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tTitan's atmospheri
 
hemistry modeling is presently limited by the la
k of knowledgeabout many rea
tion rate 
oe�
ients at low temperature (50-200 K). Considering thedi�
ulty of measuring su
h data, the only way to improve this situation is to identify keyrea
tions as the ones for whi
h better estimations of rea
tion rates is guaranteed to havea strong in�uen
e on the pre
ision of model predi
tions. This is a slow iterative pro
ess,the limit of whi
h has never been 
learly de�ned in terms of model pre
ision. The fa
tis that this limit is not a fully deterministi
 simulation, sin
e one should not expe
t allrea
tion rate 
oe�
ients ever to be
ome available with null un
ertainty. The present study
onsiders a quite optimisti
 s
enario, in whi
h rea
tion rate 
oe�
ients in the 
hemi
almodel are assumed to be known with a 10% relative un
ertainty. The impli
ations for
hemi
al growth modeling are dis
ussed.
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1 Introdu
tionThe overall pre
ision of photo
hemi
al models of planetary atmospheres has unambiguouslybeen shown to be highly sensitive to the un
ertainty in the rates of involved 
hemi
al rea
-tions.1�8 Monte Carlo un
ertainty propagation enabled Hébrard et al.9 to assess the e�e
tof these un
ertainties on the 
omputed abundan
es of major 
hemi
al spe
ies predi
ted by a1D photo
hemi
al model of Titan's atmosphere. Strikingly, the un
ertainties of most of the
omputed abundan
es 
ould be mu
h larger than the estimated un
ertainty of the abundan
esgathered from observations, even for basi
 hydro
arbons like CH4, C2H2, C2H4 and C2H6.A major obsta
le to pre
ise predi
tion is the la
k of data on the rea
tivity of neutral spe
iesat low temperature (low-T); for instan
e, in state-of-the-art photo
hemi
al models of Titan'satmosphere, less than 10% of the rea
tion rates have been measured in the relevant temper-ature range. In 
onsequen
e, photo
hemi
al models of Titan's atmosphere are based mostlyon low-T extrapolations of Arrhenius-type laws, whi
h are known to be often inappropriate inthis 
ontext.10,11 Until reliable extrapolation models are made available, low-T extrapolationof rea
tion rates is to be treated with great 
are and 
onsidered as highly un
ertain.12Sensitivity analysis 
an be used to identify key rea
tions, responsible for large un
ertaintiesin model predi
tion of some target property.13 This approa
h guarantees that the redu
tionof the un
ertainty on the rates of key rea
tions will have the strongest impa
t on the pre
isionof the target property. This is parti
ularly important to assist in designing new rate 
onstantmeasurement 
ampaigns or in prioritizing the review by experts of existing data.The improvement of model pre
ision by key rea
tion identi�
ation/reevaluation is an iter-ative pro
ess (new key rea
tions are eventually revealed following an update of the previousones12), whi
h 
an take a very long time to a
hieve a pres
ribed pre
ision level. The goal ofthe present paper is to extrapolate this pro
ess and observe what 
ould be expe
ted in thelimit where all rea
tion rates are well determined. We want to emphasize here that an abso-lute a

ura
y of rea
tion rates will probably never be a
hieved, and we retained here a veryoptimisti
 limit of 10% relative un
ertainty for all known rea
tion rates. Model improvementmight also 
ome from the addition of missing pro
esses when they are dis
overed. Althoughmodel 
omplexity is a salient issue in the present study, predi
tion of model 
ompletion e�e
tis beyond the s
ope of this paper.Monte Carlo un
ertainty propagation was performed for 0D and 1D photo
hemi
al modelsof Titan's atmosphere and we present here the results and their analysis in order to betterunderstand un
ertainty patterns in 
hemi
al networks with regard to mole
ular 
omplexi�
a-tion.2 MethodsThe results of this arti
le are based on three types of 
hemi
al models. A 1D photo
hemi-
al model is used to study the global un
ertainty patterns appearing in a 
omplex network,whereas a simpler 0D model, without transport, is better �t to study lo
al un
ertainty (atthe spe
ies level). Elementary models based on simpli�ed rea
tion networks, are introdu
edin the 
ourse of the analysis to illustrate various observations.
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2.1 1D and 0D photo
hemi
al modelsThe main lines of the 1D photo
hemi
al model and statisti
al pro
edures for un
ertaintypropagation and sensitivity analysis are presented here. More details 
an be found in Hébrardet al.9 and Dobrijevi
 et al.13,14In our 1D photo
hemi
al model extending from Titan's surfa
e to 1300 km, the spe
iesdensities are governed by the altitude-dependent 
ontinuity-di�usion equation. A detailed de-s
ription of hydro
arbon, nitriles and oxygen 
oupled photo
hemistry, verti
al eddy di�usion,mole
ular di�usion, and radiative transfer (in
luding Rayleigh s
attering by N2 and aerosolsabsorption) are in
luded in this model. Ions are not 
onsidered, and the loss and produ
tionsare due to photodisso
iations, bimole
ular and termole
ular rea
tions between neutral spe
ies.The model 
al
ulates abundan
es for 127 hydro
arbons, nitriles and oxygenated spe
ies, in-volved in 676 
hemi
al rea
tions and 69 photodisso
iation pro
esses.A preliminary study is based on a simpli�ed 0D model of Titan's hydro
arbon 
hemistryat 800 km, proposed by Dobrijevi
 et al.13 as a ben
hmark for sensitivity analysis methods.This model 
ontains rea
tions between H, H2 and hydro
arbons with less than three 
arbonatoms, i.e. 15 spe
ies involved in 48 rea
tions. This 0D model had no stationary state inDobrijevi
 et al.13 and has been 
ompleted in the present study with additional produ
tionand loss pro
esses, tuned to provide stationary densities 
lose to those of the original modelat the representative time t = 107s

