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a b s t r a c t

A new wavelength-dependent model for CH4 photolysis branching ratios is proposed, based on the values
measured recently by Gans et al. (Gans, B. et al. [2011]. Phys. Chem. Chem. Phys. 13, 8140–8152). We
quantify the impact of this representation on the predictions of a photochemical model of Titan’s atmo-
sphere, on their precision, and compare to earlier representations. Although the observed effects on the
mole fraction of the species are small (never larger than 50%), it is possible to draw some recommenda-
tions for further studies: (i) the Ly-a branching ratios of Wang et al. (Wang, J.H. et al. [2000]. J. Chem.
Phys. 113, 4146–4152) used in recent models overestimate the CH2:CH3 ratio, a factor to which a lot
of species are sensitive; (ii) the description of out-of-Ly-a branching ratios by the ‘‘100% CH3’’ scenario
has to be avoided, as it can bias significantly the mole fractions of some important species (C3H8); and
(iii) complementary experimental data in the 130–140 nm range would be useful to constrain the models
in the Ly-a deprived 500–700 km altitude range.

� 2012 Elsevier Inc. All rights reserved.

1. Introduction

Titan, the largest satellite in the kronian system, has a massive
atmosphere of 1.5 bar at the surface, extending up to about
1500 km of altitude. Methane is its second most abundant constit-
uent after nitrogen and participates for about 2–10% of the total
composition depending on the altitude (Hébrard et al., 2007).

With such a massive and extended atmosphere, the radiative
budget of Titan’s atmosphere is complex, controlled by a progres-
sive and selective absorption of the solar spectrum from the top
of the atmosphere down to the surface by nitrogen and methane,
but also by minor compounds produced by atmospheric photo-
chemistry. Actually the combined photochemistry coupling nitro-
gen and methane systems leads to the production of heavier
volatile organic species, but also to nitrogen-rich solid organic
aerosols with a strong prebiotic interest starting from the upper
layers of Titan’s atmosphere (Waite et al., 2007).

The photolysis of methane is one of the central primary pro-
cesses initiating the unique radical and ion chemistry network of
‘‘Titan’s organic factory’’ (Atreya, 2007). Its influence on Titan’s
atmospheric chemical species has been quantified in the global
sensitivity study led in Hébrard et al. (2009). This work shows that

methane photolysis is a key process at altitudes as low as 600 km,
with an increasing weight in the upper atmosphere.

Methane photolysis in the upper layers of the atmosphere is
mainly driven by the Ly-a wavelength (121.6 nm), for which
experimental fragmentation probabilities are available. However,
this predominance disappears below �700 km, and the evolution
of the methane fragmentation pattern with wavelength can affect
the photochemistry occurring at various altitudes in Titan’s atmo-
sphere. The variation of the branching ratios among the products of
methane photolysis at other wavelengths than Ly-a is mostly
unexplored, and recent results by Gans et al. (2011) shed a new
light on this topic.

To assess the influence of the values of these branching ratios in
a photochemical model of Titan’s atmosphere, a local sensitivity
study was performed by Wilson and Atreya (2000) for hydrocarbon
species. Varying methane photodissociation branching ratios
sequentially at Ly-a and in the rest of the spectral range, they
found a significant effect of the Ly-a branching ratios for heavier
species (containing more than two carbon atoms). But, the effect
of non-Ly-a branching ratios was found to be small, modifying at
most C2H6 density by 65%. In this study however, Ly-a remains
the main contribution to methane photolysis down to 600 km.

The aim of the present article is to quantify the impact of the
new measurements of methane photolysis branching ratios by
Gans et al. (2011) on the predictions of a photochemical model
of Titan’s atmosphere, and on their precision. In the next section,
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we review the existing experimental data on the VUV fragmenta-
tion of methane, their implementation in recent photochemical
models, and the expected contribution of non-Ly-a wavelengths
to Titan’s photochemistry. In Section 3, we develop a wave-
length-dependent model for methane photolysis branching ratios,
building on recent developments in the probabilistic representa-
tion of uncertain branching ratios (Plessis et al., 2010, 2011). This
model is then implemented in a 1D photochemical model of Titan’s
atmosphere and used for a comparison of the predicted densities of
minor chemicals with those produced by the dichotomous Ly-a/
non-Ly-a representation. The results are presented and discussed
in Section 4. We conclude by providing insights for the impact of
the present wavelength-dependent model in other, non-Ly-a dom-
inated, radiation fields (synchrotron, intergalactic, etc.). Motivated
data needs for Titan’s atmosphere modeling are also presented.

2. VUV photolysis of methane: data and models

We review in this section the existing data on the photodissoci-
ation of methane on the experimental side, notably recent data for
a non-Ly-a wavelength. Next, we consider the status of the imple-
mentation of the photolysis branching ratios data in photochemi-
cal models of Titan’s upper atmosphere.

2.1. Review of the experimental and theoretical data

Photodissociation of methane has long provided serious chal-
lenges both to theory and experiments. One of the first factors
which make the quantitative description of methane photolysis
challenging is that several energetically allowed fragmentation
channels are open, following excitation at the VUV wavelengths.
The seven spin-allowed and thermodynamically-open dissociation
channels at the Ly-a wavelength (k = 121.6 nm = 10.2 eV) are listed
in Table 1.

On the experimental side, the challenge comes from the diffi-
culty of quantitatively probing the fragments such as CH2 and
CH3. If we consider only collision-free experimental studies on
the photodissociation of methane, several earlier studies have been
performed, particularly at Ly-a, all of them being mainly focused
on the H atom fragment detection. Mordaunt et al. (1993) esti-
mated the quantum yield for the H atom, U(H) = 1.0 ± 0.5. Soon
after, Brownsword et al. (1997) reinvestigated the Ly-a photolysis
of methane and found a much smaller value for the H quantum
yield, U(H) = 0.47 ± 0.11. The H/D atom kinetic energy distribution
after photodissociation of methane and its deuterated isotopomers,
was revisited by Wang and Liu (1998) and Wang et al. (2000). A
more recent work on the H atom detection by laser induced fluo-
rescence led to a still different value for the H atom quantum yield
(U(H) = 0.31 ± 0.05) (Park et al., 2008), which did not help to clarify
the landscape of methane photolysis. Lately, Zhang et al. (2010)

performed high resolution H atom Rydberg tagging time-of-flight
spectra following the photolysis of methane at wavelengths be-
tween 128 and 130 nm. They interpreted their data by inferring
very highly rotationally excited CH3 fragments. Nevertheless, their
fragment internal energy analysis in terms of pure rotational exci-
tation is questionable and should deserve a more careful simula-
tion of the internal energy distribution.

