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1 Introduction

Numerous models have been published that simulate the chemical processes at
work in Titan’s stratosphere and ionosphere. Keller et al. (1998) first included
a rather detailed ionospheric chemistry. Banaszkiewicz et al. (2000) and Wil-
son and Atreya (2004) proposed the first coupled models of neutral species
and ions. The study of Titan’s ionosphere expanded rapidly with the Cassini
mission. INMS ion data was first reported by Cravens et al. (2006) followed
by numerous studies (see for instance De La Haye et al. (2008); Vuitton et al.
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(2009); Lavvas et al. (2011); Krasnopolsky (2014)). A detailed review on Ti-
tan’s ionosphere is given in Galand et al. (2014). Mandt et al. (2012) listed
the main photochemical models of Titan’s ionosphere that had been published
at that time, presenting what they considered as the main strengths and lim-
itations of these models. Following Mandt et al. (2012), some of the most
relevant features which are important for modeling Titan’s ionosphere are the
following;:

e Detailed ion and neutral chemistry. A thorough evaluation of ion chemistry
is required to improve models.

e A careful sensitivity study of uncertainty propagation in ion chemistry mod-
els. Such investigations are required to evaluate the level of predictivity of
these models and to pinpoint important chemical processes.

e The way neutral densities are determined. Many models use partially or
completely uncoupled neutral abundances leading to an absence of chem-
ical feedback between ions and neutrals. Such fixed-neutral profile models
allow the richness of heavy ion chemistry to be explored due to a lower com-
putational time that makes it possible to include many more ions compared
to ion-neutral coupled 1D models.

e The use of suitable cross-sections and quantum yields for photo-absorptions.
In particular, several studies (Lavvas et al., 2011; Mandt et al., 2012; Luspay-
Kuti et al., 2015) highlighted the need to use high resolution cross-sections
for NQ.

e A study of vertical and horizontal transport including diurnal and seasonal
variations. 2D-3D photochemical models are computationally time consum-
ing and require a reduced chemical scheme.

We (and others) have developed during the last few years a methodology to
improve chemical schemes for Titan’s atmosphere based on two complemen-
tary tasks (see Hébrard et al. (2009) and Loison et al. (2015) for details on
the methodology): (1) the determination of key reactions through uncertainty
propagation studies and global sensitivity analyses and (2) the completeness
of the chemical scheme. Since the papers of Hébrard et al. (2006) and Hébrard
et al. (2007) for neutral species and Carrasco et al. (2007a) for ions, we see that
this methodology improves the agreement between model results and obser-
vations by comparison with Loison et al. (2015) and the present paper. Also,
uncertainties on model results, at least for CoH, and some nitrogen species
like HCN, have significantly decreased. We think that an improvement on the
knowledge of the chemistry of Titan’s atmosphere is a prerequisite for con-
straining many physical parameters. The aim of the present study is to develop
a new photochemical model of Titan’s atmosphere following this methodology;,
combining the strengths of several previous models. In particular:

e We propose a detailed chemical scheme that improves previous works. Fol-
lowing the recent papers of Hébrard et al. (2012); Hébrard et al. (2013); Do-



brijevic et al. (2014); Hickson et al. (2014) and Loison et al. (2015), we con-
tinue in the present paper to improve the chemistry of Titan’s atmosphere
with thorough evaluations and updates, especially for neutral chemistry, the
dissociative recombination of positive ions and negative ion chemistry.

e We develop a 1D photochemical model with vertical transport coupling
neutral species with positive and negative ions. Since the production of ions
is likely to be strongly related to the density of neutrals, our model computes
abundance profiles from the surface up to 1500 km to be as consistent as
possible with the various neutral species that have been observed in the
lower and middle stratosphere and in the ionosphere.

e Most of the chemical rate constants have relatively large uncertainties. It
is therefore important to study how these uncertainties propagate into the
model and to determine the most influential chemical processes affecting
the results. A global sensitivity analysis is performed to pinpoint the key
reactions and to determine the importance of feedback between neutral and
ion species.

In Section 2, we present our model, highlighting the main chemical processes
that have been taken into account for the ion chemistry and the major modifi-
cations compared to the model of Loison et al. (2015) for neutral species. Our
results, comparisons with Cassini/INMS data and the propagation of uncer-
tainties are presented in section 3, with a particular emphasis on ion species.
Specific points are discussed in section 4 before concluding in section 5.

2 Model

2.1 Neutral species

Details of the model (eddy diffusion coefficient, boundary conditions, UV ab-
sorption by haze, condensation, etc) are given in Loison et al. (2015). Only
major modifications are outlined in the following. The chemical scheme of
neutral species is similar to the one presented in Loison et al. (2015) with
some minor changes. To reduce the computational time of our full 1D-coupled
model, we have limited the chemistry of hydrocarbons to C4-species and there-
fore do not consider C4H, species. We have excluded some nitriles with high
molecular mass (HC5N, C3H5CN, C3H;CN, etc) because our previous model
(Loison et al., 2015) shows that these compounds have very low abundances.
We include CH3C3N because the same model predicts it to have a relatively
high abundance. We consider isomers only for C3H (linear and cyclic), C3Hy
(methylacetylene and allene) and CH3CN (considering also CHo,NCH) as they
have notably different reactivities. In the case of C3Hy we check that the use
of only one isomer (the cyclic one) is enough to describe the chemistry in



the present model as the main reactions of the two less stable C3Hs isomers
(the carbene: HoCCC and the linear one: HCCCH) should be with hydrogen
atoms leading to the most stable cyclic isomer (Hébrard et al., 2013). Also,
we do not consider reactions with very small fluxes (such as the CH + CH
reaction for instance). Consequently, we obtained a much smaller number of
chemical reactions (137 neutral bimolecular reactions instead of 801, and 73
neutral termolecular reaction instead of 168). The complete list of reactions
considered in the present study is given in appendix A (available in the supple-
mentary material). We carefully checked that the omission of these chemical
reactions has very little, if any, effect on the species considered in the model.
The chemical scheme has been slightly updated, particularly for C4H, species.
Sulfur chemistry (Hickson et al., 2014) is not included in the present model
since no sulfur-bearing species have been detected so far. The chemical scheme
includes 74 neutral species, which are listed in Table 1. Our model includes
vertical transport (eddy and vertical diffusion) for neutral species from the
surface up to 1500 km. We use the high resolution (AX = 0.004 nm) solar
spectrum of Curdt et al. (2001, 2004) between 67 nm and 160 nm. This spec-
trum is scaled to the solar spectrum (at the solar minimum) of Thuillier et al.
(2004) using the continuum at 150 nm. For the Monte-Carlo procedure, we use
global-mean photolysis rates which are calculated using a Solar Zenith Angle
(SZA) of about 60° and a diurnally averaged solar flux half of that at Saturn’s
distance from the Sun.

The high resolution absorption cross sections for Ny at 150 K (Heays, A.N,
personal communication) between 84 nm and 100 nm are included in the
present model. The high resolution (HR) cross sections of Ny (AN = 0.004
nm) are presented in Figure 1 and are compared to the low resolution (LR)
cross sections (AX = 1 nm) of Ny, CHy and Hy. The use of HR could have a
noticeable effect on the calculation of the photodissociation rate of Ny, CHy
and Hy due to the existence of many lines in the HR cross sections of Ny (for
the wavelength range considered here).

The photolysis pathways considered in the present study are the following (see
also appendix A, available in the supplementary material):

Ny + hy — N(®D) + N(*S) A > 89.1 nm and A < 102.1 nm

Ng 4+ hv — N(?P) + N(*S) A > 85.4 nm and A > 89.1 nm

Ny + hv — N(*D) + N(*D) A < 85.4 nm

and we assume that N(?P) is rapidly converted to N(*D) (Lavvas et al., 2011).

According to Chen and Wu (2004), the absorption features of CH,; between
120 nm and 142.5 nm exhibit broad diffuse bands. So, they concluded that
continuum absorption should be independent of instrumental resolution in
this spectral range. As a consequence, we do not consider the high resolution
absorption cross section of CHy in the present study.



Table 1
List of the 74 neutrals included in the model

H, Ho
C, CH, !CH,, 3CH,, CH3, CHy
tcy, 3Cy, CoH, CoHg, CoHg, CoHy, CoHs, CoHg
C3, cC3H, 1C3H, C3Hjy, C3H3, CH2CCHgy, CH3C2H, C3Hs, C3Hg, C3H7, C3Hg
C4H, C4Hg, C4Hg, C4Hy, C4Hs, C4Hg, C4H7, C4Hg, C4Hg, C4Hig
CN, C3N, CaNa, C3N
HCN, HNC, HyCN, HCCN, CH,CN, CH;NCH, CH3CN, HC3N, HyC3N, C3H3CN, CoH4CN, CoH5CN, HC4N, CHoC3N, CH3C3N
N(?D), N(%S), No
NH, NHo, NH3
CH,NH, CH3NH, CH3NH,
0(3P), O('D), OH, Hy0, CH30, CO, HCO, HyCO, COs
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Fig. 1. Absorption cross sections of Ny, CH4 and Hy at low resolution (LR: A\ =1
nm) and high resolution (HR: AX = 0.004 nm).

2.2 Positive and negative ions

Ambipolar diffusion and the escape of ions are neglected in the present study.
According to Westlake et al. (2012), vertical transport for the main ions is
not important below 1300 km and might not be important between 1300 km
and 1500 km, so this process is not considered in the present study (which
also reduces the computation time for the Monte-Carlo procedure). The model
includes 47 positive ions and 7 negative ions (including electrons). A list of the
positive and negative ions included in the model is given in Table 2. The list
of reactions is given in appendix A (available in the supplementary material).



In the following section, we compare our results mainly with the INMS data
analyzed by Mandt et al. (2012). Fourteen Titan passes have been included in
their analysis from T5 (April 2005) to T59 (July 2009). Most of these flybys
have been performed between 2007 and 2009 corresponding to the minimum of
the solar cycles 23-24. We also compare our results with Westlake et al. (2012)
who presented the density profiles of many ions for the T40 flyby (January
2008). For this reason, we use a solar spectrum corresponding to a minimum
of the solar activity.