∅ → CH4 ; k = 175 cm−3 · s−1

H → ∅ ; k = 8.68 × 10−8 s−1

H2 → ∅ ; k = 8.17 × 10−8 s−1

C2H2 → ∅ ; k = 1.33 × 10−7 s−1

C2H6 → ∅ ; k = 7.98 × 10−8 s−1

(1)Those rates have no atta
hed un
ertainty.2.2 Elementary modelsTo analyze the results of un
ertainty propagation in more 
omplex networks, we introdu
e inthe 
ourse of this paper a set of basi
 
hemi
al networks, presented as �Elementary Models�or EMs. For ea
h elementary model (see e.g. EM 1), we provide expressions for the station-ary state 
on
entration of spe
ies of interest ai = [Ai]t=∞
and the relative varian
e σ2

ai
/a2

i ,obtained by the standard law of un
ertainty propagation by 
ombination of varian
es.15 The
orresponding un
ertainty fa
tor is Fai
= 1 +

√

σ2
ai

/a2
i .2.3 Un
ertainty propagation and sensitivity analysisVerti
al stru
ture, solar irradian
e and di�usion 
oe�
ients (eddy and mole
ular) were kept�xed throughout the 
al
ulations. Un
ertain values of photodisso
iation and rea
tion ratesare represented by lognormal probability distributions

p(x) =
1√

2πxσ
exp

(

−(ln x − µ)2

σ2

) (2)with two parameters µ = ln k(T ), the logarithm of the nominal value of the rea
tion rate attemperature T , and σ = ln F (T ), where F (T ) is the geometri
 standard un
ertainty of the3



Elementary Model 1 Linear 
hain of (quasi-)unimole
ular rea
tionsS
heme
K k1 k2 kn−1 kn

∅ → A1 → A2 → . . . → An → ∅Stationary state 
on
entration
ai =

K

kiRelative varian
e
σ2

ai

a2
i

=
σ2

K

K2
+

σ2
ki

k2
iNotesThere is no un
ertainty a

umulation along the 
hain. The un
ertainty of a given spe
iesdepends only on the initial produ
tion rate K and the loss rate of this spe
ies ki. Theintermediate steps have no in�uen
e on the relative un
ertainty of spe
ies i. This o�ers animportant simpli�
ation rule in the analysis of more 
omplex networks. Note also that ifsu
h 
hains o

ur in a photo
hemi
al model, the photolysis rates (
orresponding to K) willsystemati
ally appear as key rea
tions.lognormal distribution. With these notations, the 67% 
on�den
e interval for a rea
tion rateat a given temperature is [k(T )/F (T ), k(T ) × F (T )]. For small un
ertainties, one 
an write