On the theoretical side, a complete quantitative description
would imply to follow the seven aforementioned channels through
adiabatic and non-adiabatic trajectories on the 9-dimensional po-
tential energy surfaces (PES). Unfortunately, these calculations
have not been performed yet. MRCI and EOM-CCSD approaches
were used by Mebel et al. (1997) and gave the first evidence of lo-
cal minima in the S1 first excited surface of the 3s 1T2 state of CH4.
This work was completed by ab initio calculations performed by
Cook et al. (2001), who studied other regions of this S1 surface
but none of these studies could extract possible pathways, either
adiabatic or non-adiabatic, leading to methane dissociation. Later,
Van Harrevelt (2006) presented a study based on MR-SDCI calcula-
tions allowing to explore possible non-adiabatic pathways towards
methane dissociation. He found that some of the minima previ-
ously calculated by Mebel et al. (1997) were in fact saddle points.
He found the occurrence of conical intersection between the S1 and
the S0 surfaces which would possibly lead to the formation of
CH3(X) and CH2(a), in addition to the allowed dissociation into
CH2(X) on the S1 PES. Furthermore, he calculated the absorption
cross section by MCTDH for excitation energies between 9 and
11 eV (137.8–112.7 nm). Then, by deconvolving the calculated
absorption cross section by a semi-classical method, he could ex-
tract the contributions of the three Jahn–Teller distorted compo-
nents of the S1 state reached by VUV absorption (Van Harrevelt,
2007) (Fig. 1). The only available complete calculation of the disso-
ciation pathways, via Trajectory Surface Hopping classical trajec-
tory calculations, has been proposed by Lodriguito et al. (2009),
but with much less accurate potential energy surfaces. These
authors could derive branching ratios for methane photolysis
which, according to them, ‘‘unexpectedly’’ fitted the experimental

Table 1
New branching ratios for methane photolysis channels at 121.6 nm and 118.2 nm
with 1r standard uncertainties (Gans et al., 2011).

Dissociation
channel

Notation
in models

Branching ratio at
121.6 nm

Branching ratio at
118.2 nm

(1) CH3ðX2A002Þ þH CH3 U(1) = 0.42 ± 0.05 U(1) = 0.26 ± 0.04

(2) CH2(a1A1) + H2
1CH2 U(2) = 0.48 ± 0.05 U(2) + U(3) = 0.17 ± 0.05

(3) CH2(a1A1) + 2H U(3) � 0
(4) CH2(b1B1) + H2 – U(4) � 0a U(4) � 0a

(5) CH2(X3B1) + 2H 3CH2 U(5) = 0.03 ± 0.08 U(5) = 0.48 ± 0.06
(6) CH(X2P) + H + H2 CH U(6) = 0.071b U(6) = 0.097b

(7) C(1D) + 2H2 – U(7) = 0 ± 0.006 U(7) = 0 ± 0.006

a From Lee and Chiang (1983).
b Interpolated from Rebbert and Ausloos (1972/73).

Fig. 1. Decomposition of the methane absorption cross-section into 3 bands
according to Van Harrevelt (2007) (see text for details). This model could
qualitatively explain the measured difference between the branching ratios at
118.2 and 121.6 nm (Section 2.2), and hints at a smooth variation of branching
ratios with wavelength, as used in the proposed wavelength-dependent model
(Section 3).
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results of Wang et al. (2000) and Brownsword et al. (1997), given
the lack of accuracy of their approach.

These recent papers indicate that, although a considerable
experimental and theoretical effort has been carried out on meth-
ane photolysis over the last two decades, a large uncertainty still
remains on the products quantum yields. One of the sources of
uncertainty is related to the H atom product distribution and more
particularly to its quantum yield. Another strategy has been pro-
posed recently (Gans et al., 2010, 2011), based on the detection
of carbon-bearing fragments CH3 and CH2 as detailed below.

2.2. Measurements by Gans et al. (2011) at 121.6 nm and 118.2 nm

Recently, new measurements of methane photolysis branching
ratios have been performed at 121.6 nm and 118.2 nm by Gans
et al. (2011). This study has been focused on the major channels
leading to CH3 and CH2 radicals with careful uncertainty determi-
nation. The main results of this study are reported in Table 1. A key
finding is that these branching ratios are strongly wavelength-
dependent (Table 1, Fig. 2) which points to the need to revisit their
implementation in photochemical models.

The large difference between the branching ratios at the two
photolysis wavelengths 121.6 nm and 118.2 nm, shown in Fig. 2,
is most probably due to the complex topology of the first excited
singlet PES of methane, and can be rationalized by considering
the absorption cross section calculations by Van Harrevelt
(2007), shown in Fig. 1. Indeed, after photoexcitation of CH4, the
molecule may follow different routes towards dissociation on the
three Jahn–Teller distorted surfaces arising from the 1T2 degener-
ate excited state. The three electronic surfaces resulting from the
lift of degeneracy upon distortion of the molecule, are optically
reached via the three excitation probabilities represented by the
V1, V2 and V3 components, obtained by deconvolving the
theoretical absorption spectrum of Fig. 1 (Van Harrevelt, 2007).
These energy surfaces lead to different dissociation products either
by direct dissociation or by internal conversion towards the ground

state S0 surface, or by intersystem crossing towards a lower lying
triplet state. In Fig. 1, the probability of populating the intermedi-
ate PES (V2 component) dominates at both wavelengths,
nevertheless a drastic change occurs between the two photolysis
wavelengths on what concerns V1 and V3 components, which
might result into noticeably different dissociation dynamics and
thus different branching ratios.

Fig. 2 also reports the results of Brownsword et al. (1997) and
Wang et al. (2000), which are the most currently used in planetary
models (see Section 2.3), but which both rely on the very contro-
versial value of the H atom quantum yield. Representative samples
have been generated from the uncertainties estimated in these ref-
erences. Note that the dissociative channel leading to the CH2(X)
radical (3CH2) was completely neglected by these authors. Thus,
the corresponding branching ratio is set to zero without dispersion.

2.3. Implementation of VUV methane photolysis in models

Until recently, the lack of knowledge about the branching ratios
of methane photolysis at wavelengths other than Ly-a led model-
ers to treat separately Ly-a and the rest of the solar spectrum
(non-Ly-a). In the following, this approach is referred to as ‘‘dichot-
omous’’, by opposition to wavelength-continuous models.

The representations of methane branching ratios used in a set of
1D models developed to describe Titan’s photochemistry are gath-
ered in Table 2. In the following, we adopt for the fragments of CH4

the de facto standard notation in modeling literature, using the spin
state of the CH2 fragment, as given in Table 1.

