in Fig. 10.
On the day side, production is dominated by ethylene photodis-
sociation below 1035 km, Eq. (5), and by electron recombination



118

V. De La Haye et al. / Icarus 197 (2008) 110-136

CH*

—— ———— —

e

S = & ——cnn v
+ CHy l T =4 /ﬂ T
CZ CH, JTINT, I // h\'l CH,
4 CHy. H, h\!| h}/ | 4
'CH.4 CH, N,—> N*
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formed in previous chemical mechanisms.

above 1035 km, Eq. (6). On the night side, solar-driven mecha-
nisms disappear, and neutral chemistry becomes prevalent below
1070 km. The C,H, production by Eqgs. (7) and (8) becomes in-
significant below 815 km due to reactive species CoH (mainly
produced by acetylene photodissociation) being greatly depleted
at low altitudes, where collision probability is higher. The ter-
molecular process that appears below 815 km in Fig. 10 is due

to C3Hy + H M, CH3 + CyHy, which requires the production of
C3H4 detailed in the next section. lon-neutral mechanisms dom-
inate the CyH; night-side production rate over a short altitude
range, between 1025 and 1100 km, essentially due to Czl-lgL +
HCN — HaCNT + CoH; and GoHY + CoHg — GoHZ 4 CoH; (see
next section). Electron recombination [Eq. (6)] takes over above
1100 km.

The production of the minor species C;Hg is dominated be-
tween 600 and 900 km by the termolecular reaction:

CH3 + CH3 —% C,Hg. (10)

Above 900 km for the day side and above 1000 km for the
night side, the production of ethane becomes dominated by ion-
neutral chemistry below 1460 km, and electron recombination
above 1460 km, both involving ion C3HJ :

CGHY + C3Hs — CoHg + C3HT,
C3HY + e~ — CoHg + CH.

The C;Hg production rate profiles corresponding to these mecha-
nisms are plotted in Fig. 11.

3.3. Methylacetylene and ion-neutral processes involving heavy
hydrocarbons

The chemical processes leading to the production of methyl-
acetylene (CsHy4) and benzene (CgHg) are centered on the forma-
tion of C3Hz and involve ions CHY, C;HJ, C3HY and CeHJ, as
described in Fig. 12. The major production mechanisms of methyl-
acetylene (CH3C,H) and its reactive isomer (CH,CoHy) are:

CyH4 + CH — CH3CH +H,

— CHCyHy +H, (13)

and

C3H3 +H LN CH3CH,
M, CH,CyHy, (14)

where the production of C3Hs is dominated by neutral chemistry
below 900/1000 km on the day/night side,

CHy + 1CHy — G3Hs + H, (15)
and by electron recombination above,
+ +
CGHs + CGHg — C3Hg + CHg,
C3HgL + e~ — C3Hz + Hy. (16)

The following process then operates as a switch from the unstable
to the stable isomer:
CH,C;Hy; + H — CH3CH + H. (17)
The electron recombination of C3I-l;r also becomes the prevalent
production process for methylacetylene above 950/1060 km on the
day/night side (Fig. 13):
C3HY + e™ — CH3CH + H. (18)
The tight ion and neutral coupling involved in Titan’s upper at-
mosphere is also important in the formation of benzene. Two main
processes are responsible for its production: neutral chemistry be-

low 700 km, involving the linear form of CgHg as an intermedi-
ate,

C3H3 + C3H3 ﬂ) 1-CgHg,
1-CgHg + H — c-CgHg + H, (19)

and electron recombination above 700 km, considering the prelim-
inary formation of C4HJ and CgHF,
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Fig. 11. Local time-dependent production rate profiles for C;Hg, as computed by the present model for the T4 solar conditions, at a latitude of 38° North.

H2CNT + C4H; — C4HS + HCN,
C4HS + CoHy — GeH7,

CeHy + e” — c-CgHg + H. (20)

The production rate profile of benzene was plotted in Fig. 14. The
peak production is found at 820 km on the day side and 1060 km
on the night side, in the altitude region where Eq. (20) dominates.
The c-CgHg-production due to ion-neutral chemistry in Fig. 14 is
essentially due to CsH;r + CH3CGoH — CgHg' + c-CgHg. This mech-

anism is minor compared to Eq. (20) and is not indicated in the
reaction scheme of Fig. 12.

