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Abstract
Benzene has recently been observed in the atmosphere of Jupiter, Saturn and also Titan. This compound is required as a precursor
for larger aromatic species (PAHs) that may be part of aerosol particles. Several photochemical models have tried to reproduce the
observed quantities of benzene in the atmospheres of Jupiter (both low- and high-latitudes regions), Saturn and Titan. In this
present work, we have conducted a sensitivity study of benzene and PAHs formation, using similar photochemical schemes both for
Titan and Jupiter (low-latitudes conditions). Two different photochemical schemes are used, for which the modeled composition
fairly agrees with observational constraints, both for Jupiter and Titan. Some disagreements are speciﬁc to each atmospheric case,
which may point to needed improvements, especially in kinetic data involved in the corresponding chemical cycles. The observed
benzene mole fraction in Titan’s stratosphere is reproduced by the model, but in the case of Jupiter, low-latitudes benzene
abundance is only 3% of the observed column density, which may indicate a possible inﬂuence of latitudinal transport, since
abundance of benzene is much higher in auroral regions. Though, the photochemical scheme of C6 compounds at temperature and
pressure conditions of planetary atmospheres is still very uncertain. Several variations are therefore done on key reactions in
benzene production. These variations show that benzene abundance is mainly sensitive to reactions that may affect the propargyl
radical. The effect of aerosol production on hydrocarbons composition is also tested, as well as possible heterogenous recombination
of atomic hydrogen in the case of Titan. PAHs are a major pathway for aerosol production in both models. The mass production
proﬁles for aerosols are discussed for both Titan and Jupiter. Total production mass ﬂuxes are roughly three times the one expected
by observational constraints in both cases. Such comparative studies are useful to bring more constraints on photochemical models.
r 2005 Elsevier Ltd. All rights reserved.
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1. Introduction
Benzene has been observed using Infrared Space
Observatory (ISO) in the atmospheres of Jupiter,
Saturn, and also Titan (Bézard et al., 2001a; Coustenis
et al., 2003). It had already been detected in Jupiter
northern polar region by IRIS/Voyager 1 (Kim et al.,
1985). Photochemical modeling of the production of this
compound is not fully understood yet. Moses et al.
(2000) included benzene formation in their photocheE-mail address: Sebastien.Lebonnois@lmd.jussieu.fr
(S. Lebonnois).
0032-0633/$ - see front matter r 2005 Elsevier Ltd. All rights reserved.
doi:10.1016/j.pss.2004.11.004

mical model of Saturn. The level they obtain compare
well with the ISO observations, though it seems to fall
short by a factor of 2. Wong et al. (2000) (revised in
Wong et al., 2003) studied benzene formation and the
formation of heavier ring compounds in the atmosphere
of Jupiter, under high-latitude conditions, with formation pathways speciﬁc to the auroral regions. In a
combined study (Friedson et al., 2002), they also
investigated the formation of aerosols in the polar
regions, based on PAHs production. This model yields a
level of benzene in the auroral region of Jupiter that is in
fairly good agreement with observations of benzene in
the polar region (Kim et al., 1985), but cannot explain
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the level of benzene observed by ISO at mid-latitudes.
For aerosol production, Wong et al. (2003) indicates
that the model can match the total aerosol loading
inferred in the auroral region ð60 NÞ by Rages et al.
(1999). Lebonnois et al. (2002) also included benzene in
their photochemical model of Titan, and used this
compound to estimate the formation of polyaromatics
hydrocarbons (PAHs). In this study, the level of benzene
in Titan’s stratosphere was several orders of magnitude
lower than the level observed by ISO, and this lead to a
negligible role of the PAH pathway in the formation of
aerosols. As we will show in this paper, the revision of
the chemical pathway that we have made now strongly
enhance the benzene level, which compares now to
observation, and consequently the PAH pathway to
form aerosols appears comparable to other pathways.
Wilson et al. (2003) studied in detail the photochemical
formation of benzene in the atmosphere of Titan. They
explored the possible formation mechanisms, taking
into account the large uncertainties due to lack of
kinetic data. The main formation of benzene comes
from recombination of propargyl radical (HC  CCH:2 ), and the chemical scheme they use can produce
40% of the benzene needed to account for ISO
observations.
The goal of this present paper is to use the same
photochemistry to study benzene and PAHs formation
in the atmospheres of both Titan and Jupiter. Based ﬁrst
on our nominal chemical scheme, we compare the
results of our models to available observations for both
atmospheres. Then we test in this context the sensitivity
to several reaction rates that inﬂuence benzene (and
PAHs) formation. We also study the inﬂuence of the
background photochemical model, using either the set
of reactions used by Lebonnois et al. (2002, 2003), or the
one used by Moses et al. (2000). This kind of
comparative study has been done by Lee et al. (2000)
to evaluate the impact on ethane and methyl abundances of uncertainties in the recombination rate of
methyl radicals, using models of Titan and of the four
giant planets. Comparative studies between atmospheres
can help to understand the photochemistry going on in
these atmospheres, and also can point the weaknesses in
photochemical models.