Methane photolysis can lead to the production of 1CH2 with two
possible co-products: molecular hydrogen H2 or atomic hydrogen
H. As discussed in Wilson and Atreya (2009), the atmospheric im-
pact of both hydrogen forms is very different. Molecular hydrogen,
less reactive is mainly lost by thermal escape, whereas atomic
hydrogen is efficiently involved in Titan’s atmospheric chemistry.
These two pathways are therefore considered separately in models.
Nevertheless, Gans et al. (2011) showed that Wang et al. (2000)
miscalculated the partition between both pathways, and that actu-
ally the ‘‘H+H’’ pathway is negligible in comparison to the ‘‘H2’’
one. The branching ratios reported in Table 2 neglects this effect
by summing the contributions of both pathways.

Successive experimental studies modified strongly the way
methane photolysis is represented in Titan’s photochemical mod-
els through time (Table 2). Models were first driven by the work
of Mordaunt et al. (1993), predicting an almost equal distribution
between CH3 and CH fragments, without any CH2 production (nei-
ther 1CH2 nor 3CH2). Independently, Romani (1996) fitted a new
scheme from the data of Mordaunt et al. (1993) and constraints
on H2, H and CH quantum yields. The corresponding Ly-a branch-
ing ratios were in good agreement with the experimental data pub-
lished slightly later by Brownsword et al. (1997). They were used
by Wilson and Atreya (2004) and De La Haye et al. (2008). The
measurements of Wang et al. (2000) changed again drastically
the distribution among the methane fragments, showing that
CH3 had been overestimated at the detriment of CH2, and have
been used in most recent models.

Despite this updating of the branching ratios at Ly-a, the com-
mon scheme is to consider the production of a single fragment
for wavelengths out of Ly-a, generally CH3. An exception is Lebon-
nois et al. (2001), who considered the production of 1CH2. With the
data of Wang et al. (2000) placing CH2 as the major fragment at Ly-
a, this option could have become more popular, but other options
have appeared.

Since 2009, a new interest is given to methane photolysis out of
Ly-a, as can be seen in Table 2. The arbitrary rule ‘‘bCH3 ¼ 1 out of
Ly-a’’ tends to disappear in favor of a uniform extension of Ly-a
branching ratios to the whole VUV wavelength range (above 95 nm).

Fig. 2. Experimental branching ratios for CH3, 3CH2 and 1CH2 at two wavelengths
k = 118.2 nm (‘‘Gans @ 118.2 nm’’; black bullets) and k = 121.6 nm (‘‘Gans @
121.6 nm’’; red bullets), from Gans et al. (2011). Other data are representative
samples generate from Brownsword et al. (1997) (‘‘Brownsword @ 121.6 nm’’; blue
diamonds) and Wang et al. (2000) (‘‘Wang @ 121.6 nm’’; green squares). (For
interpretation of the references to color in this figure legend, the reader is referred
to the web version of this article.)
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The new data by Gans et al. (2011), displaying a remarkable
redistribution of branching ratios between 121.6 nm and
118.2 nm incited us to question these uniform extrapolations and
to design a continuous wavelength-dependent representation of
the branching ratios (see Section 3).

2.4. Contributions of Ly-a vs. non-Ly-a wavelengths to the photolysis
rate of CH4

At the outer limit of a pure CH4 atmosphere undergoing solar
irradiation, the Ly-a absorption would represent about 70% of the
full absorption, with about 20–25% of photons absorbed at smaller
wavelengths. If we account for a N2:CH4 = 0.97:0.03 mixing ratio,
the photons below 100 nm are mostly absorbed by N2, and the
importance of Ly-a for the photolysis of CH4 is notably increased,
to about 90%. The cross-sections and solar flux used to compute
these estimations are reported in Fig. 3.

To picture the situation at lower altitudes, a 1D radiative trans-
fer model can be used to compute the wavelength and altitude-
dependent photolysis rate of CH4, Jk(z). Details of the model can
be found in Peng et al. (2012). Fig. 4 shows the weighted photolysis
rates WkðzÞ ¼ JkðzÞ=JðzÞ, providing the relative contributions of dif-
ferent wavelength groups to methane destruction. Note that to en-
hance the color contrast for low values of Wk(z), we plotted a
monotonous transform of this quantity: �ln(1/Wk(z) � 1). The
top panel displays Wk(z) at the top of the atmosphere. In this re-
gion, besides the main peak around Ly-a, a weak contribution is
observed at about 95 nm, within N2 absorption range. The other
peaks should not contribute significantly. If one considers the low-
er panel of Fig. 4, one can see the evolution of Wk(z) as a function of
altitude. The Ly-a peak contributes predominantly from the top
down to 650 km, where the main absorption is shifted to 135–
145 nm, notably because of the presence of peaks in the solar flux
at 130 nm, 133 nm and 140 nm, and of the fast increase of the solar
flux in this range (Fig. 3).

Non-Ly-a wavelengths are thus expected to contribute signifi-
cantly to the fragmentation of methane below 700 km.

3. Methods and models

The previous section showed that a wavelength-dependent rep-
resentation of branching ratios is needed to account for the recent

data and the expected interest of non-Ly-a wavelengths to the
chemistry of Titan’s atmosphere. This section introduces a new,
wavelength-dependent, model for branching ratios of methane
photolysis and presents the Monte Carlo procedure used to imple-
ment this model in photochemical simulations. The 1D photo-
chemical code used in the application is also briefly introduced.

3.1. Probabilistic tree representation of sets of uncertain branching
ratios

When dealing with uncertain parameters, special attention has
to be paid to non-independent parameters, which is the case of
branching ratios. For a reaction with n product channels, the
branching ratios bi have two constraints (bi P 0 and

Pn
i¼1bi ¼ 1),

which define them as probabilities. It has been shown that enforc-
ing the sum-to-one is essential to ensure that, when estimating
uncertainties of the outputs of a chemical model, uncertainty on
branching ratios of a given reaction does not propagate to unre-
lated products (Carrasco and Pernot, 2007).

For some processes, as electron impact with ions (Plessis et al.,
2010) or photodissociation (Gans et al., 2011), the set of branching
ratios is heterogeneous, in the sense that subsets of data are de-
rived from different experimental setups. In such cases, a practical
way to impose the sum-to-one over the whole set while preserving
the statistical independence between subsets is to use probabilistic
trees (Plessis et al., 2010). A probabilistic tree is a hierarchy of
branching ratios sets, such that, at each node, contributions sum
to 1 (represented in the schemes below by a brace ’{’).

From the available information on CH4 photolysis reported in
Table 1, i.e. separate measurements for Uk(6) and the other non-
zero branching ratios, we can build a probabilistic tree accounting
for the four observed pathways

CH4 þ hmðkÞ !
!B1ðkÞ

!B11ðkÞCH3 þH

!B12ðkÞ 1CH2 þH2

!B13ðkÞ 3CH2 þ 2H

8>>><
>>>:

!B2ðkÞCHþH2 þH

8>>>>>><
>>>>>>:

ð1Þ

where the Bi(k) and Bii(k) are uncertain wavelength-dependent
probabilities such that

Table 2
Methane neutral photodissociation branching ratios, as implemented in various 1D-
models of Titan’s atmospheric chemistry. We consider only the wavelength range
above methane ionization threshold at 95 nm.