3.4. Other nitriles

The cyano radical, CN, is the cornerstone of the nitrile chem-
istry scheme. It is produced through a variety of mechanisms in-
cluding the participation of hydrogen cyanide. As shown in Fig. 15,
heavier nitrile species, such as cyanoacetylene (HC3N), CNC-radical
(C2N), and cyanogen (C2Ny), are then produced by neutral-neutral
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and ion-neutral mechanisms involving ions N*, CNC™ and HCNT,
and major hydrocarbons such as CHg4, C;H, and CyHgy.

4. Mixing ratio and density profiles

The local time-dependent density and mixing ratio neutral re-
sults are presented in Figs. 16-25 for the solar and latitudinal
conditions of flybys T, (blue) and T5 (red). Four temporal snap-
shots were plotted corresponding to local times 12 h (overhead
sun), 18 h, 0 h, and 6 h. The results are compared to those of Yung
et al. (1984), Toublanc et al. (1995), Wilson and Atreya (2004), and
Lebonnois (2005). Comparison is also provided with the N, and
CH4 INMS data recorded during T4 and Ts (De La Haye et al.,

2007a), the Hy INMS T, data (Yelle et al., 2006), the C;Hy, CoHg,
CyHg, C3Hy, and Ar INMS data recorded at T4’s closest approach
(Waite et al., 2005; Yelle et al., 2006), and the CHg, CoHj, CoHg,
and CyHg UVIS T, data (Shemansky et al., 2005). Numerical re-
sults are provided for these species in Table 2, and are compared
to the models of Lebonnois (2005) and Wilson and Atreya (2004)
at 600 and 1180 km and to the INMS data available at 1180 km.
The local time-dependent density and mixing ratio profiles of HCN
are also presented due to the key role of this species in the ther-
mal structure of Titan’s upper atmosphere.

For species Ny, CHy4, Ha, CoH4, CoHg, and Ar, the density pro-
files obtained are found to be nearly identical with respect to
local time, suggesting stability and particularly long life times. For
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species C;Hy, C3Hg, and HCN, however, the local time profiles are
distinct (Figs. 21, 23, and 24). These species have slightly shorter
lifetimes due to a high dependence on solar driven mechanisms
and on fast interactions with the ionosphere. For example, C;H;
results in large part from C;H4 photodissociation, and CH3CyH de-
pends essentially on the amount of reactive species CH in the
atmosphere (a product of C;H4 photodissocation) and on the elec-
tron recombination of C3H§L at higher altitudes. As for HCN, its
local time-dependence is mainly due to fast neutral reactions ini-
tiated by the photodissociations of N, and CH4 (see section on
hydrogen cyanide).

4.1. Nitrogen and methane

The methane mixing ratios obtained at 1180 km in the present
study (3.0-3.9%) are in good agreement with the INMS data (3.1-
4.1%), and are factors 2 to 3 times smaller than the results of
Lebonnois (2005) and Wilson and Atreya (2004). In addition, we
find the CH4 mixing ratio at 1180 km to be a factor of 2%%4 larger
than at 600 km, compared to factors of 3.9 using the Lebonnois

(2005) model and 4.3 using the model of Wilson and Atreya
(2004). These differences in slope are induced by an eddy coeffi-
cient of 108 cm?s~! above 900 km in Lebonnois (2005) compared
to 4 x 10° cm?s~! in the present model. The variations are accen-
tuated when considering the Wilson and Atreya (2004) results (as
well as the Yung et al., 1984 and Toublanc et al., 1995 results) due
to differences in the input temperature profiles (Fig. 2).

After the analysis of the UVIS T, data, Shemansky et al
(2005) reported CH4 densities of 4.3 x 107 cm~3 at 1213 km,
8.3 x 107 cm~3 at 1350 km, and 1.3 x 107 cm™3 at 1397 km,
larger than the T4 INMS data by factors of 2.3, 13.1, and 3.1, re-
spectively. At 615 km, however, the UVIS value (1.6 x 10" cm~3) is
1.4 times smaller than that calculated by the present model, which
matches the INMS data reasonably well at altitudes between 1174
and 1600 km (Fig. 17). Shemansky et al. (2005) also suggested a
departure from a mixed to a diffusively separated atmosphere at
~800 km, an altitude about 450 km lower than that derived af-
ter the atmospheric structure analysis of the T4 INMS data (De La
Haye et al., 2007a). These discrepancies may be in part responsi-
ble for the differences in temperature profile between Shemansky
et al. (2005) and the combined CIRS and INMS data.

