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Abstract

Titan’s atmospheric chemistry modeling is presently limited by the lack of knowledge
about many reaction rate coefficients at low temperature (50-200 K). Considering the
difficulty of measuring such data, the only way to improve this situation is to identify key
reactions as the ones for which better estimations of reaction rates is guaranteed to have
a strong influence on the precision of model predictions. This is a slow iterative process,
the limit of which has never been clearly defined in terms of model precision. The fact
is that this limit is not a fully deterministic simulation, since one should not expect all
reaction rate coefficients ever to become available with null uncertainty. The present study
considers a quite optimistic scenario, in which reaction rate coefficients in the chemical
model are assumed to be known with a 10 % relative uncertainty. The implications for
chemical growth modeling are discussed.



1 Introduction

The overall precision of photochemical models of planetary atmospheres has unambiguously
been shown to be highly sensitive to the uncertainty in the rates of involved chemical reac-
tions.'™® Monte Carlo uncertainty propagation enabled Hébrard et al.”? to assess the effect
of these uncertainties on the computed abundances of major chemical species predicted by a
1D photochemical model of Titan’s atmosphere. Strikingly, the uncertainties of most of the
computed abundances could be much larger than the estimated uncertainty of the abundances
gathered from observations, even for basic hydrocarbons like CHy, CoHo, CoHy and CoHg.

A major obstacle to precise prediction is the lack of data on the reactivity of neutral species
at low temperature (low-T); for instance, in state-of-the-art photochemical models of Titan’s
atmosphere, less than 10 % of the reaction rates have been measured in the relevant temper-
ature range. In consequence, photochemical models of Titan’s atmosphere are based mostly
on low-T extrapolations of Arrhenius-type laws, which are known to be often inappropriate in
this context.!%!! Until reliable extrapolation models are made available, low-T extrapolation
of reaction rates is to be treated with great care and considered as highly uncertain.'?

Sensitivity analysis can be used to identify key reactions, responsible for large uncertainties
in model prediction of some target property.'3 This approach guarantees that the reduction
of the uncertainty on the rates of key reactions will have the strongest impact on the precision
of the target property. This is particularly important to assist in designing new rate constant
measurement campaigns or in prioritizing the review by experts of existing data.

The improvement of model precision by key reaction identification /reevaluation is an iter-
ative process (new key reactions are eventually revealed following an update of the previous
12) which can take a very long time to achieve a prescribed precision level. The goal of
the present paper is to extrapolate this process and observe what could be expected in the
limit where all reaction rates are well determined. We want to emphasize here that an abso-
lute accuracy of reaction rates will probably never be achieved, and we retained here a very
optimistic limit of 10 % relative uncertainty for all known reaction rates. Model improvement
might also come from the addition of missing processes when they are discovered. Although
model complexity is a salient issue in the present study, prediction of model completion effect
is beyond the scope of this paper.

Monte Carlo uncertainty propagation was performed for 0D and 1D photochemical models
of Titan’s atmosphere and we present here the results and their analysis in order to better
understand uncertainty patterns in chemical networks with regard to molecular complexifica-

ones

tion.

2 Methods

The results of this article are based on three types of chemical models. A 1D photochemi-
cal model is used to study the global uncertainty patterns appearing in a complex network,
whereas a simpler 0D model, without transport, is better fit to study local uncertainty (at
the species level). Elementary models based on simplified reaction networks, are introduced
in the course of the analysis to illustrate various observations.



2.1 1D and 0D photochemical models

The main lines of the 1D photochemical model and statistical procedures for uncertainty
propagation and sensitivity analysis are presented here. More details can be found in Hébrard
et al.? and Dobrijevic et al. 1?14

In our 1D photochemical model extending from Titan’s surface to 1300 km, the species
densities are governed by the altitude-dependent continuity-diffusion equation. A detailed de-
scription of hydrocarbon, nitriles and oxygen coupled photochemistry, vertical eddy diffusion,
molecular diffusion, and radiative transfer (including Rayleigh scattering by N, and aerosols
absorption) are included in this model. Tons are not considered, and the loss and productions
are due to photodissociations, bimolecular and termolecular reactions between neutral species.
The model calculates abundances for 127 hydrocarbons, nitriles and oxygenated species, in-
volved in 676 chemical reactions and 69 photodissociation processes.