F ≃ 1 + ∆k
k
: for instan
e, a 10% relative un
ertainty on k 
orresponds to F = 1.1. Therea
tion rate 
oe�
ients and the photodisso
iation 
oe�
ients used in the present study wereextra
ted from the review by Hébrard et al.,16 with some important revisions detailed in are
ent arti
le,12 but a global un
ertainty fa
tor F = 1.1 was assumed for all pro
esses.For Monte Carlo un
ertainty propagation, random rea
tions rates are generated from theirpdf and model outputs are 
omputed for ea
h draw. For the 1D model, long 
omputation timesrequired to rea
h the stationarity of the spe
ies densities limit the number of Monte Carlosamples: typi
ally about 500 independent samples are generated. This provides a 
onvergen
eof average values and 
orrelation 
oe�
ients to better than 5%. For the smaller 0D model, thenumber of Monte Carlo runs is not limited, and we are able to estimate output un
ertaintyfa
tors with better than 1% a

ura
y (10 000 runs).For ea
h run, one re
ords the rea
tion rate 
oe�
ients (inputs) and neutral mole fra
tions(outputs) at di�erent altitudes, whi
h are used for statisti
al un
ertainty and sensitivity anal-ysis. Input-output 
orrelation 
oe�
ients provide sensitivity measures well adapted to keyrea
tion sear
h.13 They are easy to estimate within the Monte Carlo un
ertainty propagationframework and do not require dedi
ated sampling s
hemes.17,18 The input and output samplesre
orded for un
ertainty evaluation 
an be dire
tly used for the sensitivity analysis.12�14,19
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0D model 1D modelSpe
ies Density (cm−3) F (simul) F (EM) EM # F (simul)
H 2.6 × 109 1.03 1.03 2 1.06
H2 1.7 × 109 1.03 1.03 2 1.03
CH 2.3 × 102 1.13 1.12 2 1.11

3CH2 2.6 × 101 1.13 1.14 3 1.08
1CH2 9.2 × 101 1.08 1.09 2 1.11
CH3 4.4 × 107 1.08 - - 1.11
CH4 2.2 × 109 1.07 1.06 2 1.02
C2H 6.0 × 103 1.24 - - 1.08
C2H2 6.3 × 108 1.01 1.03 2 1.05
C2H4 2.4 × 108 1.07 1.07 2 1.05
C2H5 2.6 × 101 1.20 - - 1.13
C2H6 4.1 × 107 1.31 - - 1.09Table 1: Densities and un
ertainty fa
tors for all spe
ies of the 0D model. Simulation resultsfor un
ertainty fa
tors, F (simul), are 
ompared to estimations by Elementary Models, F (EM),when available. The last 
olumn reports un
ertainty fa
tors for the same spe
ies as simulatedwith the 1D model at 900 km. All simulations are run with a uniform un
ertainty fa
tor

F = 1.1 on rea
tion rate 
onstants.3 Results and dis
ussion3.1 Analysis of the 0D simulationsStationary densities and the asso
iated un
ertainty fa
tors are given in Table 1. We observethat many spe
ies densities are simulated with un
ertainty fa
tors smaller than F = 1.1, aslow as F = 1.01 for C2H2 or F = 1.03 for H and H2. By 
ontrast, two spe
ies have remarkablyenhan
ed un
ertainty fa
tors: C2H (F = 1.24) and C2H6 (F = 1.31).We will show now how these observations 
an be interpreted through elementary models,mostly based on unimole
ular or pseudo-unimole
ular rea
tions.3.1.1 C2H4, H2, H, CH4, CH and 1
CH2These spe
ies have an un
ertainty fa
tor smaller than the nominal value (F = 1.1) and area�e
ted by numerous produ
tion and/or loss pro
esses. For instan
e, C2H4 has 12 produ
-tion pathways and 2 loss rea
tions. This pattern 
an be linked to EM 2, in the hypothesisof independent pathways. Observing that in this 
ase all pathways have almost equivalent
ontributions, we have

FC2H4
= 1 +

√

(

1

12
+

1

2

)

× 0.12 (3)
≃ 1.08 (4)whi
h is very 
lose to the value obtained by simulation (F = 1.07). When pathways havedi�erent 
ontributions, we use the general expression for EM 2, whi
h provides also favorable
omparisons for H2, H, CH4, CH and 1CH2 (see Table (1)), validating the initial hypothesisof pathways independen
e. Indeed, almost all spe
ies densities in this model are 
orrelated5



Elementary Model 2 m produ
tions - n lossesS
heme
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a =

∑m
i=1

Ki
∑n

i=1 ki1Relative varian
e
σ2

a

a2
=

m
∑

i=1

(

Ki
∑m

j=1
Kj

)2
σ2

Ki

K2
i

+

n
∑

i=1

(

ki1
∑n

j=1
kj1

)2
σ2

ki1

k2
i1Notes

• The results are independent on the rates ki0 of dire
t produ
tion pro
esses of A.
• In the 
ase of equal values of {Ki} and {kj1}, one gets