2. Photochemical models
2.1. Photochemical schemes
Our reference set of reactions has been used in
Lebonnois et al. (2002, 2003) for studies of the atmosphere of Titan. The reactions concerning benzene have
been revised and are presented in Table 1 (Scheme A).
For the photodissociation cross-section of benzene, we
used the data published by Suto et al. (1990). The
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photodissociation pathways are discussed in Yokoyama
et al. (1990), for wavelengths 193 and 248 nm. For many
reactions in this chemical scheme, reaction rates are
poorly known, especially for temperature and pressure
conditions of Titan or Jupiter’s atmospheres, and also
for values of low-pressure limit reaction rate k0 ; which
are missing for some reactions. For the major productions of benzene (AR9, AR11), some estimations from
previous models (Moses et al., 2000; Wilson et al., 2003)
were used, and sensitivity tested. We have assumed some
simpliﬁcations in our scheme:
 We consider that formation of aromatic C6 H4 is
equivalent to formation of phenyl (i.e. we assume its
dominant loss is the reaction C6 H4 þ H ! C6 H5 ),
and that formation of izocyclic C6 H7 is equivalent to
formation of benzene (C6 H7 ! C6 H6 þ H).
 We assume that all pathways leading to linear isomers
of C6 H6 or C6 H7 ultimately lead to cyclisation, and
therefore benzene.
The chemical scheme is therefore adapted along these
assumptions. Concerning the C6 H7 isomers, formation
of benzene along reactions AR10 and AR11
(C2 H2 þ C4 H5 ) has been discussed by Wilson et al.
(2003) according to current knowledge of these pathways, at high temperatures. The dominant product of
this reaction and the behavior of the C6 H7 isomers in
planetary atmospheres conditions are still uncertain,
and need experimental assessment in order to better
understand the role that this route may play for benzene
formation in Titan or Jupiter’s atmospheres.
Wilson et al. (2003) compared three different schemes,
some with similar simpliﬁcations, and some with a more
detailed set of compounds and reactions. The benzene
proﬁles obtained from these schemes are very close
together, suggesting that simplifying the chemical
scheme in such a manner is a good approximation.
Our scheme does not include any ions or ion-neutral
reactions. Wilson et al. (2003) also tested the possible
role of an ionic pathway for benzene production. The
conclusion seems to indicate a possible effect very high
in the atmosphere (above 10 mbar), but with no
signiﬁcant inﬂuence on the total column abundance.
As Wilson et al. (2003) emphasised, more accurate
measurements of reaction rates in the conditions of
temperature and pressure corresponding to these planetary atmospheres are crucial for several key reactions, in
order to fully assess the benzene cycle, and the role of
PAHs in the synthesis of aerosol particles.
In order to test the sensitivity of the modeled benzene
proﬁles to uncertainties in the chemical scheme, we have
chosen some variations for the reaction rates of several
reactions controlling the abundance of benzene, that will
be called ‘‘key reactions’’ in this paper. These key
reactions are the major production pathways of benzene
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Table 1
Summary of reactions concerning benzene, phenyl and C4 H5 used in scheme A. Variations used for sensitivity runs are indicated in parenthesis
Photodissociations
AR1
AR2

C6 H6 þ hn
C6 H6 þ hn

!
!

C6 H 5 þ H
CH3 þ C5 H3

Reactions
AR3
AR4
AR5
AR6
AR7

H þ C4 H4
H þ C4 H6
C2 H2 þ C2 H3
H2 þ C4 H5
H þ C6 H5 þ M

!
!
!
!
!

C4 H 5
C4 H5 þ H2
C4 H 5
C4 H 6 þ H
C6 H 6 þ M

AR8
AR9

H þ C6 H6
C3 H3 þ C3 H3 þ M

!
!

C6 H5 þ H2
C6 H 6 þ M

(A2R9

C3 H3 þ C3 H3 þ M

!