2.2.1 Positive ion chemistry

Table 2
List of the 54 ions (cations et anions) included in the model

o+, uy
cut, cuf, cuy, cuf, cuf
CoHJ, CoHT, CoHS, CoHT, ConF
CsH*, C3HJ, C3HT, C3H], CsHT, CsH[, CaHt
CaHF, CaH], Can}, Cuuf, CuHY
CsHF, CsHY, CsHS
N+,NH+,NH;,NH;,NHI
NJ, NoHY
HCN+,HCNH+,CHzNH;,CHZCNH+,CH30NH+,02N2H+,CH3NH§,CQchNH+,czH50NH+,HCSNH+,CHBCBNH+
H™, CoH™, C4H™, ON~, C3N~, C7
CH,OHT, HCOT, e

The methodology we used to build our ion chemical scheme is similar to the
one presented in Loison et al. (2015). However, in contrast to our recent ap-
proach towards neutral chemistry, which has been substantially updated in
recent works (Hébrard et al., 2012; Hébrard et al., 2013; Dobrijevic et al.,
2014; Hickson et al., 2014; Loison et al., 2015), we did not significantly change
the ionic chemistry. The ion processes used here are very similar to the ones of
Carrasco et al. (2007b, 2008) and Vuitton et al. (2007). However, using recent
work, we changed some Dissociative Recombination (DR) reaction branching
ratios (Vigren et al., 2009, 2010a,b, 2012a,b; Plessis et al., 2010; Plessis et al.,
2012; Reiter and Janev, 2010) and most of the cross sections of the Dissociative
Electron Attachment (DEA) reactions (Rawat et al., 2008; May et al., 2010;
Gilmore and Field, 2015; Graupner et al., 2006; May et al., 2008). Moreover,
as our neutral chemical scheme is notably different (with the presence of Cj
for example), we adjusted the ionic scheme using the review articles of Ani-
cich (1993, 2003) and Anicich et al. (2006). Since one of the main aims of this
study is to estimate the uncertainties in the model results, we used a limited
chemical network to lower the computational time in our uncertainty propa-
gation study (see 2.1). Indeed, the size of the ion network depends on the size
of the neutral network. However, as already shown by Vuitton et al. (2007)
and Westlake et al. (2012), hydrocarbon ion formation, up to CoHj;, is mainly
driven by the reactions of ions with CH4, CoHy and CyHy. Consequently, we
include CsH; ions even if we do not consider neutral CsH,. We do not include
higher mass ions to reduce the computational time. This limitation has little



influence on our neutral chemistry as the DR reactions of C¢H; and C;H
are thought to produce mainly benzene compounds (Hamberg et al., 2011),
which are not included in this study. Moreover, since higher mass ions have
lower abundances, they should have little effect on neutral chemistry up to
C4H,. The main chemical pathways in Titan’s ion chemistry are developed
in section 3.5. We use the temperature dependency of ion-dipole reactions to
account for the low temperature of Titan’s atmosphere.

2.2.2  Electron production

The computation of electron production profiles from magnetospheric elec-
trons and galactic cosmic rays (GCR) follows the model used in Gronoff et al.
(2009a,b, 2011). The magnetospheric electron spectra measured by Cassini
during the T27 transit is used as an input for the Aeroplanets model (Gronoff
et al., 2012; Gronoff et al., 2012) which computes their transport in the iono-
sphere and the subsequent ionizations. The T27 spectrum has been used for
its relatively average conditions, the precipitation of electrons has been consid-
ered as vertical to consider an average precipitation case. For the production
by GCRs, the planetocosmics model (Desorgher et al., 2005) is used with the
GCR spectrum from the Bahdwar O’Neill model (Badhwar and O’Neill, 1992)
as in Gronoff et al. (2011); Norman et al. (2014); Gronoff et al. (2015). Figure
2 shows the production rate of photoelectrons obtained from our model and
the production rate of electrons from magnetospheric electrons and GCRs ob-
tained from the Aeroplanets model using the peak of photoelectron production
around 1100 km as an input.

The Aeroplanets model is used with the latest values from the Atmociad
database (Gronoff et al., 2012) and a very fine energy grid to allow the com-
putation of the energy flux with a resolution less than 1 eV for electron energies
lower than 100 eV at all altitudes. Figure 3 shows the energy flux of electrons
for various altitudes that have been computed at 14 points between 1500 km
and 600 km. Our model results are in a quite good agreement with CAPS-ELS
data obtained during the T40 flyby at 1020 km and with the model of Richard
et al. (2015b).

2.2.3 FElectron temperature

Many studies using Cassini data from the Radio and Plasma Wave Science-
Langmuir Probe (RPWS-LP) instrument have been published these last few
years to infer the electron temperature in the ionosphere of Titan. Agren
et al. (2009) analyzed data from 17 flybys (from T16 to T42), with closest
approaches below 1200 km of altitude, corresponding to various Solar Zenith
Angles (SZA) ranging from 20° to 165°. They found that the electron tem-
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Fig. 2. Production rate of photoelectrons (short dashed line), electrons from sec-
ondary and magnetospheric electrons (long dashed line) and Galactic Cosmic Rays
(solid line).

perature at the ionospheric peaks does not depend on SZA with values which
lie between 350 K and 700 K, whereas the ionospheric peak altitudes are
quite scattered (between 1000 and 1250 km). Robertson et al. (2009) analyzed
RPWS-LP data from T17 and T18 flybys and obtained electron temperatures
between 400 K and 600 K at 1000 km and observed a roughly linear increase
with altitude reaching values between 1200 K and 1500 K at 1500 km of alti-
tude. This linear evolution is in quite good agreement with T5 data analysis
from Agren et al. (2007). Vigren et al. (2013) derived the electron temperature
(T.) from LP measurements for T40, T41, T42 and T48 flybys and obtained
similar values (500 K at 1000 km and 1100 K at 1400 km). The electron tem-
perature used in the present study is based on these results. We consider that
the electron temperature is equal to 500 K at 1000 km and follows a linear
relation with the altitude z given by T,(z) = 1/0.715 x (2 — 642.5) (z in km,
T. in K), in both the dayside and the nightside of the Titan’s ionosphere. Be-
low 1000 km, T, decreases to reach the temperature of the neutral atmosphere
(148 K at about 750 km) in agreement with the model of Richard et al. (2011).
Below 750 km, we use a constant T, value of 148 K.
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Fig. 3. Energetic electron fluxes at several altitudes. Our model at 1020 km is
compared to CAPS-ELS data obtained during the T40 flyby for the same altitude
(Richard et al., 2015b).

2.2.4 Negative ton chemaistry

The various primary electron-induced processes leading to negative ion for-
mation in Titan’s atmosphere have been reviewed by Vuitton et al. (2009).
The three processes leading to negative ions are electron attachment (either
radiative or through termolecular processes), dissociative electron attachment
(DEA) and ion-pair formation from photoionisation. The most important pro-
cesses for Titan’s atmosphere involve DEA. They are endothermic for most
species and require supra-thermal electrons.

The important DEA reactions for Titan’s atmospheric chemistry have been
(re)measured recently. The various cross sections for DEA reactions are pre-
sented in Figure 4. Among them, the CH, DEA (Rawat et al., 2008) has been
shown to be 10 times more efficient than the previous measurements from
Sharp and Dowell (1967), and the DEA for HCN (May et al., 2010) has been
shown to be 10 times less efficient than the previous measurements from Inoue
(1966). As a result, in contrast to the study of Vuitton et al. (2009), the main
production of anions in Titan’s atmosphere is the DEA of CHy leading mainly
to H™. In our model, the only compound for which the DEA has various com-
petitive exit pathways is HC3N. The branching ratios for the HCsN DEA are
presented in Figure 5.

Ion-pair formation from photoionisation is not an efficient process in the con-
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text of Titan’s atmosphere. Therefore, we only consider the CHy + hy — H™
+ CHZ process using the Rogers et al. (2010) study and verified that its flux
is very low.

For electron attachment we only consider radiative processes even if termolecu-
lar processes may play a role at low altitude where the pressure increases. No
radiative electron attachment process has ever been studied experimentally
and we use the theoretical rates from Herbst and Osamura (2008) deduced
from statistical theory for radiative electron attachment. This process is in-
deed relatively inefficient in the context of Titan’s atmosphere because it either
involves abundant radicals (CHj) associated with a very low rate constant (the
electron affinity (EA) of CHjs is equal to 0.08 eV and the lifetime of CHz ™" is
much too short to be efficiently stabilized by photon emission) or involves rad-
icals with low concentrations (C4H, C3N). Even for Cs, an abundant species
in our model with a relatively large EA equal to 1.995 eV (Rienstra-Kiracofe
et al., 2002), the radiative electron attachment rate constant is too low to play
an important role.

2.3  Propagation of uncertainties

It has been demonstrated in several studies that uncertainties on rate con-
stants have noticeable effects on photochemical model results (see for instance
Hébrard et al. (2012); Hébrard et al. (2013); Dobrijevic et al. (2014); Loison
et al. (2015) for neutrals and Carrasco et al. (2007b, 2008); Plessis et al. (2012)
for ions). In these studies, the propagation of uncertainties was performed on
the neutral chemistry alone, or on the ion chemistry neglecting the direct cou-
pling between ions and neutrals. The present study improves on these previous
works by accounting for the coupling between neutrals and ions to study how
uncertainties on rate constants propagate into the model. The propagation of
uncertainties for the neutral chemical rate constants follows the methodology
presented in Loison et al. (2015) (and related papers) and it is not repeated
here. For photoionization, electron ionization and dissociative electron attach-
ment, we follow the same procedure as for photodissociation processes and
we consider that the uncertainty factors on the rate constants are equal to
1.2, 1.2 and 1.4 respectively (see below). For ion-neutral reactions and disso-
ciative recombinations, we use Dirichlet distributions to account for the fact
that the sum of branching ratio for a given reaction has to be equal to 1
during the Monte-Carlo procedure (see Carrasco and Pernot (2007); Carrasco
et al. (2007b)). We performed 480 Monte-Carlo runs to obtain statistically
significant results while limiting the computational time.

As a result, for each compound we obtain a statistical set of mole fraction
profiles as a function of altitude. Since the distributions of these profiles are
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not always normal or lognormal for a given altitude, we use the 5th and 15th
20-quantiles and the 1st and 19th 20-quantiles (which represent the intervals
containing respectively 50% and 90% of the mole fraction profiles) to represent
the results in a simple way. The nominal profile corresponds to the result of the
model using the unperturbed rate constants. For some compounds, the mean
profile can be different from the nominal profile because their distributions
are bimodal (or multimodal).

All rate constants, including photolysis rates, are calculated in advance by
the Monte-Carlo process which are then used as inputs in the photochemical
model. This allows us to study statistically the distributions of rate constants
prior to their use in the model. These distributions are available upon request
so that they could be used by other modelers. For this reason, when consider-
ing the propagation of uncertainties, the photolysis rates are not reevaluated
during the photochemical calculation as this is performed for the nominal
model only. However, this has little effect on the results since all photolysis
rates are computed using the relative abundances of species from the nominal
model at steady state as inputs.