σ2
a

a2
=

1

m

σ2
Ki

K2
i

+
1

n

σ2
kj1

k2
j1The produ
tion and loss 
ontributions are independent, and in both 
ases, the relativevarian
e is inversely proportional to the number of pro
esses, whi
h follows from thestandard law for the sum of independent random variables.
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5Figure 1: Correlation matrix between stationary densities of spe
ies in the 0D model: (blue)positive 
orrelation; (red) negative 
orrelation. Linear s
ale of symbol size from 1 (on thediagonal) to 0.by rea
tions, but we observe that, due to this general 
orrelation, individual 
orrelations aretypi
ally weak, even in the 
ase where two spe
ies are dire
tly linked by a bimole
ular rea
tion(Fig. (1)).3.1.2 3
CH2This spe
ies has an un
ertainty fa
tor F = 1.13, larger than the nominal value. Its loss isdominated by rea
tion

H + 3CH2 → H2 + CH (5)and the main produ
tion pathways are the dea
tivation pro
esses of 1CH2, mainly
1CH2 + H2 → 3CH2 + H2 (6)

1CH2 + CH4 → 3CH2 + CH4 (7)These rea
tions, being limited by the small 
on
entration of 1CH2 with regard to CH4 and H2,
an be 
onsidered as pseudo-unimole
ular. This system is an analog of EM 3. Having the sameorigin, the produ
tion pathways 
an be 
onsidered as a single pathway, and we re
over the sim-ple linear 
hain, EM 1. The un
ertainty fa
tor is thus F3CH2
≈ 1+

√

(Fk − 1)2 + (Fk − 1)2 ≈
1.14, to be 
ompared with the simulation result F = 1.13.7



Elementary Model 3 Parallel pathwaysS
heme
Ø

A

A

A

1

2

n

...
K A

k11

21

n1

k

k

A0

k10

k

kn0

20 Ø2kStationary solutionSolving the system
n
∑

i=1

ki0a0 = K

k11a1 = k10a0

k21a2 = k20a0...
kn1an = kn0a0

k2a =

n
∑

i=1

(ki1ai)one obtains
a =

K

k2Relative varian
e
σ2

a

a2
=

σ2
K

K2
+

σ2
k2

k2
2NotesAs there is no �ux loss or produ
tion along the 
hain, this model is equivalent to EM 1.

8



3.1.3 Other spe
ies
C2H, C2H2, C2H6, C2H5 and CH3 are involved in 
omplex networks with loops13 and bimole
-ular rea
tions and/or they are strongly 
orrelated to ea
h other (Fig. 1). Although we hadsome su

ess with various other Elementary Models to reprodu
e the observed tenden
ies,the basi
 hypotheses of pathways independen
e and unimole
ularity �nd here their limits.Nevertheless, un
ertainty enhan
ement for C2H, C2H5 and C2H6 have been tra
ed ba
k tobimole
ular e�e
ts (EM 5).For C2H2, there is an equilibrium with C2H

hν, k1

C2H2
⇀↽⇀↽⇀↽ C2H (8)

+H2 · · · , k2A

ording to EM 4, equilibrium (8) has no in�uen
e on the stationary density of C2H2. More-over, this spe
ies has a loss rea
tion without un
ertainty and 14 other produ
tion pathways,whi
h is relevant to EM 2
FC2H2

≈ 1+

√

1

14
× 0.12 ≈ 1.027This value is larger than the simulation result (F = 1.01), but the un
ertainty attenuationis fairly well reprodu
ed. For a better estimation, one should take expli
itly into a

ount theweak un
ertainty fa
tors of spe
ies involved in C2H2 formation, su
h as H2, C2H4, 1CH2, et
.3.1.4 Intermediate 
on
lusionThe analysis of the 0D model shows that the relative un
ertainty of many spe
ies 
an beexplained simply by 
ounting their dire
t produ
tion-loss pathways. For these spe
ies, therelative varian
e is inversely proportional to the number of produ
tion-loss pathways. Aremarkable result, whi
h 
on�rms previous observations in the sensitivity analysis of su
hsystems,12,13 is that the rates of dire
t produ
tion pathways of these spe
ies do not 
ontributeto the un
ertainty (as in EM 2); instead, initiation pro
esses (photodisso
iation) play a majorrole in the un
ertainty budget of the whole system.Some spe
ies are nevertheless a�e
ted by bimole
ular pro
esses, whi
h 
an have variouse�e
ts on the un
ertainty, depending on the 
orrelation between the rea
tants densities (EM5). This 
orrelation is determined by the overall rea
tions network (Fig. 1). Un
ertaintyenhan
ement is maximal for rea
tions between spe
ies with strongly positively 
orrelateddensities, as for instan
e in the formation of C2H6 from two CH3 radi
als.3.2 Analysis of the 1D simulationsConsidering the large predi
tion un
ertainties observed for simulations based on evaluatedrea
tion rates databases, it is interesting to assess the e�e
t of redu
ing the un
ertainty on rate
oe�
ients to a very small value, F = 1.1, to mimi
 what one 
ould expe
t from photo
hemi
almodels when rea
tions rates will be measured with this kind of pre
ision.We 
ompare outputs of the present simulation with the results of a state-of-the-art simu-lation with evaluated un
ertainty fa
tors, as presented in Hébrard et al.12 A 
omparison ofthe mole fra
tions for three representative spe
ies is reported in Fig. 2 and the un
ertainty9