A preliminary study is based on a simplified 0D model of Titan’s hydrocarbon chemistry
at 800 km, proposed by Dobrijevic et al.'3 as a benchmark for sensitivity analysis methods.
This model contains reactions between H, Ho and hydrocarbons with less than three carbon
atoms, i.e. 15 species involved in 48 reactions. This 0D model had no stationary state in
Dobrijevic et al.'® and has been completed in the present study with additional production
and loss processes, tuned to provide stationary densities close to those of the original model
at the representative time ¢t = 107s

0 — CHy ; k=175cm™3 57!

H — 0 ; k=868x10"8s"!

H — 0 ; kE=817x10"8%s7! (1)
CoHy — 0 ; k=133x10"s"!
CoHg — 0 ; k=798x10"8s"!

Those rates have no attached uncertainty.

2.2 Elementary models

To analyze the results of uncertainty propagation in more complex networks, we introduce in
the course of this paper a set of basic chemical networks, presented as "Elementary Models”
or EMs. For each elementary model (see e.g. EM 1), we provide expressions for the station-
ary state concentration of species of interest a; = [4;],__ and the relative variance Jgi/a?,
obtained by the standard law of uncertainty propagation by combination of variances.!> The

corresponding uncertainty factor is F,, =1+ /02, /a?.

2.3 Uncertainty propagation and sensitivity analysis

Vertical structure, solar irradiance and diffusion coefficients (eddy and molecular) were kept
fixed throughout the calculations. Uncertain values of photodissociation and reaction rates
are represented by lognormal probability distributions

] @)

with two parameters p = In k(7'), the logarithm of the nominal value of the reaction rate at
temperature 7', and o = In F(T'), where F(T') is the geometric standard uncertainty of the




Elementary Model 1 Linear chain of (quasi-)unimolecular reactions

Scheme
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There is no uncertainty accumulation along the chain. The uncertainty of a given species
depends only on the initial production rate K and the loss rate of this species k;. The
intermediate steps have no influence on the relative uncertainty of species ¢. This offers an
important simplification rule in the analysis of more complex networks. Note also that if
such chains occur in a photochemical model, the photolysis rates (corresponding to K) will
systematically appear as key reactions.

lognormal distribution. With these notations, the 67% confidence interval for a reaction rate
at a given temperature is [k(T)/F(T), k(T) x F(T)]. For small uncertainties, one can write
F~1+ %: for instance, a 10% relative uncertainty on k corresponds to F' = 1.1. The
reaction rate coefficients and the photodissociation coefficients used in the present study were
extracted from the review by Hébrard et al.,'® with some important revisions detailed in a
recent article,!? but a global uncertainty factor F = 1.1 was assumed for all processes.

For Monte Carlo uncertainty propagation, random reactions rates are generated from their
pdf and model outputs are computed for each draw. For the 1D model, long computation times
required to reach the stationarity of the species densities limit the number of Monte Carlo
samples: typically about 500 independent samples are generated. This provides a convergence
of average values and correlation coefficients to better than 5%. For the smaller 0D model, the
number of Monte Carlo runs is not limited, and we are able to estimate output uncertainty
factors with better than 1% accuracy (10000 runs).