The evaluation of uncertainties on many chemical parameters is a difficult task.
When several measurements exist with the preferred rate (used as the nominal
rate) not significantly different from the average value, the uncertainty on the
nominal rate is the statistical deviation (this is the case for most of the known
ion-molecule reactions, see Anicich (1993, 2003)). When there is no measure-
ment but a precise theoretical calculation, we use an uncertainty factor (F)
ranging from 1.6 and 2.0 depending on the calculation method. When there
are ab-initio or DFT calculations to determine the height of the barrier in
the entrance valley but without a precise RRKM calculation that includes the
tunnelling effect, we consider a F' value between 2 and 3 for bimolecular rate
constants and 10 to 30 for termolecular and radiative association rate con-
stants. When there is no information but only a general rule we use a F’ value
ranging from 3 and 10 depending on the system. Globally we consider that we
use in the present study a relatively optimistic value of F' for most of the reac-
tion rates. Important sources of uncertainties in photochemical models lie in
the determination of photodissociation and photolysis rates, ionisation rates
by electrons, dissociative electron attachment and photodetachment rates. All
these quantities require specific models to compute the actinic and electron
(thermal and supra-thermal) fluxes as a function of energy and altitude. More-
over, many data are lacking or are quite imprecise regarding cross sections and
quantum yields at low temperature. Indeed, the determination of the uncer-
tainty on each of these rates requires in depth studies beyond the scope of
the present paper. To account for the uncertainties, we consider for simplicity
that all the photolysis rates have an uncertainty factor of 1.2 and equal to 1.4
for DEA. Using a low value for these uncertainty factors allows us to lower
the importance of these rates in our uncertainties propagation model and to
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pinpoint the key reactions from our global sensitivity analysis. However, it is
important to keep in mind that the uncertainties presented in the following
are undoubtedly quite optimistic for kinetic rate constants and significantly
underestimated for photolysis processes.

3 Results

3.1 Neutral species

In this section, we present the mole fraction profiles of the main neutral species
obtained by our 1D neutral-ion coupled model, which differ slightly from the
ones presented in Loison et al. (2015). The eddy diffusion coefficient (not
shown here) has been constrained from comparisons with CHy, Hy, Co-Cj3 hy-
drocarbons and H,O profiles gathered from various observations in the higher
atmosphere down to the lower stratosphere (see Dobrijevic et al. (2014) and
Loison et al. (2015) for details). Density profiles of Ny, CHy and Hy obtained
with our global-mean model are presented in Figure 6. They are in good agree-
ment with the Waite et al. (2013) recommended profiles.
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Fig. 6. Model densities of Ny, CHy and Hy (in red) and comparison with recom-
mended profiles from Waite et al. (2013) (nominal, minimum and maximum profiles
in blue). Model uncertainties for these 3 compounds are very low and are not de-
picted.

As we can see in Figures 7 and 8, the main hydrocarbons that have been
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observed so far are in very good agreement with our model throughout the
atmosphere (except for CoHy in the lower atmosphere, see Loison et al. (2015)
for a discussion on that point). We favored data gathered by the same instru-
ment and analyzed at the same time for this comparison. Our model closely
matches CIRS data in the lower atmosphere and INMS data in the ionosphere.
For INMS data, we mainly use the data analyses made by Magee et al. (2009)
and Cui et al. (2009) for comparison with our model and we adopt the correc-
tion suggested by Teolis et al. (2015). The differences in neutral mole fractions
obtained from Cassini/INMS data analysis by Magee et al. (2009) and Cui
et al. (2009) are quite low except for CoHs, CoHy and C3Hg. For that reason,
data from Cui et al. (2009) for these three compounds are given in Figures 7
and 8 in addition to the ones of Magee et al. (2009).

For CyH,, the agreement with the Cui et al. (2009) value is good, but the mole
fraction obtained with our model is about two times lower than the value of
Magee et al. (2009). For C3Hg, Cui et al. (2009) gave only an upper limit on
its density, which is more in agreement with our results. The value inferred by
Magee et al. (2009) is more than 10 times higher than expected by our model
and also greater that the value observed in the lower stratosphere. Such a high
value at 1000 km would imply that the mole fraction of C3Hg increases with
altitude from the stratosphere whereas we find that it should decrease.

Our results are also in good agreement with the main nitrogen species compar-
ing with INMS data, except for HC3N, which is 5 times greater in our model.
In the lower atmosphere, our model overestimates the mole fractions of many
nitriles, especially HC3N and CoH5CN; a point that was discussed in Loison
et al. (2015). The coupling between neutrals and ions does not significantly
change conclusions drawn in that paper for HC3N but ion chemistry affects
the CoH;CN abundance. Indeed, as CoH5CN has a high proton affinity, it is
easily protonated and since the dissociative recombination of CoHsNH™ does
not give back CoH5CN with a yield of 100%, ion chemistry results in a net loss
of CoH5CN. Despite this effect, our model still overestimates CoH5CN in the
lower atmosphere. It should be noted that the CoH;CN mole fraction of our
model is in good agreement with the INMS measurement indicating that our
chemical scheme for this species, at least in the ionosphere, is probably good.

3.2 Positive ions

Recently, Teolis et al. (2015) pointed out that INMS measurements yield neu-
tral and ion densities systematically lower, by factors of approximately 2 to 3,
than estimates from several other spacecraft systems. They conducted a new
analysis of the data and the INMS ion densities were revised upward by a
constant detector sensitivity correction factor of 1.55 4+ 0.33 and the neutral
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Fig. 7. Mole fraction profiles of HoO, CoHs, CoHg and C3Hg (in red). Solid line: Mean
profile. Dashed lines and dotted lines give the intervals containing respectively 50%
and 90% of the abundance profiles. Observations in blue. Water: HoO profile derived
from Herschel observations (Moreno et al., 2012). Hydrocarbons: Cassini/CIRS ob-
servations (Nixon et al., 2013) for the lower stratosphere and Cassini/INMS data
(Magee et al., 2009) for the higher atmosphere (1050 km). For CoHg, the INMS
value inferred from Cui et al. (2009) (at 1025 km) is also given. A correction for
INMS data by a factor of 2.2 + 0.5 has been applied (Teolis et al., 2015).

densities by a constant factor of 2.2 + 0.5, which are applicable to all previ-
ously published INMS results. As a consequence, all INMS results presented
in the following have been corrected accordingly.

3.2.1 Density profiles

We first show the density profiles of some of the main positive ions obtained
from our global mean model with model uncertainties derived from our Monte-
Carlo procedure (see Figure 11). The main density peak is located around 1100
km and a secondary peak is present around 500 km corresponding to the peaks
of electron production. As there are various measurements of ion density, we
compare the results of our photochemical model with observations not only in
global mean conditions but also for specific flybys in the daytime.

Westlake et al. (2012) and Mandt et al. (2012) presented the density profiles
of some species as a function of altitude for specific flybys, which allow us
to compare the results of our photochemical model with observations. They
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Fig. 8. Mole fraction profiles of CoHy, C3Hg, C3Hy (in red). Solid line: Mean profile.
Dashed lines and dotted lines give the intervals containing respectively 50% and 90%
of the abundance profiles. Observations in blue. Comparison with Cassini/CIRS
observations (Nixon et al., 2013) for the lower stratosphere and Cassini/INMS data
Magee et al. (2009) for the higher atmosphere (1050 km). For CoHy, the INMS
value inferred from Cui et al. (2009) (at 1025 km) is also given. For C3Hg, Cui et al.
(2009) gives only an upper limit. A correction for INMS data by a factor of 2.2+0.5
has been applied (Teolis et al., 2015).

chose T40 and T48 flybys which correspond respectively to Solar Zenith An-
gles (SZA) of 37.2° and 25.4°, and consequently to the dayside of Titan’s
ionosphere. To compare our model to these data, we ran our model in dayside
mode, meaning that the solar flux is not divided by a factor of 2 to account
for the night side as done in the global mean mode presented below.

Westlake et al. (2012) presented the density profiles of many ions for the T40
flyby (see also the recent analysis of Richard et al. (2015b,a)). In Figure 11,
we present the data for HONH', CoHY and CHZ, which are considered to be
important due to their relatively high abundances and their influence on the
chemistry of other ions. Our model is in quite good agreement with HCNH™
and CyHZ since the uncertainty factors for these 2 compounds (only calcu-
lated in the global mean mode) are respectively 1.41 and 1.36 at 1150 km
(around the maximum of their peak density). For CH; , the uncertainty factor
is equal to 1.40 (in the global mean mode), so our nominal model overpre-
dicts its density. The number of reactions controlling the CHZ abundance is
small (NoH* + CHy, CHZ + CyHy, CoHy and HCN), and the uncertainties
on these reactions, mainly taken from Anicich (1993) and Anicich (2003), are

16



1400

1200

1000

800

600

Altitude (km)

400

200

Mole fraction

Fig. 9. Mole fraction profiles of HCN and CH3CN (in red). Solid line: Mean profile.
Dashed lines and dotted lines give the intervals containing respectively 50% and 90%
of the abundance profiles. Observations in blue. Comparison with Cassini/CIRS
observations (Vinatier et al., 2010) for HCN and CH3CN millimetric observations
(Marten et al., 2002) for the lower stratosphere and Cassini/INMS data for HCN
(1050 km, Magee et al. (2009) and CH3CN (1025 km, Cui et al. (2009)) for the
higher atmosphere. A correction for INMS data by a factor of 2.2 4+ 0.5 has been
applied (Teolis et al., 2015).

probably underestimated (see section 2.3). So, we cannot preclude that our
model underestimates the uncertainty on the density of this compound. For
HCNHT, C,HF and CHZ, it is noticeable that the shapes of the profiles are
well reproduced by our model. In Figure 12, we present the density profiles in
the day-side mode of some heavier ions: C3Hy , HCsNH™ and CH;CNH™*. Our
model is in quite good agreement with these three ions considering that the
uncertainty factors for these 3 compounds are respectively 1.75, 1.8, and 2.2.
in the global-mean mode.