Source Ly-a Titan model Non-Ly-a

bCH3 b1CH2
b3CH2

bCH

Mordaunt
et al.
(1993)

0.49 0.00 0.00 0.51 Lara et al. (1996) bCH3 ¼ 1

Lebonnois et al.
(2001)

b1CH2
¼ 1

Romani
(1996)

0.41 0.28 0.21 0.10 Wilson and Atreya
(2004) and De La
Haye et al. (2008)

bCH3 ¼ 1

Wang
et al.
(2000)

0.29 0.64 0.00 0.07 Hébrard et al.
(2006) and Lavvas
et al. (2008)

bCH3 ¼ 1

Wilson and Atreya
(2009)

N/A

Krasnopolsky
(2009) and Lavvas
et al. (2011)

id. Ly-a

Gans et al.
(2011)

0.42 0.48 0.03 0.07 This work Wavelength-
dependent
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Fig. 3. Representative VUV radiation fields: (blue/full) solar; (blue/dash) synchro-
tron DISCO line at SOLEIL (Giuliani et al., 2009); and (blue/dot-dash) Draine’s
average galactic (van Dishoeck and Black, 1982)) and photoabsorption cross-section
for N2 (red/dash) and CH4 (red/full). (For interpretation of the references to color in
this figure legend, the reader is referred to the web version of this article.)
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B1ðkÞ � B11ðkÞ ¼ Ukð1Þ
B1ðkÞ � B12ðkÞ ¼ Ukð2Þ þUkð3Þ
B1ðkÞ � B13ðkÞ ¼ Ukð5Þ ð2Þ
B2ðkÞ ¼ Ukð6Þ
B1ðkÞ þ B2ðkÞ ¼ 1
B11ðkÞ þ B12ðkÞ þ B13ðkÞ ¼ 1

Note that Mebel et al. (1997) report that the 1CH2 + 2H is open
below 121.3 nm. This channel was neglected in our wavelength-
dependent scheme. Also, for wavelengths below the ionization
threshold of methane (k ’ 80 nm), this tree should be nested inside
a tree accounting for the branching between ions and neutral prod-
ucts, derived from separate measurements of the total absorption
cross section and the ionization cross-section

CH4 þ hmðkÞ !
!I1ðkÞ !B1ðkÞ

!B11ðkÞCH3 þH

!B12ðkÞ 1CH2 þH2

!B13ðkÞ 3CH2 þ 2H

8>>><
>>>:

!B2ðkÞCHþH2 þH

8>>>>>><
>>>>>>:

!I2ðkÞ ions . . .

8>>>>>>>>><
>>>>>>>>>:

ð3Þ

In the present study, we use a neutral photochemistry model
and consider as a first approximation that the short wavelength
VUV photons are predominantly absorbed by N2. The following
developments are thus based on Scheme (Eq. (1)), mostly valid

between 100 and 140 nm. Scheme (Eq. (3)) should be considered
for other environments, where CH4 significantly absorbs short
wavelength VUV photons, such as the interstellar medium or syn-
chrotron experiments. Note that this scheme should also be up-
dated to accommodate other possible electronic states of the
neutral fragments and/or fragmentation patterns of H2, possibly
accessible at higher energies.

3.1.1. Dirichlet-type probability density functions for uncertain
branching ratios

To facilitate the representation of uncertain branching ratios,
Carrasco and Pernot (2007) and Plessis et al. (2010) designed a
toolbox of knowledge-adapted Dirichlet-based distributions.

In the absence of information on the branching ratios, the uni-
form distribution over the simplex (Diun) is used, which imple-
ments solely the sum-to-one and positivity constraints. When a
set of branching ratios and their uncertainty are available, one
can use a generalized Dirichlet distribution (Dirg), based on a prop-
osition by Lingwall et al. (2008). For the present study, we ob-
served that Dirg was too rigid to correctly represent the
experimental calibration datasets of Gans et al. (2011). We there-
fore introduced another generalized Dirichlet distribution, pro-
posed by Connor and Mosimann (1969) and Wong (1998, 2010),
called hereafter Dirw, and defined in Appendix A. The parameters
of the distribution are estimated by the method of moments, as de-
scribed in Appendix A. Application of this method to the experi-
mental datasets of branching ratios presented in Section 2.2

Fig. 4. Weighted photolysis rates WkðzÞ ¼ JkðzÞ=JðzÞ for CH4, showing the relative contributions of different wavelength groups to methane destruction. The colors correspond
to the values of �ln(1/Wk(z) � 1), as reported in the color scale. The green line represents the unity optical depth. The upper panel shows the profile of �ln(1/Wk(z) � 1) at the
top of the atmosphere. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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leads to the Dirw distributions reported in Table 3, at 118.2 nm and
121.6 nm.

3.2. A wavelength-dependent model of branching ratios

We apply here the original representation of uncertain branch-
ing ratios developed by Carrasco and Pernot (2007) and extended
by Plessis et al. (2010) to complex/heterogeneous sets of branching
ratios. This work is further generalized here to deal with wave-
length-dependent branching ratios.

As mentioned above, the branching ratios strongly differ at
121.6 nm and 118.2 nm. Unfortunately, with the lack of reliable
measurements of a complete set of branching ratios at other
wavelengths, we can only extrapolate the evolution of these
branching ratios between 100 nm (where N2 starts to be the ma-
jor absorbing species) and 140 nm (the absorption threshold of
methane).

Previous studies (Zhang et al., 2010; Van Harrevelt, 2006) have
shown that a conical intersection between two potential energy
surfaces in the molecule could be responsible of dramatic changes
in the photodissociation dynamics. In this case, the evolution of the
branching ratios could exhibit some local drastic changes in such a
way that extrapolation from the available sets of branching ratios
at 121.6 nm and 118.2 nm is questionable. On the other hand,
Lee and Chiang (1983) have measured the fluorescence yield of
CH2(b) produced by methane photolysis in the wavelength range
between 106 nm and 142 nm. This measurement allowed them
to deduce the branching ratio of the corresponding channel (Chan-
nel (4), Table 1). Their study presents a smooth increase of the
branching ratio when the wavelength decreases from 142 nm to
102 nm. Although this channel is negligible when compared to
the others (Table 2; Gans et al., 2011), one could assume that a
same kind of ‘‘smooth variation’’ can be expected for the other pho-
todissociation channels.

These considerations were used to design an interpolation mod-
el of the branching ratios outside of the experimental measure-
ments at 118.2 and 121.6 nm, by incorporating as many other
constraints as possible.

3.2.1. Available data/constraints
We present here all the data and constraints which were used in

the design of the wavelength-dependent branching ratios model. A
summary is provided in Table 3.