For each run, one records the reaction rate coefficients (inputs) and neutral mole fractions
(outputs) at different altitudes, which are used for statistical uncertainty and sensitivity anal-
ysis. Input-output correlation coefficients provide sensitivity measures well adapted to key
reaction search.!® They are easy to estimate within the Monte Carlo uncertainty propagation
framework and do not require dedicated sampling schemes.!""'® The input and output samples

recorded for uncertainty evaluation can be directly used for the sensitivity analysis. 21419



0D model 1D model

Species | Density (cm_3) F (simul) F (EM) EM # | F(simul)
H 2.6 x 107 1.03 1.03 2 1.06
H, 1.7 x 107 1.03 1.03 2 1.03
CH 2.3 x 102 1.13 1.12 2 1.11
3CH, 2.6 x 101 1.13 1.14 3 1.08
1CH, 9.2 x 10! 1.08 1.09 2 1.11
CH; 4.4 x 107 1.08 - - 1.11
CHy 2.2 x 10° 1.07 1.06 2 1.02
CyH 6.0 x 103 1.24 - - 1.08
CoHs 6.3 x 108 1.01 1.03 2 1.05
CyHy 2.4 x 108 1.07 1.07 2 1.05
CoHs 2.6 x 10! 1.20 - - 1.13
CoHg 4.1 x 107 1.31 - - 1.09

Table 1: Densities and uncertainty factors for all species of the 0D model. Simulation results
for uncertainty factors, F'(simul), are compared to estimations by Elementary Models, F(EM),
when available. The last column reports uncertainty factors for the same species as simulated
with the 1D model at 900 km. All simulations are run with a uniform uncertainty factor
F = 1.1 on reaction rate constants.

3 Results and discussion

3.1 Analysis of the 0D simulations

Stationary densities and the associated uncertainty factors are given in Table 1. We observe
that many species densities are simulated with uncertainty factors smaller than F' = 1.1, as
low as F' = 1.01 for CoHs or F' = 1.03 for H and Hy. By contrast, two species have remarkably
enhanced uncertainty factors: CoH (F' = 1.24) and CoHg (F' = 1.31).

We will show now how these observations can be interpreted through elementary models,
mostly based on unimolecular or pseudo-unimolecular reactions.

3.1.1 02H4, Hz, H, CH4, CH and 1(sz

These species have an uncertainty factor smaller than the nominal value (F' = 1.1) and are
affected by numerous production and/or loss processes. For instance, CoHy has 12 produc-
tion pathways and 2 loss reactions. This pattern can be linked to EM 2, in the hypothesis
of independent pathways. Observing that in this case all pathways have almost equivalent

COHtI‘lbllthHSl we ha\/ €
CQ H4 12 2 '

~ 1.08 (4)

which is very close to the value obtained by simulation (F' = 1.07). When pathways have
different contributions, we use the general expression for EM 2, which provides also favorable
comparisons for Hy, H, CHy, CH and !CHy (see Table (1)), validating the initial hypothesis
of pathways independence. Indeed, almost all species densities in this model are correlated



Elementary Model 2 m productions - n losses
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e The results are independent on the rates k;y of direct production processes of A.

e In the case of equal values of {K;} and {k;;}, one gets
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The production and loss contributions are independent, and in both cases, the relative
variance is inversely proportional to the number of processes, which follows from the
standard law for the sum of independent random variables.




CHJl o o @ 00 - - o - @

CZH4 o ) ] . e

o
CH Q.Q.Oeg.
CHf & - o ® ©

3CH2 o © © o o o .00 o o it
CHl o o © - @@ - - o @ - @
CH| @ o @ - @@ @ - - e ® - ©
CH| @ e @ - @O - - @ - ©
I @@ - - - -
sooff © @D © ® ® @ o e ® o @
H - @@ @ o o o o o © o o
CH| @ - ©¢ - © ® ¢ - - ©@ @ o
I S 5T
o & oo 0D SRS IS

Figure 1: Correlation matrix between stationary densities of species in the 0D model: (blue)
positive correlation; (red) negative correlation. Linear scale of symbol size from 1 (on the
diagonal) to 0.

by reactions, but we observe that, due to this general correlation, individual correlations are
typically weak, even in the case where two species are directly linked by a bimolecular reaction

(Fig. (1)).