In this study, we do not consider the reactions of HCNH* with Hy, CoH, and
CoHy as suggested by Westlake et al. (2012) following Adams and Smith (1977)
(for HCNH™ + Hp). The value suggested by Adams and Smith (1977) for the
radiative association reaction HCNH* + Hy — CH,NHJ + hr was an upper
limit considering that there is no barrier for this reaction. However, considering
the low reactivity of HCNH™ with saturated molecules (CHy, CyHg, Ny, ete.
see Anicich (2003)) there is very likely to be a barrier for the HCNH' + H,
reaction. For the reaction of HCNH* with CyHy and CyHy, Milligan et al.
(2001) showed that they lead only to addition without precise identification
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Fig. 10. Mole fraction profiles of HC3N (in red) and CoH5CN (in orange). Solid line:
Mean profile. Dashed lines and dotted lines give the intervals containing respec-
tively 50% and 90% of the abundance profiles. Observations of HC3N (dark blue)
and CaH5CN (light blue). Lower atmosphere: Comparison with Cassini/CIRS ob-
servations (Vinatier et al., 2010) for HC3N and ALMA observations (straight line,
Cordiner et al. (2015) for CoHsCN. Higher atmosphere (1050 km): Cassini/INMS
data (Magee et al., 2009). A correction for INMS data by a factor of 2.2 £ 0.5 has
been applied (Teolis et al., 2015).

of the various product isomers. As these reactions are less important than
the DR reaction of HCNH™ (Milligan et al., 2001), and as the isomers are
not clearly identified and might not be the most stable ones (for example
the C3HgN™ adduct ion formed from HCNH™ + C,H, is supposed to be the
four-membered covalently bound cyclic CHyCH,CHNH™ species), we do not
consider these reactions even if they may play a non-negligible role in nitrile
chemistry.

Our model result for HCNH™ agrees better with INMS data than the model re-
sults of Westlake et al. (2012), Mandt et al. (2012) and Richard et al. (2015b).
One of the key reactions for HCNH™ (see section 3.6.1) is N(*D) + HCN —
CH + N (introduced for the first time in the neutral photochemical model
of Hébrard et al. (2013)), which is not included in other ionospheric models.
Since, this reaction efficiently consumes HCN, this probably explains why the
production of HCNH™ (mainly via the reaction of HCN with CoH;') is lower
in our model than in the previous models.

Mandt et al. (2012) presented the density profiles of N*, CHJ and CHj for
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Fig. 11. Global mean density profiles of CoHF (red) and Nj (blue) (top) and
HCNH* (red) and CHZ (blue) (bottom). Solid line: Mean profile. Dashed lines and
dotted lines give the intervals containing respectively 50% and 90% of the density
profiles.

the T40 and T48 flybys. These data highlight the variability of ion densities
inferred from the INMS instrument from one flyby to another in roughly sim-
ilar SZA conditions. N* and CHJ are the two primary products of Ny and
CH, photoionization that INMS can measure and CHJ is also a good tracer
of Ny photoionization since N3 reacts with CHy to produce CH. So, these
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Fig. 12. Densities of HCNHT, CoHJ and CHJ (top) and C3Hj, HC3NH* and
CH3CNHT (bottom) as a function of altitude derived from INMS T40 flyby from
Westlake et al. (2012). The Solar Zenith Angle corresponds to 37.2° for this flyby.
Our model has been used in dayside mode (the solar flux is not divided by a factor
of 2 to account for night side). For clarity, uncertainties on INMS data and model
results are not depicted. These data have been corrected following the analysis of

Teolis et al. (2015).
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three compounds are good tracers of the initial steps of Titan’s ionospheric
chemistry. The uncertainty factors for N*, CHf and CHJ (calculated in the
global mean mode) are respectively 1.7, 1.35 and 1.35 at the peak densities
(and roughly constant in the ionosphere). Our model is in quite good agree-
ment with INMS data (see Figure 13). We slightly overpredict the density of
CHJ, which may be due to the fact that CHJ is formed through the N3 +
CH,4 reaction and is not thermalized before reacting with CH4. Then the rate
constant may be greater than the one determined under equilibrium condi-
tions. Consequently, we conclude that the initial steps of Titan’s ionospheric
chemistry are relatively well reproduced by our model.
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Fig. 13. Densities of N*, CHJ and CHj as a function of altitude derived from INMS
T40 and T48 flybys from Mandt et al. (2012). The Solar Zenith Angles correspond
to 37.2° and 25.4° for these flybys respectively. Our model has been used in dayside
mode (the solar flux is not divided by a factor of 2 to account for night side).
For clarity, uncertainties on INMS data are not depicted. These data have been
corrected following Teolis et al. (2015) analysis.

3.2.2  Mass spectrum

In the following, we compare our model results with ion mass spectra densities
derived from the Cassini INMS instrument. Mandt et al. (2012) conducted
an analysis of ground and in-flight calibration to constrain the instrument
response to ion energy. They derived total ion densities with this method
for a set of 14 flybys of Titan corresponding to different altitudes, latitudes
and local solar times. To compare the results of our global-mean model with
INMS data, we first constructed, from an analysis of Mandt et al. (2012),
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global-mean INMS ion densities averaged over their mean densities in the
dayside, nightside, morning and evening terminators. We then extracted ion
densities from our model results and averaged them over altitudes (between
1075 and 1125 km) to be in agreement with the Mandt et al. (2012) analysis.
The results are presented in Figure 14.
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Fig. 14. Mass spectra comparing mean INMS data from Mandt et al. (2012) and
our global-mean model results for altitudes between 1075 and 1125 km (see text).
1-0 model uncertainties are shown in blue for each mass.

Mandt et al. (2012) and Westlake et al. (2012) pointed out that several impor-
tant ion densities are over-predicted by their photochemical model. We draw
a different conclusion from our study. We see on Figure 14 that for HCNH™
(peak 28) and CoH; (peak 29) the agreement between our model and INMS
observations is very good taking uncertainties on both observations and the
model into account. For several peaks, the nominal value derived from our
model is significantly greater than the nominal value inferred from INMS
data. However, for all of these peaks, model uncertainties are large so that
the modeled and observed densities agree within the combined uncertainties.
These results highlight the need to improve our knowledge of some chemical
processes, which are responsible for high model uncertainties (see section 3.6
below).

Several ions could in principle contribute to each peak of the modeled mass
spectrum. The propagation of uncertainties we performed can change the rel-
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Fig. 15. Relative contribution of the different species densities to some specific
masses (14, 28, 31 and 41 uma) of the spectrum shown in Figure 14. For each
of these masses, the number of occurrences over the 480 Monte-Carlo runs used
in our uncertainty propagation model is given for the relative contribution to the
mass peak ranging from 0 to 100%. This highlights the evolution of the relative
importance of each species density to the mass spectrum from one run to another.

ative importance of the different species in each peak. Many peaks have one
major contributor (even if for some hydrocarbon ions such as C,Hy, C,HT and
CsHZ, several isomers exist) : mass 15 — CHF, 16 — CHj, 17 — CHZ, 18 —
NHJ, 27 — CyH{, 28 —+ HCNH™T (with minor N3 and CyHJ contributions),
29 — CQH;, 30 — CHQNH;—, 39 — CgHg_, 40 — CgHI, 42 — CH30NH+, 51
— C4Hf, 52 — HCO3NH*, 54 — C,H3CNH*, 55 — C4HT, 65 — CsHZ, 66
— CH3C3NH*, 67 — CsHF. An example is shown in Figure 15 for mass 28,
which is dominated by HCNH™ despite uncertainties on the rate constants. In
contrast, some peaks have 2 major contributors that can change according to
the rate constants used for their formation and destruction reactions (using
values within their uncertainty factors). This is the case for masses 14, 31 and
41. For the nominal model, the peak corresponding to the mass 14 is domi-
nated by N* (60%). From our uncertainty propagation study we see that this
peak may, in fact, be dominated either by CHJ or N*. For mass 31, in the
nominal model, CH,OH™ contributes 65% to the peak. CoHZ could also be a
major contributor to this peak. For mass 41, in the nominal model, C3HZ con-
tributes 85% to the peak and seems to be the only contributor. However, our
global sensitivity analysis shows that CHyCNH™ (formed through the HCNH™
+ CH,CN reaction; we calculate that the proton affinity of CHyCN is equal
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to 757 kJ/mol) may contribute and even dominate (albeit with a lower prob-
ability) to this peak. The source of this behaviour lies in the uncertainties on
the key reactions associated with these species (see section 3.6 for details).

3.8  FElectron density profile

Shebanits et al. (2013) used data from 47 flybys of the Cassini spacecraft
Radio and Plasma Wave Science Langmuir Probe (RPWS-LP) to measure
the electron number densities as a function of altitude (between 880 and 1400
km) and SZA. They obtained densities of about 3500-4000 cm ™ around 1100
km and a SZA between 15° and 45°. At 60°, corresponding to our global-mean
conditions, their density is about 2000-3000 cm ™ at the peak (around 1000
km). Our global-mean electron density profile and its uncertainty is shown in
Figure 16. The electron peak density we obtain is in quite good agreement
with these data but our model slightly over-predicts the number density at
the peak.
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Fig. 16. Global-mean number density profiles of electrons (in red) and the sum of
anions for masses between 1 and 50 uma (blue). Solid line: Mean profile. Dashed
lines and dotted lines give the intervals containing respectively 50% and 90% of the
density profiles. The electron density profile (black crosses) derived at a solar zenith
angle of 60°S from the Cassini RPWS-LP instrument is also shown for comparison
(Shebanits et al., 2013).
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3.4 Negative tons