� The values and uncertainty for bCH at �106 and 123.6 nm are
obtained from Rebbert and Ausloos (1972/73), which report
bCH = 0.059 ± 0.005 at k = 123.6 nm and bCH = 0.23 ± 0.03 at
k = 104.8 � 106.7 nm. These data are used to build the normal
distributions reported in Table 3.
� The thermodynamic threshold of the CH pathway is 136.9 nm

(Mebel et al., 1997), where we assume that bCH is null. Similarly,
the threshold for 3CH2 is 135.6 nm, from which upwards we
impose B13 = 0. In practice, this branching ratio vanishes above
128 nm, and we do not have to use the constraint in the
algorithm.
� The distributions for {B11,B12,B13} at 121.6 and 118.2 nm have

been designed from the experimental data of Gans et al.
(2011), by the method of moments as described in
Section 3.1.1.
� To account for the absence of knowledge for {B11,B12,B13}, we

impose random constraints at the limits of the wavelength grid
of interest through uniform Dirichlet distributions (Diun):
– for 1CH2 and CH3 at 140 nm (below the thermodynamic

threshold of 3CH2): {B11,B12} � Diun(2);
– for 1CH2, 3CH2 and CH3 at 100 nm: {B11,B12,B13} � Diun(3).

3.2.2. The interpolation model
In order to get a smooth model respecting all the above con-

straints, we chose to use polynomial functions, designed in order
to respect the structure/independence of the data sets. For the
probabilistic tree (Eq. (1)), the branching ratios at the two levels,
{Bi} and {B1i} are treated separately and finally combined using
Eq. (2). For each level, one performs a five-stages process:

1. generate random sets of data by sampling the stochastic con-
straints in Table 3;

2. transform these to logratios (see Appendix B);
3. perform a polynomial interpolation (degree depending on num-

ber of data);
4. generate the values of the polynomial regression on the target

wavelength grid;
5. back-transform the results from logratios to branching ratios.

To enforce the geometrical constrains on branching ratios at all
wavelengths, we transform the data to the space of logratios
(Aitchison, 1986), perform the interpolation in this space and
transform the results back to the branching ratios space. The full
algorithm is detailed in Appendix B.

This model assumes that the representative samples of the
experimental data are uncorrelated. A set of curves generated from
this model is displayed in Fig. 5. One can see that the specified con-
straints (experimental data, thresholds and boundary conditions)
are properly accounted for by our construction method. Although
it is not visible in this representation, for each element of the sam-
ple, the branching ratio curves form quadruplets with unit sum at
all wavelengths.

3.2.3. Implementation
The wavelength-dependent model presented above encom-

passes the large uncertainty on branching ratios in most wave-
length regions. It is inherently stochastic and has to be treated
accordingly. In this study, we used a Monte Carlo procedure to
implement the branching ratios model, in which we generate a
representative sample of the bi(k) curves (Fig. 5) and perform one
run of the photochemical model for each element of this sample.
The density profiles of all species (the outputs of the photochemi-
cal model) for each run are stored and used for statistical analysis.
The whole procedure is similar to the one used for uncertainty
propagation and sensitivity analysis by Carrasco and Pernot
(2007), Carrasco et al. (2008), Plessis et al. (2010, 2012) to deal
with non-wavelength-dependent branching ratios, or by other
authors to deal with uncertain rate constants in atmospheric
chemistry (Dobrijevic and Parisot, 1998; Thompson and Stewart,
1991; Dobrijevic et al., 2003, 2008, 2010; Hébrard et al., 2006,
2007, 2009; Carrasco et al., 2007; Peng et al., 2010, 2012).

Table 3
Constraints on the wavelength-dependent probabilistic tree model of CH4 photolysis
branching ratios. Diun(k) is the uniform Dirichlet distribution over the k-simplex;
Dirw(a1,a2; b1,b2) is the generalized Dirichlet distribution for three branching ratios
(see Appendix A) and N(l,r) is the normal distribution with mean l and standard
deviation r.

k/nm Constraints on the branching ratios Origin

100.0 {B11,B12,B13} � Diun(3) No data
106.0 B2 � N(0.23,0.03) Exp. data
118.2 {B11,B12,B13} � Dirw(48.80,7.76; 118.76,19.21) Exp. data
121.6 {B11,B12,B13} � Dirw(66.26,13.05; 84.39,1.89) Exp. data
123.6 B2 � N(0.059,0.005) Exp. data
135.6 B13 = 0 Thermo. threshold
136.9 B2 = 0 Thermo. threshold
140.0 {B11,B12} � Diun(2) No data
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Our purpose being to observe the effects of the representation
of branching ratios for non-Ly-a wavelengths, all the other uncer-
tain parameters of the model were fixed at their nominal value.
This partial uncertainty propagation ignores possible interactions
between branching ratios and uncertain reaction rates. The impact
of this restriction will be discussed below.

3.3. 1D IPSL photochemical model

The IPSL05 1-dimensional model has been first developed by
Toublanc et al. (1995). It was built to go from the surface up to
1300 km altitude. It computes photochemical sources and sinks
for hydrocarbons and nitriles. It includes molecular diffusion in
N2, as well as eddy diffusion. CH4 and N2 abundances are fixed at
the surface, while for all other compounds, no surface exchanges
are allowed. Condensation is taken into account. At the upper
boundary, Jean’s escape is computed for atomic and molecular
hydrogen (see also the specific study on hydrogen budget:
(Lebonnois et al., 2003)). A flux of nitrogen atoms is also included,
to take into account the dissociation of N2 occurring above the
upper limit of the model. An additional flux of atomic nitrogen
may also be taken into account due to dissociation of N2 by galactic
cosmic rays, following the dissociation profile used by Lara et al.
(1996). Photochemistry of benzene was also added after a
specific study, including comparison with Jupiter’s photochemistry
(Lebonnois, 2005).

The present photochemical dataset is based on the work of
Hébrard et al. (2006). It contains 543 reactions involving 56 chem-
ical species (hydrocarbons and N-bearing species). The code has
been modified for the present study in order to deal with wave-
length-dependent branching ratios for methane and to implement
the Monte Carlo procedure.

4. Application to the photochemistry of Titan

A sample of 60 random values of the branching ratios was gen-
erated from the above described model and used to run the photo-
chemistry code, which represents 1 day of computer time per
model on a tabletop computer. This sample size was deemed suffi-
cient to display the effects of interest in this study.