Spe
ies Simulation from Hébrard et al.12 Simulation with F = 1.1
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Figure 2: Comparison of Monte Carlo samples of density pro�les for representative hydro-
arbons: (left) 
urrent state-of-the-art rea
tion rates database;12 (right) simulation with allun
ertainty fa
tors set to F = 1.1. A slight shift in density at low altitudes is due to anupdate of boundary 
onditions between both simulations.10



Elementary Model 4 Lateral equilibriumS
heme
K k1

∅ → → → A1
⇀↽ ⇀↽ ⇀↽ A2

↓ k2

k3 ↓
↓
∅Stationary solution

(k1 + k3) a1 = K + k2a2

k2a2 = k1a1

a1 =
K

k3Relative varian
e
σ2

a1

a2
1

=
σ2

K

K2
+

σ2
k3

k2
3NotesAnother analog of EM 1.fa
tors for all spe
ies are reported for an altitude of 1200 km in Fig. 3. For CH4, the redu
tionof dispersion is remarkable (the un
ertainty fa
tor FCH

4
at 1200 km is redu
ed from 1.28 to1.02); for C2H6, all outlier pro�les have disappeared and FC

2
H

6
is 
ontra
ted from 3.3 to 1.1;and for one of the heavier spe
ies in the model C6H14, one has a redu
tion of FC

6
H

14
from 6.2to 1.5, whi
h is the largest un
ertainty fa
tor in the present F = 1.1 s
enario.The un
ertainty redu
tion for the densities of all spe
ies of the model at 1200 km ispresented in Fig.3. Globally, all points lie below the 
urve F10% = F 0.25

SA , whi
h means thatif the density of a spe
ies had 68% 
han
es to lie within the interval [x/FSA, x ∗ FSA], thisprobability is now higher than 99.99% (the analog on a linear s
ale would be for a 1σ intervalto be
ome a 4σ interval or better). Some spe
ies have a spe
ta
ular un
ertainty redu
tion:for instan
e, FC
3
H

8
went from 6.4 to 1.2. In the bottom left 
orner we observe a set of spe
ies,
ontaining H, H2 and CH4, having low un
ertainty fa
tors, as was also observed in the 0Dmodel.3.2.1 Small spe
iesFor basi
 spe
ies, su
h as H, H2, CH4, or C2H4 the results agree with the results of the0D model (
f. Table 1). However, some di�eren
es are noti
eable, whi
h 
an be related todi�erent fa
tors:

• Di�usion. A major di�eren
e between the 0D and 1D models is transport. In thesesimulations, the di�usion 
oe�
ients have �xed values, whi
h introdu
es in the systema produ
tion-loss pro
ess without un
ertainty. When 
ompared to 0D results, this 
on-11



Elementary Model 5 Bimole
ular produ
tionS
heme
k1 k2

A1 + A2 → A3 → ∅Stationary solution
a3 =

k1a1a2

k2Relative varian
eIn the limit where k1 has a weak in�uen
e on a1 and a2 (as in 
omplex systems) we 
an assumea null 
orrelation between these variables (Corr(k1, a1)=Corr(k1, a2)=0), and one gets
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orrelation 
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ient between stationary densities Corr(a1, a2), as shownin Fig. 1.NotesDepending on the 
orrelation 
oe�
ient, the relative varian
e takes its values between theminimal (Corr(a1, a2) = −1)
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ase of a dimer formation (A1 = A2), the relative un
ertainty 
orresponds to themaximal value (full positive 
orrelation between rea
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Figure 3: Redu
tion of un
ertainty fa
tors on stationary mole fra
tions at 1200 km. FSArefers to the simulation with 
urrent state-of-the-art kineti
s database,12 and F10% refers tothe present simulation with the un
ertainty fa
tors of all pro
esses set to F = 1.1.
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Figure 4: Correlation plots between the un
ertainty fa
tor of stationary densities at 1200 kmand (left) the mole fra
tions, and (right) the masses. Lines are visual guides to depi
t some
hemi
al families with regular pattern.tributes to de
rease globally the un
ertainty on stationary densities (
f. Table 1), ane�e
t whi
h is modulated by relative values of the 
hemi
al and di�usion lifetimes forea
h spe
ies. The fa
t that we used in the 0D model a few input/output pro
esses with�xed rates to ensure stationarity, has also an in�uen
e on the di�eren
es between the0D and 1D results: the e�e
t is large for those spe
ies not involved in the input/outputrea
tions with �xed rates introdu
ed in the 0D model , e.g. C2H and C2H6, whereas itis very small for spe
ies su
h as H2, dire
tly 
on
erned by these rea
tions.
• Number of produ
tion and loss pro
esses for a given spe
ies. A