3.1.2 3CH,
This species has an uncertainty factor F' = 1.13, larger than the nominal value. Its loss is
dominated by reaction

H+3CH, — Hy+CH (5)

and the main production pathways are the deactivation processes of !CHy, mainly

ICHy +H, — 3CH,+ H, (6)
CH, + CH; — 3CH, + CHy (7)

These reactions, being limited by the small concentration of 'CHy with regard to CH, and H,,
can be considered as pseudo-unimolecular. This system is an analog of EM 3. Having the same
origin, the production pathways can be considered as a single pathway, and we recover the sim-

ple linear chain, EM 1. The uncertainty factor is thus Fsop, ~ 1+ \/(Fk — 1)+ (F, - 1)~
1.14, to be compared with the simulation result F' = 1.13.




Elementary Model 3 Parallel pathways
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3.1.3 Other species

C,H, C,H,, CyHg, C,H; and CHjz are involved in complex networks with loops 13 and bimolec-
ular reactions and/or they are strongly correlated to each other (Fig. 1). Although we had
some success with various other Elementary Models to reproduce the observed tendencies,
the basic hypotheses of pathways independence and unimolecularity find here their limits.
Nevertheless, uncertainty enhancement for C,H, C,H; and C,Hg have been traced back to
bimolecular effects (EM 5).

For C,H,, there is an equilibrium with C,H

hl/, kl
CoHy == CoH (8)
+Hy- -, ko

According to EM 4, equilibrium (8) has no influence on the stationary density of CoHs. More-
over, this species has a loss reaction without uncertainty and 14 other production pathways,

which is relevant to EM 2
1
Fo,n, =~ 1+ Uﬁ x 0.12 &~ 1.027

This value is larger than the simulation result (F' = 1.01), but the uncertainty attenuation
is fairly well reproduced. For a better estimation, one should take explicitly into account the
weak uncertainty factors of species involved in CoHy formation, such as Hy, CoHy, 'CHa, etc.

3.1.4 Intermediate conclusion

The analysis of the 0D model shows that the relative uncertainty of many species can be
explained simply by counting their direct production-loss pathways. For these species, the
relative variance is inversely proportional to the number of production-loss pathways. A
remarkable result, which confirms previous observations in the sensitivity analysis of such
systems, %13 is that the rates of direct production pathways of these species do not contribute
to the uncertainty (as in EM 2); instead, initiation processes (photodissociation) play a major
role in the uncertainty budget of the whole system.

Some species are nevertheless affected by bimolecular processes, which can have various
effects on the uncertainty, depending on the correlation between the reactants densities (EM
5). This correlation is determined by the overall reactions network (Fig. 1). Uncertainty
enhancement is maximal for reactions between species with strongly positively correlated
densities, as for instance in the formation of CyHg from two CHj radicals.

3.2 Analysis of the 1D simulations

Considering the large prediction uncertainties observed for simulations based on evaluated
reaction rates databases, it is interesting to assess the effect of reducing the uncertainty on rate
coefficients to a very small value, F' = 1.1, to mimic what one could expect from photochemical
models when reactions rates will be measured with this kind of precision.

We compare outputs of the present simulation with the results of a state-of-the-art simu-
lation with evaluated uncertainty factors, as presented in Hébrard et al.'> A comparison of
the mole fractions for three representative species is reported in Fig. 2 and the uncertainty



Species Simulation from Hébrard et al. Simulation with F = 1.1
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Figure 2: Comparison of Monte Carlo samples of density profiles for representative hydro-
carbons: (left) current state-of-the-art reaction rates database;'? (right) simulation with all
uncertainty factors set to F© = 1.1. A slight shift in density at low altitudes is due to an
update of boundary conditions between both simulations.
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Elementary Model 4 Lateral equilibrium
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Another analog of EM 1.

factors for all species are reported for an altitude of 1200 km in Fig. 3. For CH,, the reduction
of dispersion is remarkable (the uncertainty factor Fcy, at 1200 km is reduced from 1.28 to
1.02); for CyHy, all outlier profiles have disappeared and Fc,u, is contracted from 3.3 to 1.1;
and for one of the heavier species in the model CgH,,, one has a reduction of F¢ u , from 6.2
to 1.5, which is the largest uncertainty factor in the present F' = 1.1 scenario.