The density profiles of the 6 negative ions included in the present model are
given in Figure 17 with the distributions obtained from our Monte-Carlo pro-
cedure which highlight the uncertainties on model results. The peak density
is around 1100 km and the two most abundant negative ions in our model are
CN~ and C3N~, in agreement with Vuitton et al. (2009). However, compared
to Vuitton et al. (2009), our mean CN~ density at the peak is about 2 times
lower and the density profiles of the other ions are very different. For instance,
CoH™ is about 10 times greater at the peak and the density profile of C,H™
depends strongly on altitude in our model. The density of C;H™ is about 100
times lower in our model at 700 km. We also note that uncertainties on C,H™
and Cj especially are very large (see section 3.6.2). These differences com-
pared with the model of Vuitton et al. (2009) arise mainly from the fact that
we use more recent cross section values for the dissociative electron attach-
ment of CH,; and HCN, leading mainly to H™ production rather than CN~
production. However, H™ is quickly transformed into CoH™ and CN~ (but not
into CoH3 since the reaction H- 4+ CoHy — Hy + CoHj is endothermic) and
CoH™ reacts quickly with HCN also leading to CN~. CN~ is the most abun-
dant anion in our model because, even if it reacts quickly with HC3N leading
to C3N7, the HC3N abundance is much smaller than the HCN abundance
and steady state favors CN~ versus CsN~. In our model we do not consider
HC5N and CgHsy; very minor species which are as yet undetected in Titan’s
atmosphere. Consequently, we neglect the formation of CsN™ and C¢H™. In
contrast to Vuitton et al. (2009), we do not consider either CH; or CHj.
CHj3 in Vuitton et al. (2009) is mainly formed through radiative association.
However, the formation of CH; by radiative association of CHj is likely to
be very inefficient, as explained earlier. The rate constant used by Vuitton
et al. (2009) is estimated from CN radiative electron attachment but the EA
of CN is equal to 3.8 eV. As a result, the radiative electron attachment of
CHjs is probably significantly overestimated in Vuitton et al. (2009). CH; is
a very minor product of the dissociative electron attachment of CHy (Rawat
et al., 2008). Moreover, it also has a low EA (0.65 eV) and will not play a
major role in Titan’s atmosphere. Furthermore, its reactivity with molecules
is almost unknown. The radiative electron attachment of C3N involves low
fluxes because in our model we use the recently measured rate constant for
the C3N + CHy reaction (k = 3.0 107" ecm?®s! for T € [150,300] K and
F =~ 1.6)(Fournier et al., 2015) leading to low C3N densities. It should be
noted that the fluxes of anion + cation reactions are always very low and the
fluxes for photodetachment (Millar et al., 2007) are low except for H~ which
has a much lower EA than other anions considered here. In general, the effect
of anions on neutral species is very low as the anion reactions involve low
fluxes.
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Fig. 17. Top: Global-mean number density profiles of CoH™ (red) and CN~ (blue).
Middle: Density profiles of C5 (blue) and C3N~ (red). Bottom: Density profiles of
H™ (red) and C4H™ (blue). Solid line: Mean profile. Dashed lines and dotted lines
give the intervals containing respectively 50% and 90% of the density profiles.

Wellbrock et al. (2013) presented a summary of numerous observations per-
formed with the Electron Spectrometer sensor of the Cassini Plasma Spec-
trometer (CAPS-ELS). From 34 Titan encounters, they obtained negative ion
density trends of different mass groups with altitude (between 950 and 1400
km). The heaviest ions observed so far have masses up to 13,800 amu/q. Den-
sities of a few cm™ up to a maximum density around 200 cm ™3 have been
recorded for masses in the 12-55 range. The peak average altitude for masses
from 12 to 55 amu/q is around 1060 km (see Table 3). The altitude of peak
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densities we obtained is consistent with these data but we predict much fewer
negative ions since the total integrated density of the negative ions in the
12-55 range is around 1 cm™ in our model (see Figure 16). However, such
a comparison could be unrealistic. According to Wellbrock et al. (2013), a
fraction of the processed counts they used to derive the negative ion densities
may be due to background electrons or inter-anode scaling uncertainties. As
already noted, the uncertainties on DEA reactions are difficult to estimate
and are likely to be underestimated in this study. Moreover, the uncertainty
on the energetic electron fluxes will also play a role. Then, the uncertainty on
our negative ion calculations may be underestimated, even if a factor of 200
seems unlikely.

Table 3
Negative ion densities from Wellbrock et al. (2013). Model species are the main
negative ions in our model expected to contribute in the corresponding mass range.

Mass range (amu/q) Model species Density range (cm™3) Peak average altitude (km)
12-30 CN™ ; CoH™ 5.3 - 112 1066
30-55 Cy 3 C3N— 5 C4H- 3.5 - 92 1061

3.5  Main chemical pathways in ion chemaistry

The main pathways of our chemical network are presented in Figures 18, 20, 21
and 22 for neutral species and positive and negative ions. For hydrocarbons, we
show separately the chemistry in the ionosphere and in the lower atmosphere
(altitude range) as they are notably different.

3.5.1 Hydrocarbon chemistry

The main chemical pathways of hydrocarbon chemistry are presented in Fig-
ure 18. This flowchart has been constructed using the integrated column rates
given in Appendix B (available in the supplementary material). The main
changes with respect to our previous models for hydrocarbon chemistry is
the update of C4H, chemistry and some rate constants for CyHs reactions.
These modifications have no significant effect on the abundances of most of
the hydrocarbons presented here except for C4H;o which now reaches an abun-
dance level similar to C3Hg and might therefore be detectable. It should be
noted that only one isomer for C4;H;q was considered here. The abundance
profiles of stable C4H, species are presented in Figure 19. Our C4H, profile is
in good agreement with disk averaged data in the stratosphere from Coustenis
et al. (2013). According to our model, C,H, (diacetylene), C,H, (vinylacety-
lene: H,C=CH-CCH) and C4Hs (butadiene: HoC=CH-CH=CHj) should all

be relatively abundant in the higher atmosphere.
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C;H

Fig. 18. Schematic diagram highlighting the important pathways for hydrocarbon
production in the lower atmosphere (only neutral species are important in this case).
The thickness of each arrow represents the integrated total production. Dashed
lines correspond to termolecular processes, which are efficient only in the lower
atmosphere. Species in grey are not considered in this study. Compounds that have
been detected are highlighted in bold. C, C3 and C3H species are formed only in the
upper atmosphere (see Figure 20). For atomic hydrogen we show only its formation
since its destruction involves reactions already present in the scheme (almost half
of the reactions).

3.5.2  Hydrocarbon-ion chemistry

Hydrocarbon-ion chemistry is initiated by photoionization of Ny leading mainly
to the formation of CHJ through the Nj + CHy reaction, and then to CoHZ
through the CHJ + CH, reaction. One of the main reactions of CoHZ is with
HCN leading to CoH, and HCNH™. This ionic chemistry is therefore an im-
portant production pathway for CoHy in the upper atmosphere, in addition to
the main neutral pathway, the CH + CH, reaction. CoH7 is also an important
source of CyH3z through DR (which also produces CsHy). The CyHjz produc-
tion is similar in magnitude to its production from CyH, dissociation in the
lower atmosphere (induced by cosmic rays). Apart from reacting with HCN
and electrons, CoHZ also reacts with CoHy and C,Hy initiating efficient hy-
drocarbon cation formation, eventually leading to CoHj; (Anicich et al., 2006;
Westlake et al., 2014). These processes are therefore a major source of neutral
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Fig. 19. Mole fraction profiles of C4Hy, C4Hg, C4Hjo (top) and C4Hy, C4Hg (bot-
tom). Solid line: Mean profile. Dashed lines and dotted lines give the intervals con-
taining respectively 50% and 90% of the abundance profiles. The new analysis from
Coustenis et al. (2013) of IRIS/Voyager 1 and ISO disk averaged data and CIRS
observations of Vinatier et al. (2010) at 5°N for C4Hy are depicted in blue.

hydrocarbons in the ionosphere through DR. In general, hydrocarbons do not
lead efficiently to ions through proton transfer due to low proton affinity ex-
cept in two cases: C4H, and Cs, which lead to C,;H; and C3HT. In the case
of C3H™, this acts as an important loss process for C3 as C3H™ reacts quickly
with CHy. It should be noted that the peak of the C3H™ abundance is in rel-
atively good agreement with INMS observations (Vuitton et al., 2007) and is
the only indirect evidence of the presence of Cs in Titan’s upper atmosphere.
No other models consider Cs, even if it is known to be the main product of the
C + CyH, reaction (Costes et al., 2009; Chastaing et al., 2001; Bergeat and
Loison, 2001; Guadagnini et al., 1998; Mebel et al., 2007) and is also likely to
be a product of C3Hy photodissociation and the CsH3 DR reaction. There is
no Cz peak in the neutral INMS spectrum but the C§ spectrum after ioniza-
tion at 70 eV is unknown and may lead mainly to fragmentation, forming C*
+ Cy and C + CJ. It should be noted that the mass spectra of CsH, C3Hs,
CsHs, C3Hs, C3H; after ionization at 70 eV are also unknown and probably
lead to many fragments.
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Fig. 20. Schematic diagram highlighting the important neutral (black) and ionic
(red) pathways for the production of hydrocarbons in the ionosphere. The thickness
of each arrow represents the integrated total production. Dashed lines correspond to
the few termolecular processes which are non-negligible in the ionosphere. Species
and arrows in grey and light red are not considered in this study. Compounds that
have been detected are highlighted in bold.

3.5.8  Nitrogen-ion chemistry

The schematic diagram highlighting the important neutral and ionic path-
ways for the production of nitriles, amines and imines is shown in Figure 21.
Since the main effect of UV photons on Nj is either photodissociation or pho-
toionization and because N3 leads mainly to CHJ through the N3 + CH,
reaction, ionic chemistry has little effect on nitrile production. Ny dissocia-
tive photoionization however, acts as a secondary source of HCN and HNC
through the N* + CHy reaction followed by the DR of HCNH' and HCNH*
reactions with neutrals having high proton affinities. As already noted by sev-
eral authors, nitriles can efficiently accept Ht because they have high proton
affinities. Since the DR of protonated nitriles does not form nitriles + H with
a 100% yield, but also other products, these reactions act as loss processes
for large nitriles (partly transformed into HCN and HNC). This is particu-
larly true for CoH5CN since its high PA prevents HT transfer toward other
molecules (except CHoNH and NHj). It should be noted than the observed
CH3CN and CyH;CN abundances in the lower atmosphere (150-300 km) are
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hardly compatible with the CHsCNH* and CoHsCNH™ INMS measurements
in the current state of the photochemical network. As CH3CN and CyH5CN
have very low reactivity and are not easily photodissociated (similar to HCN)
their profiles are dominated by diffusion. The fact that the tropospheric val-
ues are overestimated in our model compared to the observations for CH3CN,
CoH5CN and HC3N strongly suggests that additional physical loss processes
at low altitude are involved. Such effects may be Hadley cell-type transport
affecting differently the species as a function of their saturated vapour pres-
sure, or sticking on (charged) grains with an efficiency function related to the
dipole moment and the dispersion coefficient.

In the upper atmosphere, CHyNH is relatively abundant and has a high PA
(higher than CyH5CN). Then, since the DR reaction of CH,NH3 may not lead
back entirely to CHyNH, ionic chemistry may act as a strong sink for CH,NH.
Additionally, DR of CH,NHJ may lead to CHy + NHy (Yelle et al., 2010).
This acts not only as a sink for CHyNH but also as a source of NHy. Then
NH,; reaches a relatively high concentration in the ionosphere reacting mainly
with N atoms (Loison et al., 2015) and also with HoCN leading to NHj (Yelle
et al., 2010). It should be noted that considering its PA (773 kJ/mol (Hunter
and Lias, 1998)), NH; should react rapidly with CoHZ and HCNH* leading to
NH7 and then to NH (through the NH; + CH, reaction), which will be an
additional important source of NH3 in Titan’s ionosphere. Ionic chemistry does
not appear to be the main source of nitriles or imines in Titan’s ionosphere,
which are produced mainly through neutral chemistry. However the coupled
neutral-ionic chemistry is the main source of amines.