4.1. Branching ratios scenarii

Three scenarii were considered in order to estimate the effects
of non-Ly-a branching ratios on the predictions of the photochem-
ical model:

� Scenario 1 implements the dichotomous model commonly
found in Titan’s photochemical models, i.e. the values of the
branching ratios at Ly-a are taken from our reference sample,
and the values of the branching ratios for the other wavelengths
are fixed at

fbCH3 ; b3CH2
; b1CH2

; bCHgk–121:6 ¼ f1;0;0;0g;

� Scenario 2 uses the full wavelength-dependent branching ratio
curves (Fig. 5);
� Scenario 3 is based on Scenario 2, but aggregates the two elec-

tronic states of CH2 and considers only the production of the
excited state, i.e. b1CH2

ðScenario 3Þ ¼ b3CH2
þ b1CH2

(Scenario 2).
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Fig. 5. Sample of simulated wavelength-dependent branching ratios: (black) bCH3 ; (red) b1 CH2
; (blue) b3 CH2

; (green) bCH. The experimental data are represented as yellow
bullets with 1r uncertainty bars. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

Table 4
Mean mixing ratio �y and uncertainty factor Fy of selected species for the three
scenarii. All values are estimated at 960 km, where CH3 has its maximal uncertainty
factor in Scenario 2.

Species Scenario 1 Scenario 2 Scenario 3

�y Fy �y Fy �y Fy

H 5.45e�04 1.03 5.04e�04 1.07 4.50e�04 1.09
3CH2 1.11e�07 1.04 1.27e�07 1.11 1.47e�07 1.15
CH3 2.50e�05 1.09 1.18e�05 1.28 1.20e�05 1.37
C2H2 2.24e�04 1.00 2.30e�04 1.01 2.30e�04 1.01
C2H4 3.21e�04 1.01 3.37e�04 1.02 3.40e�04 1.02
C2H6 2.22e�05 1.02 1.90e�05 1.04 1.96e�05 1.05
C3H4 3.22e�05 1.01 3.36e�05 1.02 3.39e�05 1.02
C3H8 3.88e�08 1.02 3.31e�08 1.03 3.50e�08 1.04
C4H8 1.41e�08 1.00 1.39e�08 1.03 1.49e�08 1.03
C4H10 2.45e�09 1.01 2.62e�09 1.03 2.65e�09 1.04
C6H6 5.57e�07 1.02 6.22e�07 1.06 6.59e�07 1.08
HCN 2.65e�04 1.01 2.51e�04 1.02 2.50e�04 1.03
C2N2 1.05e�06 1.05 1.52e�06 1.11 1.50e�06 1.14
HC2N2 3.57e�14 1.06 5.35e�14 1.14 5.46e�14 1.18
C2N 8.53e�11 1.07 5.15e�11 1.23 4.77e�11 1.30
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Fig. 6. Mean (full) and 95% confidence intervals (dashes) of altitude-dependent mixing ratios for a set of representative minor species in the upper atmosphere (800–
1200 km): (blue) Scenario 1, implementing a fixed value of the branching ratios at non-Ly-a wavelengths ðbCH3 ¼ 1Þ; (red) Scenario 2, implementing the new wavelength-
dependent branching ratios model; (green) Scenario 3, with b1 CH2

ðScenario 3Þ ¼ b3 CH2
þ b1 CH2

(Scenario 2). (For interpretation of the references to color in this figure legend,
the reader is referred to the web version of this article.)
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The comparison of Scenarii 1 and 2, differing only in the repre-
sentation of the branching ratios at non-Ly-a wavelengths, should
enable to estimate the impact of the non-Ly-a photolysis on the

production of minor species and on the corresponding prediction
uncertainty. The comparison of Scenarii 2 and 3 is designed to eval-
uate the importance of discriminating the production pathways of

Fig. 7. Same as Fig. 6, with the focus on the 400–800 km range.
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the CH2 singlet and triplet states in Titan’s atmosphere, knowing
that the singlet state should be efficiently quenched by N2 (Wilson
and Atreya, 2000).

For each Monte Carlo run, the mixing ratios of all species in the
model were stored, and analyzed a posteriori to get, for each spe-
cies, the mean value ð�yÞ and standard uncertainty factor
(Fy ¼ 10rðlog yÞÞ, where r(logy) is the standard deviation of the
log of the mixing ratio y (Table 4). Note that the relative uncer-
tainty is related to the uncertainty factor by rðyÞ=�y ’ Fy � 1.

Figs. 6 and 7 present, for the three scenarii, the mean values and
95% confidence intervals �y=F2

y ; �y� F2
y

h i
for a set of representative

species.
If one considers Scenario 1, most species display a very weak

sensitivity to the uncertainty in the Ly-a branching ratios. If one
estimates the relative uncertainty on the branching ratios to be
about 10%, many mixing ratios appear to have a lower relative
uncertainty (Table 4). For CH3, the maximal uncertainty occurs at
960 km with F ’ 1.1, i.e. a 10% relative uncertainty. For all other
hydrocarbons, the uncertainty factor remains below 1.04. On the
other hand, N-bearing species are more sensitive, although mostly
at altitudes where their mixing ratio decays rapidly. For instance,
the uncertainty on N4(S) mixing ratio reaches F = 1.4 at 800 km,
where the value is more than 100 times smaller than its maximal
mixing ratio (not shown). An exception is C2N which uncertainty
reaches F ’ 1.1 around its maximal mixing ratio at 900 km.

When relaxing the strong constraint on non-Ly-a branching ra-
tios (from Scenario 1 to Scenario 2), uncertainty factors get larger
for most species, with a notable increase for CH3 and C2N. In most
cases however, the uncertainty factor remains rather small, on the
order of a few percents (Table 4). More notably, the mean values of
some species are significantly changed, in the sense that the confi-
dence intervals issued from both scenarii do not overlap: CH2, CH3,
C2H6, C3H8, C4H8, C4H10, HCN, HC2N2, C2N, etc.

The results of Scenario 3 differ only slightly from those of Sce-
nario 2, with a notable difference in the mixing ratios of some of
the heavier hydrocarbons like C3H8, C4H8 or C6H6, which become
more abundant for an increased production of 1CH2 (Fig. 6). A cor-
relation analysis between the inputs and outputs samples points to
a pathway implying C2H5 and C3H7 radicals.

4.2. Discussion

In their local sensitivity study, Wilson and Atreya (2000) tested
four deterministic scenarii at Ly-a, based on propositions of
Mordaunt et al. (1993) (2 scenarii), Romani (1996) and Smith
and Raulin (1999). They observed only minor effects for the smaller
hydrocarbons, but major variations for the C3 species present in
their model (C3H4 and C3H6). In consequence, they retained the
nominal scheme of Romani (1996) which provides intermediate
results. Note that this scheme is very close at Ly-a to the branching
ratios of Gans et al. (2011) implemented in our study, except for
the partition between 1CH2 and 3CH2. They complemented their
exploration by comparing three schemes out of Ly-a, with a vary-
ing balance between CH3 and 1CH2, from which they observed only
minor effects, the largest being a 65% variation in C2H6 abundance.