The modeled N, and CH4 density profiles are found to diverge
from the INMS data (ingress and egress portions of T4 and egress
portion of Ts) above 1700 km (Figs. 16 and 17). This divergence
was studied in De La Haye et al. (2007a), suggesting significant
heating mechanisms in Titan’s upper atmosphere and the presence
of a developed corona in the vicinity of Titan. The modeled N,
and CH4 mixing ratio profiles are also found to diverge from the
data, but the trend starts at lower altitudes, i.e. 1500-1600 km,
and is observed for all four datasets (ingress and egress portions
of T4 and Ts). The mixing ratio-divergence is essentially due to
H, becoming a major species at altitudes above 1500-1600 km,
with a mixing ratio larger than 10%, and to a poor match of the
modeled H; profiles with the INMS density data (see below).

4.2. Molecular hydrogen

For molecular hydrogen, the present model suggests mixing ra-
tios between 4.1 x 103 and 5.6 x 10~3 at 1180 km, adequately
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into account the systematic 20% instrumental uncertainty.

matching the T, INMS data. However, as altitude increases, the
model diverges from the data with higher densities than those
estimated by measurement (Fig. 18), suggesting the need for an
escape flux significantly larger than thermal escape to fit the INMS
data.

A second run was performed for the T4 conditions, arbitrar-
ily imposing an upper boundary of twice the Jeans escape (see
pale blue lines in Fig. 18). This condition corresponds to a Hy up-
ward flux of 9.3 x 10° cm~2s~! referred to the surface, a value in
good agreement with the value of 1.2+ 0.2 x 10" cm—25~1 cal-
culated in Yelle et al. (2006). The second run is shown to provide

a better fit of the INMS data at altitudes >1300 km, but leads to
greater discrepancy at closest approach. The results suggest again
the presence of non-thermal escape mechanisms, probably involv-
ing charge-exchange processes, sputtering, and ion pick-up. These
mechanisms are not fully understood at the moment, and their
inclusion is judged beyond the scope of the present study. The
discrepancy between the modeled H, abundances and the data be-
comes important at altitudes above ~1200 km, and is shown to
have a negligible effect on the chemistry.

The H; mixing ratios of Lebonnois (2005) and Wilson and
Atreya (2004) are 1.5 and 1.8 times smaller than the INMS mea-
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Fig. 17. Local time-dependent methane profiles determined in the present work for the T4 and Ts conditions... (see legend of Fig. 16). These results are compared to the
INMS density and mixing ratio data recorded during T4 and Ts (De La Haye et al., 2007a).

surements at 1180 km, and 1.4 to 2.7 times smaller than the ad-
justed values used in the present model at 600 km (Table 2). These
variations are due to the difference in the choice of the tempera-
ture and eddy coefficient profiles, and suggest a review of the Hy
production mechanisms below 600 km.

4.3. Ethylene

Large variations appear across models in the C;H4 mixing ratio
profiles. In the lower panel of Fig. 19, two sets of local time-
dependent results are presented, both corresponding to the T,
solar and latitudinal conditions. The first set of results, plotted
in pale blue, used the C;H4 mixing ratio of Lebonnois (2005) as

lower boundary condition. These profiles show large local-time
variations corresponding to the dependence of C;H4 production on
reactive species CH, 3CH,, and CHs, directly produced by methane
photodissociation. Adequate match is found with the lowest of
the two INMS data points proposed in Waite et al. (2005) for
CyHy at 1180 km. (The two INMS estimates, 2.6 0.7 x 10~4 and
5.34+0.1 x 1074, depend on the value adopted for HCN in the mass
spectral deconvolution of the T4 data.)

The differences observed between the present C;Hy results and
those of Lebonnois (2005) suggest different production rates be-
low 1000 km, therefore involving Eq. (1). Since the same reaction
rates as Lebonnois (2005) were used for CH + CHy — CyHyq +
H and 3CH, + CH3 — CH4 + H, and since the methane density
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profiles are in good agreement below 1000 km (Fig. 17), the abun-
dances of reactive species CH, 3CH,, and CH3 are examined. The
local time-dependent density profiles of CH, 3CH,, and CH3 calcu-
lated in the T4 conditions are compared to Lebonnois (2005) in
Fig. 20. Species CH and 3CH,, which have short life times, are as-
sumed to be in photochemical equilibrium at the lower boundary,
and are found to nearly disappear at night. So due to the rotat-
ing method, the CH and 3CHjy's densities are in average smaller
than Lebonnois (2005) around 600 km. Contrary to CH and 3CH,,
which result almost solely from direct methane photodissociation,
CHs-production is also achieved on the night side through reac-
tions C;Hs + H — CH3 + CH3, CHy + C; — CH3 + CyH, CHy
+ CGH — CH3 + CyH,, and to a lesser extent !CH, + CHy —