ording to EM2, relative un
ertainty is de
reased by a large number of produ
tion/loss pro
esses. The1D model being more 
omplex than the 0D model, this 
an 
ontribute to redu
e relativeun
ertainty for node spe
ies as CH4, 3CH2, C2H and C2H6.
• Rea
tions involving rea
tants with very un
ertain densities. Very rea
tivespe
ies, su
h as C, CH, 1CH2, C2 and C2H3, 
an rea
t with a lot of heavy spe
ies havinglarge un
ertainty. This is a sour
e of un
ertainty in
rease, when 
ompared with lessrea
tive spe
ies, su
h as 3CH2 et C2H. Moreover, CH3 et C2H5 are the main produ
tsof 
omplex spe
ies metathesis, and they also su�er from larger un
ertainty fa
tors.3.2.2 Un
ertainty patterns for 
hemi
al familiesTo apprehend the pattern of un
ertainty distribution amongst the spe
ies, notably amongsthydro
arbons, we plotted the un
ertainty fa
tor against the mole fra
tion (Fig.4, left). Glob-ally, the un
ertainty fa
tors in
rease as the mole fra
tions de
rease, for all 
ompounds. Ex-
ept for a few points, the values lie between the 
urves Fmin(y) ≃ 1 − 0.01 ∗ log(y) and14



Elementary Model 6 Bran
hing 
hainS
heme
K k1 k2 kn−1 kn
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eof the relative un
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Fmax(y) ≃ 1 − 0.05 ∗ log(y), where y is the mole fra
tion. A similar plot of the un
er-tainty fa
tor vs. the mole
ular mass is shown for hydro
arbons (Fig. 4, right). There isa positive 
orrelation between un
ertainty fa
tor and mole
ular mass and also an in
reasingdispersion of un
ertainty fa
tors. We have shown through the Elementary Models that mole
-ular 
omplexi�
ation was not ne
essarily asso
iated with un
ertainty growth, notably whenpseudo-unimole
ular pro
esses are dominant. A square-root law for growth 
an however beobtained in the 
ase of a bran
hing rea
tion 
hain (EM 6). The linear un
ertainty growthobserved for the 1D simulations is thus at least in part due to bimole
ular rea
tions.It is noteworthy that alkanes, alkenes and alkynes present identi
al quasi-linear trends.For alkanes, one has F (M) ≃ 1.012 + 0.007 ∗ (M − MCH4
), where MCH4

is the mole
ularmass of CH4. This provides a rule of thumbs in terms of number of 
arbon atoms F (nC) ≃
1.01 + 0.093 ∗ (nC − 1), i.e. almost a 10% relative un
ertainty in
rease by additional 
arbonatom. A similar linearity is observed for alkanes on the F vs. mole fra
tion plot, with
F (y) ≃ 1 − 0.05 ∗ log(y/yCH4

). The pattern is less regular for alkenes and alkynes. Otherfamilies, as for instan
e CnH and CnH2, present also regular, albeit nonlinear, un
ertaintygrowth pattern with mass (Fig. 4, right).At the moment, we have no full explanation for this linearity of alkanes un
ertainty fa
tors.As mole
ular mass and mole fra
tion within the family are strongly anti-
orrelated,20 it is not
lear whi
h one should be retained as an explanatory variable for this trend. Notwithstanding,we see that, when a

ounting only for rea
tion rates un
ertainty, there are limits to thepredi
tion pre
ision by a photo
hemi
al model of the mole fra
tions of 
omplex hydro
arbons.3.2.3 Most in�uential rea
tionsThe present simulations with redu
ed rea
tion rates un
ertainty are assumed to probe theultimate photo
hemi
al a