The present study differs from this previous works on a few
main points: (i) the chemical model of Hébrard et al. (2006) in-
cludes larger hydrocarbons and N-bearing species; (ii) we adopt
a probabilistic method in which many schemes are covered by
uncertainty modeling; and (iii) we adopt a continuous, wave-
length-dependent model of branching ratios accounting for all re-
cent measurements (Scenario 2) and compare it to the commonly
used ‘‘100% CH3’’ out-of-Ly-a scheme (Scenario 1).

We observe for each scenario that the uncertainty in the
branching ratios accounted for by our model (about 10%, see
Table 1) results in very small prediction uncertainties for most

stable hydrocarbons (about 1–4%, see Table 4). Therefore, in agree-
ment with Wilson and Atreya (2000), we observe only weak effects
of branching ratios on the smaller hydrocarbons, but also on the
heavier ones. By contrast, more notable uncertainties are obtained
for N-bearing species, of same order as those of CH3 or CH2. This

Fig. 8. Sensitivity analysis of the CH4 branching ratios. (Top/orange) histograms of
the linear input/output correlation coefficients, where the inputs are the branching
ratios of the Scenario 2 sample at Ly-a, and the outputs are the log mole fractions of
all 56 neutral species at 960 km. (Bottom/cyan) same as above, but for a wavelength
of 140 nm and mole fractions at 600 km. (For interpretation of the references to
color in this figure legend, the reader is referred to the web version of this article.)
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sensitivity might be explained by the present sparsity of the chem-
ical scheme for these species. A similar effect was observed for the
C3 species by Wilson and Atreya (2000), as they were terminal spe-
cies (sinks) in their chemical scheme. The more complete hydro-
carbons model of Hébrard et al. (2006) partially annihilates this
effect on the C3 species.

4.2.1. Effect of CH2 singlet/triplet partition
A notable difference between the branching ratios at Ly-a of

Romani (1996) and Gans et al. (2011) is the proportion between the
electronic states of CH2. Considering the small difference between
Scenario 2 (1CH2:3CH2 = 0.48:0.03) and Scenario 3 (0.51:0.00), the
observed variations for some species, such as C3H8 or C4H8, reveal
a marked sensitivity of those species. Nevertheless, this remains a
second order effect in comparison with the CH2:CH3 partition.

4.2.2. Effect of the CH2:CH3 partition
To evaluate the importance of the CH4 photofragments for the

subsequent chemistry, we calculated the linear correlation coeffi-
cients between the inputs (branching ratios) and outputs (mole
fractions) and summarized them as histograms (Fig. 8). The more
influential branching ratios are expected to display larger values
of the correlation coefficients, independently of their magnitude
(Plessis et al., 2012). This was done for two altitudes: 960 km,
and a lower altitude (600 km) where Ly-a has been fully absorbed.

At both altitudes, the branching ratios for 1CH2 and CH3 have
markedly large correlation coefficients with most species (typically
above 0.5 in absolute value), which is not the case for the other
branching ratios. As stated above, the partition amongst electronic
states of CH2 is secondary. Similarly, considering the histogram of
input/outputs correlation coefficients in Fig. 8, bCH does not have a

notable influence on any specific species (all correlation coeffi-
cients close to 0). This points out the importance of the accuracy
of the CH2:CH3 partition in the photolysis of CH4 for the precision
of model predictions.

4.2.3. Comparison with the global chemical uncertainty
The previous simulations have shown the impact of various rep-

resentations of the methane photolysis branching ratios on the
mixing ratios of minor species, notably that wavelength-depen-
dent representations of branching ratios out-of-Ly-a (Scenarii 2
and 3) predict mixing ratio profiles that differ significantly from
the ‘‘100% CH3’’ out-of-Ly-a scheme (Scenario 1).

For a better legibility, we had fixed all other chemical parame-
ters to their nominal value. It is important to recast this study in
the more global context, where the uncertainty of all chemical
parameters is accounted for. To do this we compared the 95% con-
fidence intervals (CIs) obtained in the present study to those pre-
dicted by Hébrard et al. (2009). The latter CIs were obtained by
applying the altitude-dependent uncertainty factors of Hébrard
et al. (2009) to the mean curves of the present study. As shown
in Fig. 9, the effect is large enough to justify this approximate CI
evaluation: for all species, the inter-scenarii difference is much
smaller than the overall uncertainty. Even for CH3, the present le-
vel of accuracy on the branching ratios is sufficient to conclude that
other chemical parameters are responsible for its mixing ratio
uncertainty in Titan’s atmosphere.

There remains the possibility of interactions between uncertain
branching ratios and uncertain rate constants. The study of
Hébrard et al. (2009) makes use of the Scenario 1 and therefore in-
cludes such interactions, albeit restricted to the Ly-a wavelength.
Considering the very large prediction uncertainty of the model

Fig. 9. Same as Fig. 6 for a subset of the species, with (dash-dot) limit profiles of 95% (2r) confidence interval (CI), obtained when considering all uncertain chemical and
photochemical rate constants (Hébrard et al., 2009).
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accounting for all chemical uncertainty sources in Titan atmo-
spheric chemistry, it is unlikely that the small contribution of
out-of-Ly-a branching ratios evidenced here could contribute sig-
nificantly to major modifications of the mean mixing ratios, nor
to an overall increase of the prediction uncertainty. Nevertheless,
this might become a key factor when other uncertainty sources
(the key reactions identified by Hébrard et al. (2009)) will have
been better constrained.

At this date, we consider that there is very little to be gained in
overall precision for Titan models by refining the present CH4

branching ratios data. One has however to keep in mind that the
situation might be completely different in other irradiation condi-
tions, such as in synchrotron-coupled reactors or in the interstellar
medium (Fig. 3), where Ly-a is not necessarily so dominant. In this
perspective, additional measurements at wavelengths between
121.6 and 140 nm would be most welcomed.

5. Conclusion

In the present study, we built a wavelength-dependent branch-
ing ratios description for the photolysis of CH4 in a photochemical
model of Titan. It was shown that the model is mainly sensitive to
the CH2/CH3 ratio, and that a slight bias is introduced in the models
when neglecting the electronic state description of CH2.

Methane photolysis is mainly driven by Lyman-a wavelength,
and the corresponding branching ratios have been updated in de-
tail in the study of Gans et al. (2011). They found values in agree-
ment with the previous experimental based determinations of
Romani (1996) and Brownsword et al. (1997), i.e. a rather balanced
production of CH3 and CH2 radicals. Those ratios were imple-
mented in the Titan’s photochemical models of Wilson and Atreya
(2004) and in De La Haye et al. (2008) and Bell et al. (2010). On the
other hand, several models used the experimental values of Wang
et al. (2000) to describe methane photolysis branching ratios at Ly-
a: those should be updated, because the production of CH2 radicals
is significantly higher in the determination of Wang and cowork-
ers, which could lead to an overestimation of the CH2 chemistry
chain.