CH3 + CHs. For this reason, CHs has a longer lifetime, shows
smaller local time variations, and does not disappear at night. In
reaction 3CH, + CH3 — CyH4 + H (integrated production rate of
~4 x 107 cm~2s~1), the effects of the lesser density of 3CH, com-
pared to Lebonnois (2005) are compensated by the greater density
of CHs. However, in reaction CH + CH4 — CyH4 + H (with an in-
tegrated production rate of ~2.5 x 108 cm~2s~1, about six times
more efficient than the afore-mentioned process), the density of
CH in average smaller than Lebonnois (2005) is directly respon-
sible for the weaker CyH4-production at low altitudes. Sensitivity
studies on the influence of the methane photodissociation scheme
showed a maximum variation of the C;H4-production rate of less
than 15% when comparing the scheme of Romani (1996) and those
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Fig. 19. Local time-dependent ethylene profiles determined in the present work for the T4 and T5 conditions. .. (see legend of Fig. 16). These results are compared to the two
Ta INMS data values suggested in Waite et al. (2005), depending on the value adopted for HCN. Two sets of local time-dependent results obtained with the present model
are presented for the T4 conditions, one in pale blue using the Lebonnois (2005) mixing ratio at 600 km, and one in dark blue with adjusted lower boundary at 600 km.

These latter results are the ones presented in Table 2.

of Mordaunt et al. (1993). These considerations suggest that the
difference between the present results and those of previous mod-
els are mainly due to the local time-dependence of the model.

A second set of results, presented in dark blue, is provided to
match the larger INMS value, in better agreement with predictions
made by other models at high altitudes. In that case, the adjusted
lower boundary mixing ratio is almost two orders of magnitude
larger than that predicted by previous models at 600 km. With
this large amount of ethylene at 600 km, the influence of chemi-
cal production becomes comparable to that of eddy and molecular
diffusion, and the mixing ratio of C;H4 between 600 and 1300 km
becomes quasi-constant. Such a high density of C;H4 at 600 km

is improbable, and suggests the validity of the previous considera-
tions.

The UVIS data available for species C;H4 are plotted in the up-
per panel of Fig. 19. Trends similar to the case of CH4 are observed,
with density slopes overall sharper in the UVIS data compared
to the present model. The same observations will be apparent in
the cases of C;H, and CyHg (Figs. 21 and 22): although the UVIS
data between 600 and 800 km are found to be close to the val-
ues estimated with the present model, they are found to become
significantly larger at ~1000 km.



126 V. De La Haye et al. / Icarus 197 (2008) 110-136

2000
1900
1800
1700
1600

This model

1500
1400
1300
1200
1100

Altitude (km)

1000
900
800
700
600

102 102 107 10° 10! 10? 10° 104 10° 10° 107 108
Density (cm™)
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both photo- and magnetospheric electrons. Comparison is provided with the Lebonnois (2005) results.

Table 2
Neutral results of the present model compared to the Lebonnois (2005) and Wilson and Atreya (2004) models at 1180 and 600 km
Latitude Total Mixing ratios

dens_‘gy N, CHy4 H, CyH, CyHy C,Hg C3H4? Ar

(em™) (x1072) (x1072) (x1073) (x104) (x107%) (x1079) (x107%) (x1076)
1180 km
Present workP
38.8° (Ta) 8.8 x 108 96.4 3.0 4.1 2.2 6.8 9.4 0.90 8.0
73.7° (Ts) 4.9 x 108 95.4 3.9 5.6 2.4 9.2 10.3 0.53 6.2
Lebonnois (2005) model®
40° 1.0 x 10° 92.5 71 2.7 3.9 8.0 3.7 1.1 -
Wilson and Atreya (2004)
- 1.1 x 10° 90.1 9.4 2.2 6.3 10.7 19.7 1.8 -
INMS data®
38.8° (T4) 9.340.15 108 96.4+0.02 3.140.03 4.05+0.03 1.89+0.05 5.3%0.1 12.1%0.6 0.386%0.022 7.1%0.1
61.8° (Ts) 6.12001 5 108 95, 7+0.004 3.g+0.001
73.0° (Ts) 4.4£0.02 o 108 95.5+0.004 4.,1£0.008
600 km
Present workP
38.8° (Tx) 1.3 x 1013 97.8 1.9 2.5 0.5 7.0 10.0 0.01 11
73.7° (Ts) 5.9 x 1012 97.8 1.8 3.2 1.25 9.5 11.5 0.5 11
Lebonnois (2005) model®
40° 1.1x 101 98.0 1.8 1.8 0.62 0.14 2.6 0.034 -
Wilson and Atreya (2004)3
- 1.1 x 1013 97.7 2.2 1.2 0.37 0.11 4.2 0.17 -