ura
y for a given model. Identi�
ation of key rea
tions is there-fore not aiming at model pre
ision improvement; instead, we use it here as a tool to dete
tin�uential rea
tions, i.e. rea
tions that a�e
t the densities of many spe
ies.Identi�
ation of key rea
tions is performed by analyzing input-output 
orrelations (Table2). The in�uen
e of a rea
tion is quanti�ed by the number of spe
ies having input-outputabsolute rank 
orrelation 
oe�
ients larger than 0.2 with this rea
tion. As in Hébrard et al.,12rea
tions with at least one s
ore larger than 15 are reported.Very few rea
tions are sele
ted by this pro
edure. Unsurprisingly, photodisso
iation ratesplay a dominant role. This would 
on�rm the patterns outlined for the 0D model, i.e. thatmany spe
ies are involved in quasi-unimole
ular rea
tion 
hains. In terms of in�uen
e, thephotodisso
iation of N2 and CH4 signi�
antly a�e
t about half of the 127 modeled spe
ies athigh altitudes. This high s
ore is equaled by the photolysis of C6H6 at lower altitudes. Indeed,most photodisso
iation rates see their in�uen
e de
rease with altitude, ex
ept for C2H2 and
C6H6. A plot 
omparing the 
ross se
tions of these pro
esses (Fig. 5) shows that C6H6 hasa residual absorption in the 220-270 nm range, where the other absorbers have no impa
t.Similarly, C2H2 absorbs weakly around 190-210 nm, where CH4 and C2H4 have negligible
ross-se
tions, and it is su�
iently more abundant than C6H6 to have some in�uen
e.Amongst the set of rea
tions, only one (CH + CH4) has a strong in�uen
e, almost at allaltitudes. This rea
tion was identi�ed in re
ent works about the bimodality in the densitypro�les of some spe
ies21 and on the e�e
t of low-T measurements on model predi
tivity.12In the latter study, it was shown that updating the rate 
onstant of this rea
tion with low-Tmeasured data22,23 had the e�e
t to get this rea
tion out of the list of key rea
tions. The16



Rea
tion 300 km 600 km 900 km 1200 km
N2 + hν 25 31 57 63
CH3 + hν 37 46 46 49
CH4 + hν 48 48 63 64
C

2
H

2
+ hν 27 11 - -

C2H4 + hν 13 35 20 18
C6H6 + hν 69 63 31 32
CH + CH4 17 30 45 42
C2H + CH4 26 13 - -
C2H + C2H6 18 12 11 11
C4H + C2H4 - 23 16 16
CH3 + CH3 17 14 - -
H + C2H5 14 14 15 15Table 2: Key rea
tions with the number of spe
ies they in�uen
e at a set of representativealtitudes. The total number of spe
ies in the model is 127. Rea
tions with at least one s
orelarger than 15 are shown; s
ores below 10 are not reported.rate 
onstants of several others rea
tions identi�ed here (C2H + CH4, C2H + C2H6, C4H +C2H6) have also been re
ently updated at low-T.24�27 The remaining un
ertainty regarding
urrently the rates of these identi�ed rea
tions, apart from some possible systemati
 e�e
ts,
on
erns mainly the nature of their produ
ts whi
h has not been investigated thoroughly untilnow, even at room temperature. Other rea
tions rates, with mu
h larger un
ertainty fa
tors,are 
urrently more in need of improved a

ura
y. It is interesting to observe that, when allun
ertainty fa
tors are �
titiously set to a minimum a
hievable value, CH + CH4 and theseother rea
tions, though to a somewhat lower extent, stand out as 
ornerstones of Titan'sphoto
hemistry. Many of both experimental and theoreti
al studies have been published inorder to investigate the rate 
onstant of the tree-body re
ombination rea
tion CH3 + CH3 (seeKlippenstein et al.28 for a quite exhaustive review). As most of the three-body re
ombinationrea
tions, very few of these studies have however been performed in 
onditions appropriate forplanetary atmospheres. Most of the rate expressions available in the literature still have to beextrapolated down to the lowest temperatures en
ountered in outer planets atmospheres. Thisever-existing s
ar
ity re�e
ts both laboratory limitations and the importan
e of this rea
tionin hydro
arbon 
ombustion 
hemistry. Likewise, there is no dire
t measurement of the rate
onstant nor of the produ
ts 
hannels of the rea
tion H + C2H5 whi
h o

urs as a se
ondarypro
ess in the 
ombustion studies of the H + C2H4 and H + C2H6 rea
tions;29 information onany temperature dependen
e at 
onditions representative of Titan's atmosphere is thus verylimited.Future photo
hemi
al models of Titan's atmosphere would thus greatly bene�t from amu
h 
loser investigation of the rea
tions identi�ed here as it would help to improve signi�-
antly their predi
tivity.4 Con
lusionSimulation of the atmospheri
 photo
hemistry of Titan by a 1D model and optimisti
allysmall un
ertainty of rea
tion rates (F = 1.1), reveal interesting features for the pre
ision of17