The uncertainty reduction for the densities of all species of the model at 1200 km is
presented in Fig.3. Globally, all points lie below the curve Fjgoy = Fgf, which means that
if the density of a species had 68 % chances to lie within the interval [x/Fga,x % Fga], this
probability is now higher than 99.99 % (the analog on a linear scale would be for a 1o interval
to become a 40 interval or better). Some species have a spectacular uncertainty reduction:
for instance, Fo,p, went from 6.4 to 1.2. In the bottom left corner we observe a set of species,
containing H, Hs and CHy, having low uncertainty factors, as was also observed in the 0D
model.

3.2.1 Small species

For basic species, such as H, Hy, CHy, or CoHy the results agree with the results of the
0D model (¢f. Table 1). However, some differences are noticeable, which can be related to
different factors:

e Diffusion. A major difference between the 0D and 1D models is transport. In these
simulations, the diffusion coefficients have fixed values, which introduces in the system
a production-loss process without uncertainty. When compared to 0D results, this con-

11



Elementary Model 5 Bimolecular production
Scheme
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Figure 3: Reduction of uncertainty factors on stationary mole fractions at 1200 km. Fgu
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Figure 4: Correlation plots between the uncertainty factor of stationary densities at 1200 km
and (left) the mole fractions, and (right) the masses. Lines are visual guides to depict some
chemical families with regular pattern.

tributes to decrease globally the uncertainty on stationary densities (¢f. Table 1), an
effect which is modulated by relative values of the chemical and diffusion lifetimes for
each species. The fact that we used in the 0D model a few input/output processes with
fixed rates to ensure stationarity, has also an influence on the differences between the
0D and 1D results: the effect is large for those species not involved in the input/output
reactions with fixed rates introduced in the 0D model , e.g. CoH and CyHg, whereas it
is very small for species such as H,, directly concerned by these reactions.

e Number of production and loss processes for a given species. According to EM
2, relative uncertainty is decreased by a large number of production/loss processes. The
1D model being more complex than the 0D model, this can contribute to reduce relative
uncertainty for node species as CHy, 3CHy, CoH and CoHg.

e Reactions involving reactants with very uncertain densities. Very reactive
species, such as C, CH, 'CHjy, Cy and CyHj3, can react with a lot of heavy species having
large uncertainty. This is a source of uncertainty increase, when compared with less
reactive species, such as 3CHy et CoH. Moreover, CHs et CoHj are the main products
of complex species metathesis, and they also suffer from larger uncertainty factors.

3.2.2 Uncertainty patterns for chemical families

To apprehend the pattern of uncertainty distribution amongst the species, notably amongst
hydrocarbons, we plotted the uncertainty factor against the mole fraction (Fig.4, left). Glob-
ally, the uncertainty factors increase as the mole fractions decrease, for all compounds. Ex-
cept for a few points, the values lie between the curves F;,(y) ~ 1 — 0.01 * log(y) and

14



Elementary Model 6 Branching chain
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Fraz(y) =~ 1 —0.05 % log(y), where y is the mole fraction. A similar plot of the uncer-
tainty factor vs. the molecular mass is shown for hydrocarbons (Fig. 4, right). There is
a positive correlation between uncertainty factor and molecular mass and also an increasing
dispersion of uncertainty factors. We have shown through the Elementary Models that molec-
ular complexification was not necessarily associated with uncertainty growth, notably when
pseudo-unimolecular processes are dominant. A square-root law for growth can however be
obtained in the case of a branching reaction chain (EM 6). The linear uncertainty growth
observed for the 1D simulations is thus at least in part due to bimolecular reactions.

It is noteworthy that alkanes, alkenes and alkynes present identical quasi-linear trends.
For alkanes, one has F'(M) ~ 1.012 + 0.007 x (M — Mcp,), where Mcp, is the molecular
mass of CH,. This provides a rule of thumbs in terms of number of carbon atoms F'(n¢) ~
1.01 4+ 0.093 % (n¢ — 1), i.e. almost a 10% relative uncertainty increase by additional carbon
atom. A similar linearity is observed for alkanes on the F' vs. mole fraction plot, with
F(y) ~ 1 —0.05 *log(y/ycm,)- The pattern is less regular for alkenes and alkynes. Other
families, as for instance C H and C H,, present also regular, albeit nonlinear, uncertainty
growth pattern with mass (Fig. 4, right).