3.5.4 Negative ion chemistry

The schematic diagram of negative ion chemistry considered in the present
model is presented in Figure 22 and the chemistry has been discussed in para-
graph 3.5. In our model, the main source of anions is the CH, dissociative
electron attachment, with two secondary sources, HCN dissociative electron
attachment and radiative attachment to C,;H and Cj3. The most thermody-
namically favored anion is C3N~, but as HCN is much more abundant than
HC3N, CN~ is more abundant at steady state (see section 3.4).

3.6 Propagation of uncertainties and key reactions

In order to determine the key reactions in our chemical scheme, i.e. the reac-
tions that have a significant influence on the uncertainties of modeled species
densities, we performed a global sensitivity analysis based on the calculation
of Rank Correlation Coefficients (RCCs) between compounds of interest and
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Fig. 21. Schematic diagram highlighting the important neutral (black) and ionic
(red) pathways for the production of nitriles, amines and imines. The thickness of
each arrow represents the integrated total production (however the thicknesses are
not the same as for hydrocarbon chemistry, the No photodissociation flux being
110 times smaller than the CoHy photodissociation flux). Dashed lines correspond
to termolecular processes, which are efficient only in the lower atmosphere. Species
and arrows in grey are not considered in this study. Compounds that have been
detected are highlighted in bold.

all rate constants as a function of altitude (see for instance Hébrard et al.
(2009) for details of the methodology). Note that these key reactions are not
necessarily the reactions that have the most important relative production
rates (or loss rates) for a given compound. This methodology has succeeded
in allowing us to identify the key reactions for the photochemistry of neutral
compounds, leading to a subsequent improvement in the prediction of hydro-
carbon abundances in Titan’s atmosphere. We clearly see these improvements
by comparing the studies of Hébrard et al. (2007) and Loison et al. (2015).
The chemical scheme published in Loison et al. (2015) provides a better agree-
ment between the model results and observations and a noticeable reduction
of uncertainties on model results. We adopt here the same methodology for
ions (see Dobrijevic et al. (2014) and Loison et al. (2015) for neutral species).
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Fig. 22. Schematic diagram highlighting the important pathways for the production
of anions. The thickness of each arrow represents the integrated total production
(however the thicknesses are not the same as for hydrocarbon and nitrile chemistry,
the fluxes involved being much smaller). Compounds that have been detected are
highlighted in bold.

3.6.1 Positive ions

Since many ions have relative 1-o uncertainties greater than 100%, we defined
density uncertainty factors F; by log(n;) = log(n;) + log(F;) (where n; is the
number density of species ) for all ion species at 1100 km (which correspond
approximately to the maximum of ion production). These uncertainty fac-
tors are plotted in Figure 23. We see a general trend in this plot: the higher
the mass, the greater the uncertainty factor. This result confirms the results
of Peng et al. (2010) who studied the predictivity of photochemical mod-
els, obtaining an increase of model result uncertainties with molecular mass.
Moreover, there is no evident difference between hydrocarbons and nitrogen
compounds in terms of uncertainty as a function of molecular mass: both
ion families have similar uncertainties despite the fact that their chemistry is
notably different.

The uncertainties on the densities of many compounds (including the most
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Fig. 23. Uncertainty factors of positive ion densities at 1100 km of altitude as a
function of mass (uma). In red: species containing nitrogen atoms. In blue: other
species. For clarity, we label only certain ions with high density and/or high uncer-
tainty factors.

abundant ones) are lower than a factor of 2 in the current model. The uncer-
tainty factor reaches a maximum of about 6 for CoHsCNH™. It is important to
note that these factors are very likely to be underestimated (see section 2.3).

Our model allows us to determine the key reactions for each species. In the fol-
lowing, we only present some specific results (the complete list of key reactions
is available upon request).

Uncertainty in the attribution of mass 14. We have seen previously
that both N* and CHJ can contribute significantly to mass 14 peak in the
INMS spectra at 1100 km when taking uncertainties on rate constants into
account. For CHj , some of the main key reactions (and the associated RCC
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and uncertainty factors F') are:

Key reaction RCC F

Ny, +hv =+ NJ + e 041 1.2
CHy + CH, — C,Hf + H,  -040 1.25
Ny 4+ CH; - CHf + H+ N, 034 3.0
Ny +CHy — CHy + Hy + Ny 042 1.25

These last 3 reactions contribute equally to the uncertainty on CHj but their
rate constants have quite low uncertainty factors, except for the Nj + CHjs
reaction. As expected, the photoionization of Ny is a key process. Uncertainties
on the density of N are mainly controlled by reactions of N* with CHy. The
main key reactions are:

Key reaction RCC F

N* + CH; — CH3+ + NH -0.95 2.0
N* + CHy — CHf + N(*S)  -046 1.25
N* + CH, — HCNT + Hy, + H -045 1.25
Nt + CHy — HCNHT + H, -0.94 2.0

It is interesting to note that NT is strongly coupled to two key reactions
that have uncertainty factors which are high compared to other ion-neutral
reactions, according to Anicich (2003). A better determination of these rate
constants will significantly lower the uncertainty on the N* density and will
help to reveal which of these two species has the major contribution to mass
peak 14.

Uncertainty in the attribution of mass 31. Two compounds also con-
tribute significantly to mass peak 31: CoHf and CH,OH™. In this case, one of
the compounds might be the major contributor to the peak depending on the
rate constants of the following key reactions. For CoH7, the main key reactions
are:
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Key reaction RCC F

CHZ + CyHg — CoHT + CHy 0.64 2.0
CoHT + HCN — HCNHT + CyHg -0.35 2.0
CoHY +e— CoHs + H+ H -0.33 2.0

While for CH,OH™, the main key reactions are the DR of CH,OH™:

Key reaction RCC F

CH,OH* + e — H,CO + H -0.71 1.6
CH,OHT + e - HCO+H+H -0.71 16
CH,OHt +e¢e - CO+H+Hy, -072 16
CH,OH" + e — 'CH, + OH  -0.67 1.6
CH,OHT + e — 3CH, + OH  -0.65 1.6
CH,OH" + e - H,O+ CH  -0.57 1.6

Since the RCC values of all these reactions are high, a better determination of
all of these rate constants, and especially those with high RCC and uncertainty
factors, are necessary to reveal which compound contributes to the mass peak
31.

Uncertainty on HCNH™. The uncertainty on the HCNH™ density is rela-
tively low in our current model but HCNH™ is the most abundant ion and we
have probably underestimated the uncertainty factors of several chemical pro-
cesses (see section 2.3). It is therefore important to identify the key reactions
for this compound. The main key reactions at 1100 km are:

Key reaction RCC F
HCNH* + e — HCN + H -0.55 1.60
HCNH' + e — HNC + H -0.51  1.60

HCNH* 4+ e - CN+H+H -056 1.60
N(2D) + C,Hs — CH,NCH + H  0.30  2.00
N(*D) + HON - CH + N,  -0.26 3.00

It is interesting to note that some of the most important key reactions of
HCNHT are not strictly the reactions that contribute most to its production
(or loss). In particular, N(®*D) + CoH; — CH,NCH + H is a key reaction
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because the reaction CH,NCH + H — HCN + CHj is an important source of
HCN with a high uncertainty factor (F' = 3.0) and the reaction of HCN with
C,HZ is one of the major sources of HCNH* (see Figure 21).

Uncertainty on high mass species like C;H;CNHT. The uncertainty
on the CoH;CNH™ density is relatively high. This species is strongly coupled
to only two key reactions, which are three-body association reactions with
high uncertainty factors.

Key reaction RCC F

So, the uncertainty on CoH;CNH™ is directly linked to the CoH5;CN one.

3.6.2 Negative 1ons

Vuitton et al. (2009) developed the first model of Titan’s upper atmosphere
to include negative ion chemistry. They notably stated that ion densities are
sensitive to many chemical parameters and concluded that a global sensitivity
analysis would be valuable. In our study, we couple neutral and ion chemistry
and study how uncertainties on the rate constants propagate into the model
to pinpoint which reactions strongly influence uncertainties on negative ion
density profiles.

We find that CN~, which is the most abundant negative ion, is strongly cou-
pled to four reactions. At 1100 km of altitude, the main key reactions are:

Key reaction RCC F
N(*D) + HCN — CH + N, -0.36  3.00
CN™ +H — HCN + e -0.30 1.40
CHy +es — H 4+ CHj 0.40 1.20
'CH, + CHy; — CH3 + CH3 -0.39 1.80

e, correspond to supra-thermal electrons. Since we probably underestimate the
uncertainty factors of the DEA of CHy, our results point out the importance
of this reaction to determine precisely the abundance of CN~.

For C3N~, the second most abundant anion, the most influential key reactions
are:
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Key reaction RCC F
'CH, + CHy; — CH3 + CH;  -047 1.80
CN™ + HC3N — HCN + C3N—  0.38  2.00
ICH, + Ny — 3CH,y + Ny 0.37 1.60

The uncertainty on C3N~ is then partially related to the CN™ one.

H~ is the negative ion with the highest uncertainty. At 1100 km, the main key
reactions are:

Key reaction RCC F
H- + HCN —- CN™ + Hy, -0.30 1.40
N(*D) + HCN — CH + N, 0.32 3.00
CHy + e — H 4+ CHj 0.79 1.20

The latter two reactions are also key reactions for CN~. As these processes
play a major role in the chemistry of anion species, they should be studied in
priority.

3.6.3 Review of critical key reactions

Concerning neutral reactions, we find from our global sensitivity analysis that
the N(?D) + HCN reaction is a key reaction contributing significantly to the
uncertainties of 32 compounds, including both neutrals and ions (with an
arbitrary RCC threshold of 0.2). This is due to the fact that it is one of
very few reactions leading to HCN loss with a rate constant that is practically
unknown. The N(2D) + CyH, reaction is also a major key reaction contributing
to the uncertainties of 10 compounds. Indeed, even if the branching ratio of
this reaction has been studied in detail recently (Balucani et al., 2012), there
is still a large uncertainty on the low temperature rate constant (Sato et al.,
1999). The 'CHy; + CHy and 'CH, + N, reactions contribute significantly
to the uncertainties of 41 and 23 compounds respectively. This is due to the
fact that 'CH,, produced by CH, photodissociation, is an important precursor
of the Titan’s atmospheric chemistry through its reaction and relaxation to
ground state triplet (3CH,) followed by reaction with H atoms producing CH
radicals. Even if these rate constants have been studied experimentally over a
large range of temperatures, the remaining uncertainties are still large enough
to lead to major uncertainties in the model. In our model CyN is a key species
not only for the production of CH3C3N but also for carbon atom chemistry as
the H + C,N reaction is an important source of carbon atoms. As a result, the
H + HCCN and H + C,N reactions contribute significantly to the uncertainties
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of 8 and 10 compounds respectively. These reactions have never been studied
experimentally which explains their large uncertainty factors, which should be
studied in the future, as well as the CoN + CoHy and CoN + CyHy reactions,
to increase the predictivity and the precision of the model for C; formation (as
the reaction H + CoN — C + HCN is an important source of carbon atoms)
and large nitriles.