Figure 5: The depth of penetration of solar radiation as a fun
tion of wavelength in Titan'satmosphere. The blue solid line represents the altitude at whi
h the total opti
al depth is unityin our 1D model. Cross se
tions of main absorbers are given. N2 is mainly photodisso
iated at1000 km, CH4 at 800 km, C2H2 around 600 km, C2H4 around 400-500 km and C6H6 around200 km.
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predi
ted density pro�les. It has to be noted that these values 
orrespond to a lower limit,as un
ertainty sour
es other than 
hemi
al rates, su
h as di�usion 
oe�
ients, temperature,thermodynami
s... have not been taken into a

ount.On the positive side, all modeled spe
ies densities have un
ertainty fa
tors below F = 1.5,whi
h is a huge improvement in 
omparison to the present state of a�airs. On a more pes-simisti
 side, we have observed a linear in
rease of F with mole
ular mass of about 10% peradditional 
arbon atom for the three major hydro
arbon families. This questions the possibil-ity to a
hieve predi
tive detailed models of mole
ular 
omplexi�
ation for these spe
ies. Other
hemi
al families present milder un
ertainty in
rease with mass. We have still to elu
idatethe origins of these regular patterns in terms of rea
tions network stru
ture.Keeping in mind that the present model, as all photo
hemi
al models of Titan's at-mosphere, is not 
omplete, the present simulations help to de�ne limits to the predi
tiv-ity/interpretation level of su
h models. To be deemed signi�
ant, any relative variation of themole fra
tion of a 
ompound should be larger than the relative un
ertainty due to photo
hem-istry. For a given spe
ies, let's say C3H8 (F ≃ 1.2), a photo
hemi
al model would therefore notenable us to identify the origin of temporal/latitudinal/longitudinal mole fra
tion variationssmaller than 20%. Similarly, an additional pro
ess introdu
ed in the model should indu
ea 
hange in mole fra
tion of C3H8 larger than 20% to be 
onsidered as important for thisspe
ies. This statisti
al 
on
ept has been used by Carras
o et al.19 to redu
e the ion-mole
ulerea
tion set for Titan's ionosphere.An interesting out
ome of this study is that the initial pro
esses (e.g. photodisso
iation)are always important into unimole
ular rea
tion 
hains; intermediate rea
tions leading to aprodu
t 
an often be negle
ted, meaning that they play no role in the stationary 
on
entrationof spe
ies further in the 
hain. This sheds some light on the key role of photodisso
iationsrevealed by previous sensitivity analysis of this system, in apparent 
ontradi
tion with the fa
tthat photodisso
iation rates have modest un
ertainty fa
tors (typi
ally estimated to F = 1.5)when 
ompared to many neutral-neutral rea
tion rates.12 Of 
ourse, Titan's atmospheri

hemistry 
annot be redu
ed to a unimole
ular rea
tions network, and bimole
ular rea
tionsplay a major role on the observed un
ertainty fa
tors of a number of spe
ies. It is di�
ult topredi
t the amplitude of their e�e
t, be
ause it depends strongly on the level of 
orrelationbetween the rea
tants densities. A 
onsequen
e is that it is pra
ti
ally impossible to as
ertainbeforehand the e�e
t of the addition of new rea
tions into the model on the un
ertainty fa
torsof most spe
ies densities. Un
ertainty propagation remains a ne
essary tool to solve this kindof question.Sensitivity analysis enabled us to identify a list of rea
tions (Table 2), whi
h 
omes as a
omplement to the list previously published by Hébrard et al.12 The latter list de�nes keyrea
tions, for whi
h a more a

urate estimation of low-T rate 
onstants and bran
hing ratioswould impa
t signi�
antly the pre
ision of predi
tions with the present photo
hemi
al models;we would assign them highest priority for the improvement of model predi
tivity. The newlist highlights a 
ore of in�uential rea
tions, whi
h would appear ultimately as key rea
tions(i.e. when all the rea
tion rates will be known at low-T with a pre
ision better than 10% andif the rea
tion network does not undergo drasti
 modi�
ations). From our pre
ision-orientedpoint of view, these rea
tions are of lower priority, but the a

urate determination of theirlow-T rate 
onstants and bran
hing ratios is nevertheless a safe investment for the future ofTitan's photo
hemi
al modeling. 19
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