At the moment, we have no full explanation for this linearity of alkanes uncertainty factors.
As molecular mass and mole fraction within the family are strongly anti-correlated,?° it is not
clear which one should be retained as an explanatory variable for this trend. Notwithstanding,
we see that, when accounting only for reaction rates uncertainty, there are limits to the
prediction precision by a photochemical model of the mole fractions of complex hydrocarbons.

3.2.3 Most influential reactions

The present simulations with reduced reaction rates uncertainty are assumed to probe the
ultimate photochemical accuracy for a given model. Identification of key reactions is there-
fore not aiming at model precision improvement; instead, we use it here as a tool to detect
influential reactions, 7.e. reactions that affect the densities of many species.

Identification of key reactions is performed by analyzing input-output correlations (Table
2). The influence of a reaction is quantified by the number of species having input-output
absolute rank correlation coefficients larger than 0.2 with this reaction. Asin Hébrard et al.,'?
reactions with at least one score larger than 15 are reported.

Very few reactions are selected by this procedure. Unsurprisingly, photodissociation rates
play a dominant role. This would confirm the patterns outlined for the 0D model, i.e. that
many species are involved in quasi-unimolecular reaction chains. In terms of influence, the
photodissociation of N, and CH, significantly affect about half of the 127 modeled species at
high altitudes. This high score is equaled by the photolysis of CgHg at lower altitudes. Indeed,
most photodissociation rates see their influence decrease with altitude, except for CyH, and
CeHg. A plot comparing the cross sections of these processes (Fig. 5) shows that C4Hg has
a residual absorption in the 220-270 nm range, where the other absorbers have no impact.
Similarly, C,H, absorbs weakly around 190-210 nm, where CH, and C,H, have negligible
cross-sections, and it is sufficiently more abundant than CzHy to have some influence.

Amongst the set of reactions, only one (CH + CH,) has a strong influence, almost at all
altitudes. This reaction was identified in recent works about the bimodality in the density
profiles of some species?! and on the effect of low-T measurements on model predictivity.'?
In the latter study, it was shown that updating the rate constant of this reaction with low-T
measured data???? had the effect to get this reaction out of the list of key reactions. The
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Reaction 300 km 600 km 900 km 1200 km

Ny + hv 25 31 57 63
CHy + hv 37 46 46 49
CH, + hv 48 48 63 64
C,H, + hv 27 11 - -
C,H, + hv 13 35 20 18
CeHg + hv 69 63 31 32
CH + CH, 17 30 15 12
C,H+ CH, 26 13 . .
C,H + C,H, 18 12 11 1
CH+ CH, - 23 16 16
CH, + CH, 17 14 i i
H + C,H, 14 14 15 15

Table 2: Key reactions with the number of species they influence at a set of representative
altitudes. The total number of species in the model is 127. Reactions with at least one score
larger than 15 are shown; scores below 10 are not reported.

rate constants of several others reactions identified here (CoH + CHy, CoH + CoHg, C4H +
CyHg) have also been recently updated at low-T.?* 27 The remaining uncertainty regarding
currently the rates of these identified reactions, apart from some possible systematic effects,
concerns mainly the nature of their products which has not been investigated thoroughly until
now, even at room temperature. Other reactions rates, with much larger uncertainty factors,
are currently more in need of improved accuracy. It is interesting to observe that, when all
uncertainty factors are fictitiously set to a minimum achievable value, CH + CHy4 and these
other reactions, though to a somewhat lower extent, stand out as cornerstones of Titan’s
photochemistry. Many of both experimental and theoretical studies have been published in
order to investigate the rate constant of the tree-body recombination reaction CHz + CHg (see
Klippenstein et al.?® for a quite exhaustive review). As most of the three-body recombination
reactions, very few of these studies have however been performed in conditions appropriate for
planetary atmospheres. Most of the rate expressions available in the literature still have to be
extrapolated down to the lowest temperatures encountered in outer planets atmospheres. This
ever-existing scarcity reflects both laboratory limitations and the importance of this reaction
in hydrocarbon combustion chemistry. Likewise, there is no direct measurement of the rate
constant nor of the products channels of the reaction H + CoHs which occurs as a secondary
process in the combustion studies of the H + CoHy and H + CyHg reactions;?? information on
any temperature dependence at conditions representative of Titan’s atmosphere is thus very
limited.