We have also shown some significant contributions of non-Ly-a
wavelengths (in particular in the 130–140 nm range) to the meth-
ane photolysis budget at altitudes between 400 and 700 km. This
highlights a need of accurate ab initio calculations and/or extended
non-Ly-a branching ratios measurements in the 130–140 nm
wavelength range. Moreover, the 500–700 km altitude range corre-
sponds to an unprobed atmospheric layer, either by the Cassini
instruments or by remote sensing. Indeed the in situ instruments
explore Titan’s atmosphere down to 900 km, whereas remote sens-
ing instruments probe the atmosphere up to 500 km (Brown et al.,
2009). The so-called ‘‘nodatasphere’’ between 500 and 900 km can
presently only be studied by photochemical models, except for a
single measurement during the descent of the Huygens probe in
2005. This change of photolysis regime around 650 km shows the
necessity of models to understand the photochemistry in this re-
gion. Without any study yet on the branching ratios at 130–
140 nm wavelength range, those have to be extrapolated in the
models. Two simple extrapolation patterns were found in the liter-
ature: a ‘‘100% CH3’’ scenario, and a Ly-a-like scenario. These arbi-
trary scenarii were compared to our wavelength-dependent one.
The ‘‘100% CH3’’ scenario positively bias the major saturated hydro-
carbons density profiles (such as ethane C2H6 and propane C3H8)
and should be avoided.

Finally, Ly-a is actually the predominant wavelength driving
most of the photochemistry in the Solar System atmospheres, but
it is not the case in other systems. The proper wavelength descrip-
tion of methane photolysis branching ratios developed in the

present study may also directly be used to interpret methane
photochemistry induced in lab simulations with VUV sources nec-
essarily different from the solar spectrum, or for chemical models
of the interstellar medium (van Dishoeck and Black, 1982).
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Appendix A. The Dirw generalized Dirichlet distribution

We present here the definition of this distribution, proposed by
Connor and Mosimann (1969) and Wong (1998, 2010), and the
method of moments to estimate its parameters from a sample of
branching ratios.

A.1. Definition

For a set of k + 1 variables, the probability density function for
the first k variables (X1 + X2+ � � � +Xk 6 1) depends on 2k parameters
(a1, . . . , ak,b1, . . . , bk),

f ðX1; . . . ;Xk; a1; . . . ;ak;b1; . . . ;bkÞ

¼
Yk

i¼1

Cðai þ biÞ
CðaiÞCðbiÞ

Xai�1
i ð1� X1 � � � � � XiÞci ðA:1Þ

where ci = bi � ai+1 � bi+1 for i = 1, 2, . . . , k � 1, and ck = bk � 1.
The following notation is used in the text

fX1; . . . ;Xkþ1g � Dirwða1; . . . ;ak; b1; . . . ;bkÞ: ðA:2Þ

A.2. The method of moments

The parameters (a1, . . . , ak,b1, . . . ,bk) of the Dirw distribution
can be identified with different methods: bayesian inference (Max-
imum A Posteriori estimation) (Gregory, 2005) and the method of
moments (Wong, 2010). We checked that both methods provide
similar results. We present here the faster method of moments.

By transforming the original variables X1, . . . , Xk to a new set of
variables Z1, . . . , Zk by

Z1 ¼ X1 ðA:3Þ
Zi ¼ Xi=ð1� X1 � � � � � Xi�1Þ ðA:4Þ

one obtains independent variables with Beta distribution
Zi � Beta(ai,bi) (Evans et al., 2000). The values of the parameters
can be directly obtained from samples of the transformed data by
inversion of the formulae for the mean and variance

EðZiÞ ¼
ai

ai þ bi
ðA:5Þ

VarðZiÞ ¼
aibi

ðai þ biÞ
2ð1þ ai þ biÞ

ðA:6Þ

i.e.

ai ¼ EðZiÞ2ð1� EðZiÞÞ=VarðZiÞ � 1 ðA:7Þ
bi ¼ EðZiÞð1� EðZiÞÞ2=VarðZiÞ � 1: ðA:8Þ

Appendix B. Generation of wavelength-dependent branching
ratios

Preamble. Any composition {x1, . . . , xn} with constraintPn
i¼1xi ¼ 1 can be transformed to Rn by using logratios. For

B. Gans et al. / Icarus 223 (2013) 330–343 341



Author's personal copy

instance, the centered logratio (clr) transform {z1, . . . , zn} =
clr{x1, . . . , xn} is defined by zi = ln(xi/c), where c ¼ Pn

i¼1xi
� �1=n is

the geometric mean of the composition. The inverse transform
(clrinv) is xi ¼ expðziÞ=

Pn
j¼1 expðzjÞ.

We present here the algorithm used to sample from the proba-
bilistic tree model (Eq. (1)).

1. Define the target wavelength grid {kj; j = 1, Nk}.
2. To generate a sample of branching ratios curves on this grid,

repeat the following sequence:
(a) Generate a random curve {B2(kj)}

(i) Generate a triplet of values {x(1),x(2),x(3)} at the three
reference wavelengths {105.8,123.6,136.9} by sampling
the corresponding distributions in Table 3.
(ii) Transform these values to logratios {z(1),z(2),z(3)} by
clr.
(iii) Generate the quadratic interpolation of {z(1),z(2),z(3)}
over the wavelength grid of interest {z(kj)}.

(iv) For each point of the wavelength grid, back transform
{z(kj)} to get B2(kj).

(b) Generate random curves for {B11(k),B12(k),B13(k)}
(i) Generate a quadruplet of compositions

xðiÞ1 ; x
ðiÞ
2 ; x

ðiÞ
3

n o
; i ¼ 1;4

n o
at the reference wavelengths

{110,118.2,121.6, 140}.
(ii) For each reference wavelength i transform the

composition values to logratios zðiÞ1 ; z
ðiÞ
2 ; z

ðiÞ
3

n o
¼

clr xðiÞ1 ; x
ðiÞ
2 ; x

ðiÞ
3

n o
.

(iii) For each pathway k, generate the cubic interpolation

of zð1Þk ; zð2Þk ; zð3Þk ; zð4Þk

n o
over the wavelength grid of interest

{zk(kj)}.
(iv) At each point of the target wavelength grid, back

transform the logratios

fB11ðkjÞ;B12ðkjÞ; B13ðkjÞg ¼ clrinvfz1ðkjÞ; z2ðkjÞ; z3ðkjÞg
(c) For each point of the wavelength grid, combine the values of

both levels of the tree

bCH3 ðkjÞ ¼ B11ðkjÞ � ð1� B2ðkjÞÞ
bCH2ðaÞðkjÞ ¼ B12ðkjÞ � ð1� B2ðkjÞÞ
bCH2ðXÞðkjÞ ¼ B13ðkjÞ � ð1� B2ðkjÞÞ
bCHðkjÞ ¼ B2ðkjÞ:
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