4 Sum of the CH3C2H and CH,CH, mixing ratios—CH3C,H only for the Wilson and Atreya (2004) results.

b Diurnal average results obtained using the solar conditions corresponding to flybys T4 (38.8° N) and Ts (73.7° N). The mixing ratios at 600 km were adapted to match
the INMS data at higher altitudes.

¢ Results from the model developed in Lebonnois et al. (2001, 2003) and Lebonnois (2005), recently re-run at latitude 40° N and winter solstice, using the total density
and temperature of Vervack et al. (2004).

d Results of Wilson and Atreya (2004) obtained with a 58° zenith angle for a globally averaged solar flux in Nov. 1980.

€ INMS data recorded during T, (38.8° N) for Hy, Co;Ha, CoHyg, CoHg, C3Hg and Ar (Waite et al., 2005) and during T4 (38.8° N) and Ts (61.8° N and 73.0° N) for N, and
CH4 (De La Haye et al., 2007a).

4.4. Acetylene, ethane, methylacetylene (Fig. 21). These profiles agree reasonably well with the results of
Lebonnois (2005) and Wilson and Atreya (2004). The mixing ratio
The local time variations that were noted in the C;H, produc- slopes between 600 and 800 km are found to be in average sharper

tion rates (Fig. 10) also appear in the modeled density profiles in the T4 (blue) compared to the Ts5 (red) conditions. This differ-
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Fig. 21. Local time-dependent acetylene profiles determined in the present work for the T4 and Ts conditions... (see legend of Fig. 16). These results are compared to the

INMS density and mixing ratio data recorded during T, (Waite et al., 2005).

ence is due to a more efficient production of acetylene through
ethylene photodissociation between 600 and 800 km during the
T4 rotation (zenith angle at noon of 61°) compared to the Ts ro-
tation (zenith angle at noon of 90°). Due to differences in eddy
coefficient and temperature and to adjustment in mixing ratio at
the lower boundary, the results of the present model at 1180 km
are found to be in better agreement than Lebonnois (2005) and
Wilson and Atreya (2004) with the C;H; and C;Hg INMS data
(Table 2). Larger discrepancies are observed with the results of
Yung et al. (1984) and Toublanc et al. (1995), as shown in Figs. 21
and 22.

For minor species CyHg, the results of the various models
disagree in the altitude region between 600 and 900 km: the

present model shows mixing ratios that remain quasi-constant,
whereas the Lebonnois (2005) and Wilson and Atreya (2004)
models suggest mixing ratios increasing rapidly with altitude. In
this altitude range, the ethane production rate is dominated by

CH3 + CH3 M, CyHg, and the difference is likely due to the
large uncertainties associated with the methyl recombination rate
(Vuitton and Yelle, 2005; Wilson and Atreya, 2004). The rates of
Slagle et al. (1988) were adopted in the present model (kg =
8.76 x 1078 x T~703e= 7" k=15 x 1076 x T-118e=F) in
good agreement with the experiments of Cody et al. (2003) con-
ducted at 155 K (He-background gas). Wilson and Atreya (2004)
estimated these rates to be about an order of magnitude too low

for a Ny-background gas, and chose to use the Slagle et al. (1988)



128

2000

V. De La Haye et al. / Icarus 197 (2008) 110-136

nULLLLL T TTTTI T T 7T Ty

1800

[e)]

o

o
I

L05
= 1200 -

Altitude (km)
T

1000

800

CH,

Ll

TN 1T R N1 i/ Wi

600

Ll

T TTIT T T 177

T T, 3

. A ) 5

| — 12h —_12h
—.-18h s T8
oh — 0oh |
6h || - 6h

This model

O UVIST, data c
Shemansky et al. (05)