Future photochemical models of Titan’s atmosphere would thus greatly benefit from a
much closer investigation of the reactions identified here as it would help to improve signifi-
cantly their predictivity.

4 Conclusion

Simulation of the atmospheric photochemistry of Titan by a 1D model and optimistically
small uncertainty of reaction rates (F' = 1.1), reveal interesting features for the precision of
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predicted density profiles. It has to be noted that these values correspond to a lower limit,
as uncertainty sources other than chemical rates, such as diffusion coefficients, temperature,
thermodynamics... have not been taken into account.

On the positive side, all modeled species densities have uncertainty factors below F' = 1.5,
which is a huge improvement in comparison to the present state of affairs. On a more pes-
simistic side, we have observed a linear increase of F' with molecular mass of about 10 % per
additional carbon atom for the three major hydrocarbon families. This questions the possibil-
ity to achieve predictive detailed models of molecular complexification for these species. Other
chemical families present milder uncertainty increase with mass. We have still to elucidate
the origins of these regular patterns in terms of reactions network structure.

Keeping in mind that the present model, as all photochemical models of Titan’s at-
mosphere, is not complete, the present simulations help to define limits to the predictiv-
ity /interpretation level of such models. To be deemed significant, any relative variation of the
mole fraction of a compound should be larger than the relative uncertainty due to photochem-
istry. For a given species, let’s say C3Hg (F' ~ 1.2), a photochemical model would therefore not
enable us to identify the origin of temporal/latitudinal /longitudinal mole fraction variations
smaller than 20%. Similarly, an additional process introduced in the model should induce
a change in mole fraction of C4Hg larger than 20 % to be considered as important for this
species. This statistical concept has been used by Carrasco et al.'” to reduce the ion-molecule
reaction set for Titan’s ionosphere.

An interesting outcome of this study is that the initial processes (e.g. photodissociation)
are always important into unimolecular reaction chains; intermediate reactions leading to a
product can often be neglected, meaning that they play no role in the stationary concentration
of species further in the chain. This sheds some light on the key role of photodissociations
revealed by previous sensitivity analysis of this system, in apparent contradiction with the fact
that photodissociation rates have modest uncertainty factors (typically estimated to F' = 1.5)
when compared to many neutral-neutral reaction rates.'> Of course, Titan’s atmospheric
chemistry cannot be reduced to a unimolecular reactions network, and bimolecular reactions
play a major role on the observed uncertainty factors of a number of species. It is difficult to
predict the amplitude of their effect, because it depends strongly on the level of correlation
between the reactants densities. A consequence is that it is practically impossible to ascertain
beforehand the effect of the addition of new reactions into the model on the uncertainty factors
of most species densities. Uncertainty propagation remains a necessary tool to solve this kind
of question.

Sensitivity analysis enabled us to identify a list of reactions (Table 2), which comes as a
complement to the list previously published by Hébrard et al.'> The latter list defines key
reactions, for which a more accurate estimation of low-T rate constants and branching ratios
would impact significantly the precision of predictions with the present photochemical models;
we would assign them highest priority for the improvement of model predictivity. The new
list highlights a core of influential reactions, which would appear ultimately as key reactions
(i.e. when all the reaction rates will be known at low-T with a precision better than 10 % and
if the reaction network does not undergo drastic modifications). From our precision-oriented
point of view, these reactions are of lower priority, but the accurate determination of their
low-T rate constants and branching ratios is nevertheless a safe investment for the future of
Titan’s photochemical modeling.
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