For cations, the N* + CH, and N§ + CHj reactions are some of the most
critical ionic reactions contributing importantly to the uncertainties of 9 and
7 compounds respectively. Even if there are various measurements for these
reactions, the uncertainties are still too large to constrain precisely the models.
We find that most of the DR reactions are key reactions for the associated
cations. Among them, the DR reaction of CoHZ (linked to 13 compounds)
and the one of C3HZ (linked to 6 compounds: CoHy, CH3CoH, C3H;, CsHY
CsHT, CsHg) are important key reactions. For anions, the most critical key
reaction is the DEA of CHy, which is the most important source of anions. It
should be noted that the uncertainty for this reaction is difficult to estimate
and has been taken to be equal to an optimistic value of 1.4 in the present
study.

4 Discussion

4.1 Effect of the HR Ny cross section

Recently, Luspay-Kuti et al. (2015) discussed the effect of the nitrogen pho-
toabsorption cross-section resolution on minor neutral production rates and
abundances in the higher part of the atmosphere (above 600 km of altitude).
They showed in particular that mixing ratios of CoHg and HCN increase by
20% and 35% respectively and their production rates increase by 30%-70%
when HR cross sections were used. They concluded that models that use LR
cross sections underestimate the abundances of most neutral species but also
overestimate ion densities.

We see in the HR Ny absorption cross section spectrum (see Figure 1) the
presence of many spectral regions where the cross sections of CH, and Hy are
greater than the one of Ny. On the other hand, the LR Ny absorption cross
section is mostly lower than the ones of CH; and Hy between 84 and 100 nm.
CH4 and Hs are the most abundant species in the atmosphere that absorb in
these spectral ranges. We see Figure 24 (top) that the photolysis rate of Ny is
significantly modified when using the HR Ny cross section, but not the ones
of CH, and Hs.
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Fig. 24. Top: Photolysis rates of No, CHy and Hs as a function of altitude considering
low resolution (LR) Ny absorption cross sections (blue) and high resolution (HR) Na
absorption cross sections (red). Bottom: Ratio of mole fractions of various species
(neutrals and ions) obtained in our model using either low resolution (LR) or high
resolution (HR) Ng absorption cross sections and the HR solar flux. Neutral species
are in red, ions are in blue.
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The abundance profiles of several compounds considering low and high Ny pho-
toabsorption cross-section resolutions are presented in Figure 24 (bottom). We
confirm that there is a clear effect of nitrogen photoabsorption cross-section
resolution on some minor neutral species and ion densities. However, in con-
trast to the study of Luspay-Kuti et al. (2015), we find that the use of HR
cross sections for Ny does not have a significant effect on CyHg, whose abun-
dance increases by only 4% at the maximum (in the ionosphere) and we find
that HCN decreases (about 19% at 1170 km). Luspay-Kuti et al. (2015) found
that HoCN is also affected by the use of HR cross sections with an increase of
more than 50% around 900 km, whereas we observe a decrease at this altitude.
In fact, many other nitriles are more affected in our model such as CH3C3N,
CoNy, CoH5CN. The disagreement between the two models is also pronounced
for ions. Indeed, we find that the use of LR Ny cross sections underestimates or
overestimates ion densities depending on the species compared to the model
results with the HR Ny cross sections. Some ions (like CH;CNH™) are un-
derestimated using the HR Ny cross section, while other ions (like CoH7) are
overestimated (see Figure 24 (bottom)). The main anions are affected by the
use of HR Ny cross sections. For instance, CN~ decreases by about 22% in
the ionosphere. In conclusion, the effect observed on the results of the model
using HR Ny cross sections is species and altitude dependent for both neutrals
and ions. This highlights the complex coupling between these two families.
Consequently, the effect is then highly model dependent, which may explain
the difference between our results and the study of Luspay-Kuti et al. (2015).

4.2 Effect of coupling between neutrals and ions

The methodology used in many studies to simulate the ionospheric chemistry
of Titan’s atmosphere consists of using neutral abundances derived from INMS
data as a fixed background atmosphere to infer the abundances of ions for the
same flyby (see for instance Westlake et al. (2012)). This methodology suffers
from some limitations. In particular, the abundances of some neutral species
required for the calculation of ion densities are at least rather imprecise or
not known at all. The other methodology frequently considered is to use pro-
files published in 1D neutral photochemical models (see for instance Vuitton
et al. (2009). The main limitation being that the atmospheric conditions and
the chemical parameters for photoionisation and photodissociation processes
are not identical in the different models. Both methods neglect the coupling
between ion and neutral species. Mandt et al. (2012) obtained modeled den-
sities of N*, CHy, HCNH™ and CyH; too high by a factor of 2-10 depending
on the species and the flyby and found results different from Westlake et al.
(2012), although they used the same model (same photolysis rates, chemical
scheme, etc). In particular, Mandt et al. (2012) overpredicted N by a factor
of 5 (compared to T40 INMS data) while the Westlake et al. (2012) study
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did not overpredict its density. Mandt et al. (2012) suggested that the best
explanation for this discrepancy lies in the origin of the neutral densities of
the minor species used in their model. They concluded that it is important
to couple ion and neutral chemistry in models. We show in the following how
this coupling affects both neutrals and ions.

To illustrate the importance of the coupling between neutrals and ions, we
run our model in two different modes:

Mode 1. We use the coupled (nominal) model.

Mode 2. We use a decoupled model. We first run our model considering only
the neutral species. We then used neutral profiles at steady state as a fixed
background atmosphere for ion species.

Comparing mode 1 (coupled model) and mode 2 (decoupled model), we can
see effect of the ion chemistry on neutral species from the ground to the top
of the atmosphere, and highlight the importance of coupling for ion species.

Figure 25 (top) shows the profiles of several neutral species for the coupled
and decoupled models. Most of the hydrocarbons are affected by ion chemistry
(by a factor of 2 or more) except for some species like CoHy (difference of
42% at the maximum around 1200 km), and CoHg, C3Hg, C4Hyo (difference of
about 15% percent). All nitriles, and evidently all amines are strongly affected
by ion chemistry. Oxygen compounds are slightly affected (90% for HyO in
the ionosphere, 30% for HoCO at 600 km). Some neutral species are mainly
affected in the ionosphere (C3Hy, C3Hg,...), others are affected throughout the
atmosphere (NHz, HNC, HCN,...).

If we consider that the neutrals are fixed (decoupled model), we obtain quite
different densities for many positive ions and negative ions compared to the
coupled model. The more abundant positive ions are slightly different (24%
for HCNH*, 7% for CoHZ, 9% for CHZ, 60% for N3) except for NoH for
which the difference is 265%. Differences are more pronounced for higher mass
and less abundant species like NHS, NH;, C,H7, etc. Figure 25 (middle)
shows some of the positive ion mole fractions as a function of altitude for the
coupled and decoupled models. For most species, the coupling increases the
ion densities in the ionosphere (except for CoHy , CoHZ, CH3;OHT, HCO™ and
H~, which inrease by only a few percent). Among the most abundant negative
ions, CN~ and C4H™, are respectively 23% and 395% more abundant in the
coupled model (see Figure 25, bottom).

4.3 Specific points

In the following, we discuss some specific points highlighting in particular
the species for which our model is not consistent with observations or is very
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Fig. 25. Mole fraction profiles of some typical species obtained with the nominal
(coupled) model (in blue) and the decoupled model (in red). See text for explanation.
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sensitive to some poorly constrained processes.

4.8.1 Hydrogen cyanide (HNC)

The neutral production of HNC was studied in depth in Hébrard et al. (2012)
and Loison et al. (2015). In the present model, due to the coupling between
neutral and ion chemistries, the relative abundance of HNC is greater than
in Loison et al. (2015), reaching a value of 7 10~° above 1200 km (see Figure
26). Our present HNC profile is in good agreement with the Herschel/HIFI
observations of Moreno et al. (2012). In Hébrard et al. (2012), the main source
of HNC was the H + Hy,CN — Hy + HNC reaction. This reaction involves a
submerged transition state for which the energy is not well known and depends
on the theoretical method used to calculate it. As the main products of the
H + H,CN reaction are Hy + HCN, we cannot use the experimental value to
constrain HNC production. We keep this reaction in our nominal model but
we performed a test where the H + HyCN reaction produces only Hy + HCN.
The result is shown on Figure 26. This test still leads to a good agreement with
the observations. In our present model ion chemistry produces almost enough
HNC through the DR of HCNH™. It should be noted that in the ionosphere the
main HNC loss reaction is HNC + HCNH* — HNCH™' + HCN, the reaction
HNC + H — HCN + H being the most efficient loss process below 900 km.

As with many nitriles, HNC is sensitive to the chemistry induced by Galactic
Cosmic Rays (GCRs) in the lower stratosphere of Titan. HNC is also a com-
pound with a very high uncertainty in the stratosphere. The detection, or at
least the determination of an upper limit for HNC in the lower atmosphere
could give a valuable opportunity to constrain GCRs in the model and the
chemistry that they induce.