V INMST, data
Waite et al.(05)

TN T WY T I A W11 L

10° 10! 10? 10° 10¢

10° 108 107 108 10° 10'°

Density (cm3)

2000 T

UNLELILE]

1800

1600

B
o
o
!

itude (km)

= 1200

Alt

1000

800

T T T T TTT] T T T

Y84

600 1 1 |

10 10°

107

Mixing Ratio

Fig. 22. Local time-dependent ethane profiles determined in the present work for the T4 and Ts conditions... (see legend of Fig. 16). These results are compared to the INMS

density and mixing ratio data recorded during T, (Waite et al., 2005).

expression but multiplied by 10. In the Lebonnois (2005) model,
another expression was used, based on Lee et al. (2000), ko = 6 x
10729 x e'T°, and Du et al. (1996), kins = 1.53 x 107 x T~ 12— %,
So, assuming a total density of 1.1 x 10> cm~3 and a tempera-
ture of ~150 K, the methyl recombination rate used in the present
model is about five times lower than Lebonnois (2005), and ten
times lower than Wilson and Atreya (2004). Sensitivity studies
show that such a difference in reaction rate justifies the variations
between the modeled C;Hg below 900 km. These considerations
lead to the following hypotheses: (1) the methyl recombination
rate is an order of magnitude larger than that determined by Slagle
et al. (1988) and Cody et al. (2003), in which case further experi-
mental studies on that reaction need to be made in the adequate

temperature and pressure conditions, or (2) the C;Hg mixing ratio
at 600 km is 4 to 8 times larger than the mixing ratios 4.2 x 10~
and 2.6 x 10~ proposed by the Wilson and Atreya (2004) and
Lebonnois (2005) models, respectively, implying the presence of
additional sources of ethane below 600 km. However, it is not
clear at this point what mechanism other than Eq. (10) could
have such an influence at low altitudes on the ethane produc-
tion rate, and this alternative may also call for the consideration
of the first hypothesis. The local time-dependent abundance of
radical CH3 is another factor to consider in the study of CyHg
production. Sensitivity studies on the methane photodissociation
schemes showed a maximum variation of ~18% when using the
first scheme of Mordaunt et al. (1993), with a CH3-quantum yield
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Fig. 23. Local time-dependent C3Hy4 profiles determined in the present work for the T4 and T5 conditions. .. (see legend of Fig. 16). These results are compared to the INMS

density and mixing ratio data recorded during T, (Waite et al., 2005).

of 0.51, compared to that of Romani (1996), with a CH3-quantum
yield of 0.41. This variation, although non-negligible, is insufficient
for explaining the afore-mentioned difference in the C;Hg produc-
tion.

The local time-dependent density profiles of C3H4, obtained
by adding the densities of CH3CoH and its less abundant isomer
CH,C,H,, are shown in Fig. 23 for the T4 and Ts5 conditions. As
was the case for acetylene, a difference of slope is observed be-
tween the modeled T4 or Ts C3Hg-mixing ratio profiles between
600 and 900 km, suggesting a production rate significantly greater
in the T4 conditions compared to the Ts conditions. This differ-

. . . . M
ence is due, in particular, to the effect of reaction C3H; + H —

C3Hs [Eq. (14)]. The rate of this termolecular reaction increases
with increasing total density, k = kokoon/(kon + ko), and is there-
fore more efficient at producing C3H4 during the simulation repro-
ducing the T4 conditions, where the total density is greater by a
factor of 2 compared to Ts.

4.5. Hydrogen cyanide

Important horizontal variations are obtained in the modeled
HCN density and mixing ratio profiles (Fig. 24). They are induced
by reaction HoCN + H — HCN + H;, the main production mecha-
nism of HCN between 600 and 900 km. These local time variations
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Fig. 24. Local time-dependent HCN profiles determined in the present work for the T4 and Ts conditions... (see legend of Fig. 16).

are due to reactive species HoCN resulting essentially from the
reaction of N(*S) with CHs, themselves produced by photodisso-
ciation of N and CHg4. As a result, a significant depletion of HyCN
is found on the night side, with an order of magnitude of differ-
ence between noon and midnight: the H,CN mixing ratio during
the T4 simulation was found to be 2.1 x 10~ at zenith angle 62°
and 2.5 x 1076 at zenith angle 165°.