4.83.2  Ammonia (NHs)

Our mole fraction profile of NHj is in agreement with the upper limit derived
from the Herschel sub-millimeter observations of Teanby et al. (2013) but
our model underestimates its abundance in the ionosphere compared to the
value inferred by Cui et al. (2009) (see Figure 27). Compared to the 1D-
neutral model of Loison et al. (2015), the coupling between neutrals and ions
increases the production of NH3 by a factor of 1000 in the ionosphere but the
present abundance is still a factor of 10-100 lower than the value derived by
Cui et al. (2009). In addition, we are unable to explain the strong decrease
of NHj3 density with altitude (corresponding to a slight decrease of NH3 mole
fraction with altitude) suggested by INMS data. NH; detection has often
been presented as a validation of the presence of NH3 in Titan’s atmosphere.
However, according to our model, good agreement between the NH; model
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Fig. 26. Mole fraction profile of HNC (in red) and comparison with Moreno et al.
(2012) (dark blue points). Solid line: Mean profile. Dashed lines and dotted lines
give the intervals containing respectively 50% and 90% of the abundance profiles.
In black: profile obtained when the source of dissociation by GCR is turned off. In
blue: profile obtained by removing the reaction H + HoCN — Hy + HNC.

density and INMS data leads to a NH3 density much smaller than the INMS
data. Our simulations for NH and NHj; densities are similar to the ones found
in the model of Yelle et al. (2010). The overproduction of NHJ in our model
probably comes from the NHy + HCNH* — NH7 + HCN and NH, + CoHZ
— NHy + C,H, reactions. The rate constants and products used in our model
for these processes are deduced from PA values and the reactions may not lead
to proton transfer. To estimate the effect of these two reactions we performed
a test with these reactions switched off. The results are shown by the dashed
lines in Figure 27. We notice better agreement with NH; measurements but
we should keep in mind the large uncertainties on reactions producing NH}
and NHjs, particularly the DR reaction of CH,NHJ . We also notice the strong
correlation between NH] and NHjz dominated by proton transfer (NHz +
HCNHT for instance) and DR of NHf. Cui et al. (2009) and Magee et al.
(2009) stated that the source of NHjz seen by INMS was a topic of debate. Cui
et al. (2009) noticed that a significant fraction of NH3 might have been formed
on the chamber walls from N and H radicals in the ambient atmosphere and
Magee et al. (2009) argued that small amounts of NH; may reach the INMS
antechamber from spent hydrazine fuel. The results of our model seem to
support the conclusion that most of the NHj detected by INMS does not
come from Titan’s atmospheric chemistry.
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Fig. 27. Density profiles of NH;z (blue) and NH; (black). Solid lines correspond to
the nominal model. Dashed lines correspond to a specific sensitivity analysis (see
text). Our model has been used in dayside mode (the solar flux is not divided by
a factor of 2 to account for night side). NHs: INMS data from Cui et al. (2009).
NH; : INMS-T40 data from Westlake et al. (2012). These data have been corrected
following the analysis by Teolis et al. (2015). See text for uncertainties on model
results.

4.8.8  Other critical compounds: Cs, CoHy, HC3N, CoHs CN

The introduction of ion chemistry in our model leads to a better description
for most of the species but with the exception of NHj3, does not lead to sub-
stantial improvement for critical cases. The calculated abundance of Cj is
high even with the introduction of ion chemistry (see Hébrard et al. (2013)
for the description of C3 chemistry), Cs being almost as abundant as C3Hy in
the ionosphere. The increase of CoHy below 200 km is not reproduced by our
model and nitriles in general are still slightly over-produced; this effect being
more pronounced for HC3N and CoH5CN. It should be noted that our neutral
chemical scheme for CH3C3N production leads to relatively good agreement
with the CH;C3NH* abundance derived from INMS spectra. This is clearly
an indication of the importance of CyN reactions (the CoN 4 CyHy reaction is
the source of CH3C3N in our model), which should be studied in more detail
since there are very few studies on the reactions of CoN (Loison and Hickson,
2015; Stubbing et al., 2015; Zhu et al., 2003; Wang et al., 2006).
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4.8.4  Electron sticking on aerosols

In our model we do not consider electron sticking on aerosols and anion densi-
ties are always much lower than the electron density. Then, DR reactions are
always much more efficient than anion + cation reactions. According to Lavvas
et al. (2013), this might be not true for altitudes below 1100 km. In the model
developed by Lavvas et al. (2013) there is a very efficient aerosol formation
pathway through anion + cation reactions. The authors consider that anion
+ cation reactions mainly result in radiative associations which lead to an in-
crease in molecule size. The authors consider that the molecule formed by this
radiative association can readily accept an electron leading to an anion which
reacts with another cation, continuing the chain of reactions up to very high
masses. However, considering the fact that various bimolecular exit channels
are energetically accessible in such reactions, radiative association is likely to
be a negligible channel for small and intermediate systems. Moreover, consid-
ering the work of Shuman et al. (2010, 2012, 2014) the first step of anion +
cation reactions (for monoatomic cations) should be charge transfer by a har-
poon type mechanism when the coulombic attraction is sufficient, leading to
neutralisation of the cation and the anion before collision occurs. Then, there
should be the formation of radicals with large kinetic energies (the radicals
coming from the cations being highly energized due to their neutralization).
This process would mainly involve CN, C3N, HCNH, HC3NH and C,;Hj5 in
Titan’s atmospheric conditions (since our model predicts that CN~ and C3N~
are the main anions and HCNH*, HC3NH™' and CoH7 are the main cations).
As the two radicals have a high relative velocity, acquired when they were
charged, they will collide, which may result in some mass increase. However,
the radicals arising from cation neutralization (like HCNH, HC3NH, CyHj5) are
likely to be unstable and in highly excited rovibrational levels which will eas-
ily dissociate. Then, most of the anion + cation reactions should lead mainly
to small species (CN, C3N, HCN, CyHy, HC3N). If the first step is proton
transfer, instead of electron transfer, it leads to similar conclusions. Then the
good agreement between the Lavvas et al. (2013) model and the CAPS-ELS
measurement may be fortuitous and the abundance of charged aerosols might
be overestimated. Moreover, when we normalize the CAPS-ELS anions spec-
tra to our model, using anions in the mass range between 20 to 60, we predict
a total anion density around 100 cm™® at 1015 km which is much smaller
than the observed electron density (around 4000 cm™® at this altitude). This
is also much smaller than the total anion density of Wellbrock et al. (2013)
(maximum total density of 948 cm™3 at 1004 km) and also much smaller than
the value reported by Agren et al. (2012) who observed total negative ion
densities in the range between 1000 cm~2 up to more than 10 000 cm ™2 at
altitudes below 900 km using a Langmuir probe. It should be noted however
that the CAPS Micro Channel Plate efficiency for anions is unknown and has
been taken to be 0.05 in Wellbrock et al. (2013). Modeling of the Langmuir
probe results by Agren et al. (2012) shows an average mass for positive ions
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equal to 260 amu, much greater than observations (Westlake et al., 2014). It
is clear that the nature of the negative carrier is highly uncertain and further
work is clearly needed to clarify this point. In our model, most of the negative
charge is carried by electrons in the upper atmosphere, and then DR reactions
of cations are more efficient than cation + anion reactions. The situation at
low altitude is less ambiguous. Indeed, there is little doubt that at low altitude
most of the negative charge is carried by aerosols. We performed a test with
a fixed aerosols concentration taken from Barth and Toon (2003), allowing
electrons to stick to the aerosol particles with a probability equal to 1 and
a collision cross section that varies as a function of the size of the aerosols.
Then below 200 km the electron density becomes very low and cations react
exclusively with charged aerosols. However, this mechanism has little effect
at low altitude as neutral chemistry and photodissociation involve in general
much higher fluxes.

5 Conclusion

We have developed a new photochemical model of Titan’s stratosphere and
ionosphere with the following main characteristics:

e This1D model couples positive and negative ions with neutral species, i.e.
the set of continuity equations is solved for all species simultaneously.

e We studied the atmosphere from the ground up to 1500 km, to constrain the
eddy diffusion coefficient profile with several neutral species and to check
the validity of the model results over the whole atmosphere.

e Neutral hydrocarbon chemistry has been updated up to C4H, species with
a special focus on C4Hyp.

e The neutral chemistry is derived from Loison et al. (2015). It couples hydro-
carbons, nitrogen and oxygen species. It has been reduced to limit the size
of the ionic chemical network and consequently to limit the computational
time.

e We based our positive ion chemistry on several previous studies with some
added modifications to account for the specificity of our neutral chemical
network.

e The negative ion chemistry, based on the Vuitton et al. (2009) model, has
been updated. This update introduces significant modifications to the chem-
ical model.

e We introduce the high resolution Ny cross section and a high resolution solar
spectrum.

e We compute the electron production rate profiles created by the input of
magnetospheric electrons and galactic cosmic rays with an updated model.

e We performed for the first time an uncertainty propagation study in a fully
coupled ion-neutral model in order to determine how uncertainties on rate
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constants of both neutral and ionic reactions influence the model results
and to pinpoint the key reactions responsible for this behaviour.

The main results of this study are the following:

We confirm the need to study neutrals and ions in a coupled model and we
show in particular to what extent some species are affected by the absence
of this coupling.

We confirm the importance of taking into account the high resolution Ns
absorption cross sections. Due to the complex coupling between neutrals and
ions, the effect on their abundances is both species and altitude dependent
(and thus model dependent).

We find a very good agreement between our model results and observations
in both the stratosphere and in the ionosphere for most neutral compounds.
The inclusion of ion chemistry does not fix the problem of the overestimation
of some nitrile abundances in the stratosphere.

e We confirm the large predicted abundance of C3 in the ionosphere of Titan.
e We predict that C4Hy (sum of the two isomers) could be as abundant as

C3Hg in the stratosphere of Titan.

Our model supports the hypothesis that the ammonia detected by the INMS
instrument is not a product of Titan’s atmospheric chemistry.

The synthetic mass spectrum obtained with our global-mean model results
is in good agreement with an average INMS mass spectrum considering the
uncertainties on both model results and observations.

Our model results are also in good agreement with specific flybys in the
dayside.

The interpretation of INMS mass spectra for masses 14, 31, 41 is not
straightforward since our model shows that for each of these peaks, two
species may contribute differently depending on the rate constants of some
key reactions. Detailed studies on these key reactions are required to resolve
these ambiguities.

We have updated and improved the production of negative ions. Despite
this improvement we still produce much fewer anions than observed by
Wellbrock et al. (2013) and Agren et al. (2012).

All these results taken together suggest that our chemical model (for both
neutral and ions) provides a very good approximation of Titan’s atmospheric
chemistry as a whole.

We have identified the key reactions that should be studied in priority to
lower model uncertainties. We found that some critical key reactions are
important for many compounds including both neutrals and ions.

To continue to improve the chemical scheme of Titan’s atmosphere, it is im-
portant to perform a more precise assessment of the uncertainty factors for
some rate constants. In particular, a better evaluation of the uncertainty fac-
tors for photolysis rates (including photodissociation and photoionization)
requires extended studies.
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Supplementary material

A List of reactions

List of reactions with rate constants and references used in the present model.

B Integrated column rates

For each reaction included in the model, the integrated column rate scaled to
the surface (in cm™2s7!) and the mean altitude (in km) of the production are
given (see Krasnopolsky 2009 for formula).
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