Due to its main production mechanism being significantly re-
duced on the night side, the concentration of HCN obtained with
the present rotating method is found to be lower overall than pre-
vious 1D-models. We find diurnally-averaged HCN mixing ratios of
1.2 x 107> at 600 km (lower boundary fixed using the Lebonnois,

2005 model), increasing to 2.2 x 1074 (T4) and 5.8 x 107> (Ts)
at 1200 km, compared to ~ 4 x 10~> at 600 km and ~5 x 10~*
at 1200 km calculated by Toublanc et al. (1995). In addition, the
value suggested by Vuitton et al. (2006b) from the T5 ionospheric
observations (2 x 10~* at 1100 km) is in good agreement with
the present T4-results, but is about 3 to 4 times larger than the
present Ts-results.

To provide an indication of the minor density profiles, and to
allow for relative comparison between species, diurnally averaged
profiles are displayed in Fig. 25 for all the modeled neutrals. These
profiles were determined by adding the density profiles obtained
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at the center-time of each local time sector and dividing by the
number of sectors.

4.6. lonosphere

Prior to the first in situ ion composition measurements made
by the Cassini INMS (Cravens et al., 2006), ionospheric models
(e.g. Fox and Yelle, 1997; Keller et al., 1998; and Banaszkiewicz et
al., 2000) included most of the key hydrocarbon ion species (CH;,
C,HI, C3HT,...) and some of the key nitrile ion species (H,CN™,
C3HNT,...). The Ts INMS measurements, however, revealed sev-

eral interesting omissions in these models’ ion-neutral chemical
schemes. For example, the measured ion mass spectra had signif-
icant mass 18 and 30 peaks (Cravens et al.,, 2006) that were not
predicted by the models. In order to remedy this situation, Vuitton
et al. (2006b) expanded the ion-neutral chemical scheme by in-
cluding a number of new nitrile species, both ionized and neutral.
The m = 18 species was attributed to NHj{ which is produced by
the reaction of any major ion species with ammonia (NHs). The
m = 30 species was identified as CHZNH; which comes from re-
action of major species (such as H,CN™) with CH,NH. Other ion
species considered by Vuitton et al. (2006b) include CoH3CNH'
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Fig. 26. Local time-dependent H,CN™*, CzH;, and thermal electron density profiles determined in the present work for the T4 and Ts conditions, taking into account both
photo- and magnetospheric electrons. The results are compared to the model of Keller et al. (1998) and to the INMS ion data recorded during Ts (Cravens et al., 2006).

(m =54) and C4H3NH™ (m = 66). The additional nitrile species and
ion-neutral chemistry discussed by Vuitton et al. (2006b) become
important quantitatively at altitudes <1100 km, with a contribu-
tion of ~15% to the total ion density at 1100 km.

Further work is required on the ionospheric modeling compo-
nent of the present model (based on the chemical scheme of Keller
et al., 1998), especially to include these additional ions. This work
is deemed outside of the scope of the present study, largely be-
cause the neutral mode of Cassini INMS is not sensitive enough
to detect the quantities of the required minor neutral species (e.g.
NH3; or CH;NH). Furthermore, the understanding of the interac-
tion between Titan and Saturn’s magnetosphere remains limited,

making difficult the quantitative modeling of night side ionization
source, presumably due to magnetospheric electrons. Nonetheless,
the chemical scheme of Keller et al. (1998) handles the most
abundant ion species reasonably well at altitudes >1100 km (in
particular, Czl-[;r and H,CN'), and the present study brings an
important contribution to the understanding of Titan’s upper at-
mosphere, in that it couples the neutral and ion chemistry and
includes local time-dependence in the ionization sources and neu-
tral atmosphere.

The local time-dependent density profiles are presented for the
major ions HoCN* and CzHé and for the thermal electrons in
Fig. 26. The Keller et al. (1998) results computed in the Voyager
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Fig. 27. Diurnally-averaged ion density profiles determined in the present work for the T4 and Ts conditions, taking into account both photo- and magnetospheric electrons.
The results are compared to the INMS ion data recorded during Ts (Cravens et al., 2006).

solar conditions at a zenith angle of 60°, using the neutral model range of zenith angles. For T4, the electron peak varies between
of Yung et al. (1984) as background, are also plotted and compared 5.4 x 10° cm~2 at 1060 km (noon) and 1.6 x 10> cm~3 at 1250 km
to the INMS ionospheric data reported in Cravens et al. (2006). (midnight). For Ts, the electron peak remains in the same al-

Larger local time variations are observed in the T4 compared titude region (1230 to 1280 km), with values varying between
to the Ts5 configuration, since the rotation encompasses a wider 2.1 x 10> cm~3 (noon) and 1.3 x 103> cm~3 (midnight). These re-
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sults are in reasonable agreement with Keller et al. (1992), who
reported peak electron densities of 6.2 x 10> cm™3 at 1055 km
and 3.03 x 10> cm™3 at 1175 km for zenith angles of 60° and
90°, respectively. The electron peak measured by INMS during Ts,
>103 cm~3, was found to be at ~1120 km (Cravens et al., 2006),
about 100 km lower than suggested by the present model.

The modeled densities for H,CN*t, the most abundant ion
species, are found to agree reasonably well with the T5 density
data (i.e.,, within a factor of 2), indicating a reasonable overall
ionization rate for the nightside. However, although the modeled
Czl-l;r densities are in good agreement for altitudes below about
1100 km, the densities near 1300 km are about a factor of 5 higher
than the measured densities. If the modeled abundance of neutral
HCN was higher by a factor of 2-3 near 1200 km, the C2H5+ den-
sity would be lower and the H,CN™ density would be higher, thus
improving the data-model comparisons for both species. [Recall
that the major source of HoCN* is through reaction C2H5+ + HCN
— HyCN*t + CyHy, Eq. (3)]. However, such arbitrary fixes are not
possible in a self-consistent coupled ion-neutral model.

A selection of diurnally-averaged ion density profiles are dis-
played in Fig. 27, corresponding to results obtained by the present
model for the T4 and Ts solar and latitudinal conditions. The
available INMS ionospheric data were also plotted for comparison
(Cravens et al., 2006). The Ts model-data comparison for masses
15 (CHJ) and 16 (CH,) are reasonably good (factors of 2 to 3).
CHJ is produced by the reaction of NJ with methane, and CH} is
a “primary” ion species. This agreement indicates that the overall
ionization rate used for the night side (electron impact) is about
right. The modeled density of CH;r (mass 17) agrees reasonably
well with the data at 1100 km, but is about 5 times too high at
1200 km. CHZ is produced by the reaction of CH; with methane
and is lost by reacting with CoH;, CoHg, and Hj. Better agreement
would be obtained if lower densities were found for any of these
neutral species. The Ts model-data comparisons for CZH;, C2H3+,
C3HZ, CG3HY, G3HS, and C3HT are reasonable.

5. Conclusions

A one-dimensional coupled ion and neutral model was con-
structed to describe Titan’s upper atmosphere, taking into account
solar and magnetospheric energy inputs, and using updated tem-
perature and eddy coefficient parameters. After consideration of
the various processes’ time scales, a rotating method was proposed
to take into account the changes in solar radiation encountered by
atmospheric particles.

The study of the comparative influences of photodissociation,
neutral-neutral chemistry, ion-neutral chemistry, and electron re-
combination on the production rates of key neutral species was
provided with respect to altitude and local time. The model
showed large variations in the processes prevalent on the day
compared to the night side, and evidenced the importance of
ion-neutral chemistry and electron recombination on the neutral
production rates at high altitude (z > 1000-1200 km). Consider-
ing the low atmospheric density at high altitude, these processes
were found to have a limited impact on the overall density profiles
of neutrals with long life-times. Their density profiles, contrary to
species with short lifetimes (neutral radicals and ions), showed lit-
tle local time-variation.

The observation of waves in Titan’s upper atmosphere (Miiller-
Wodarg et al., 2006) underscored the significance of vertical and
horizontal dynamics and the limits of one-dimensional models for
describing Titan’s neutral and ion composition. The understanding
of Titan’s upper atmosphere may require the construction of a new
generation of three-dimensional dynamic models, taking into ac-
count the effects of ion-neutral chemistry, atmospheric waves, and

the deposition of highly energetic particles from Saturn’s magneto-
sphere. The present study proposes for that matter a simplification
to an independent 19-species chemical scheme, starting with the
photo- and electron impact ionization and dissociation of Ny, CHy,
and involving the strong coupling of key neutrals (C;Hs4 and HCN)
and ions (H,CNT, C;HZ, and CHY) in Titan’s upper atmosphere.
Ion and neutral exothermic chemistry represents an important
source of heat in Titan’s upper atmosphere. The present model
is used in subsequent studies as basis for describing Titan’s local
time-dependent heating mechanisms and efficiencies.
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