C6 H 6 þ M

(A3R9
AR10
(A4R10
AR11
(A4R11.1

C3 H3 þ C3 H3
C2 H2 þ C4 H5
C2 H2 þ C4 H5
C2 H2 þ C4 H5
C2 H2 þ C4 H5

!
!
!
!
!

C6 H 6
C6 H 6 þ H
C6 H 6 þ H
(C6 H7 !ÞC6 H6 þ H
(C6 H7 !ÞC6 H6 þ H

(A4R11.2

C2 H2 þ C4 H5

!

(n-C6 H7 !ÞC6 H6 þ H

AR12
AR13
AR14
AR15
AR16
AR17
(A5R18
(A5R19

C2 H3 þ C4 H3
C2 H3 þ C4 H5
C4 H2 þ C4 H6
C2 þ C6 H6
C2 H þ C6 H6
C2 H2 þ C6 H5
C2 H2 þ C3 H3
C2 H2 þ C3 H2

!
!
!
!
!
!
!
!

C6 H 6
C6 H6 þ H2
C6 H6 þ C2 H2
PAHsa
PAHsa
PAHsa
C4 H2 þ CH3
C4 H2 þ CH2

Branching ratios

References

0.96
0.04

Suto et al., 1992
Yokoyama et al., 1990

Rates

References

3:32  10 12
1:05  10 13 T 0:7 e 3019=T
4:16  10 19 T 1:9 e 1058=T
6:61  10 15 T 0:5 e 1864=T
k0 ¼ 1:82  1028 T 16:3 e 3526=T
k1 ¼ 1:66  10 10
4:15  10 10 e 8057=T
k0 ¼ 6:0  10 28 e1680=T
k1 ¼ 1:2  10 10
k0 ¼ 6:0  10 28 e1680=T
k1 ¼ 4:0  10 11
1:2  10 10
3:5  10 9 T 1:07 e 2417=T
3:16  10 17 T 1:47 e 2471=T
4:2  10 19 T 1:8 e 602=T
k¼ 3:3  10 29 e 740=T
k1 ¼ 3:25  10 5 T 3:35 e 2638=T
k¼ 3:3  10 29 e 740=T
k1 ¼ 1:45  10 11 T 1:27 e 1792=T
4:77  10 10 e 411=T
3:05  10 37 T 7:07 e 1817=T
8:8  10 13
5:2  10 10
8:2  10 11
3:72  10 13 e 1561=T
2:00  10 13
5:00  10 13

Schwanebeck and Warnatz, 1975
Weissman and Benson, 1988
id.
id.
Wang and Frenklach, 1997
id.
id.
Estimated (Moses et al., 2000)
Morter et al., 1994
Estimated Moses et al., 2000)
Fahr and Nayak (2000)
Morter et al., 1994)
Wang and Frenklach, 1994
Westmoreland et al., 1989)
Weissman and Benson, 1988
Estimated in Wilson et al., 2003
Westmoreland et al., 1989)
Estimated in Wilson et al., 2003
Westmoreland et al., 1989)
Duràn et al., 1988
Westmoreland et al., 1989
Arrington et al., 1998; Zwier and Allen, 1996
Reisler et al., 1980
Wang and Frenklach, 1997
Yu et al., 1994
Homann and Schweinfurth, 1981)
id.)

a
These reactions are considered as the ﬁrst steps of a more complex scheme leading to PAHs formation (see text, and Lebonnois et al. (2002) for
details).

(AR9, AR11), its photolysis scheme, and also reactions
that may affect propargyl abundance, such as reactions
A5R18 and A5R19, discussed below. These reactions
were chosen because their rates are debated among
photochemical models, but it must be kept in mind that
any process affecting C3 H3 or C4 H5 radicals may also be
a key process for benzene abundance.
The major production for benzene appears to come
from the recombination of two propargyl (HC  CCH:2 ) radicals. The reaction rate for this recombination
has been recently measured, but there is still debate since
different studies do not agree. We adopted Morter et al.
(1994) rate, which is three times higher than the rate
measured by Fahr and Nayak (2000) which was
favoured by Wilson et al. (2003). We also adopted the
same estimation as Moses et al. (2000) for the lowpressure limit ðk0 Þ of this reaction rate. Wilson et al.
(2003) also estimated this k0 in a similar way. In the A2
variation, we used the rate measured by Fahr and

Nayak (2000), still considering a three-body reaction,
and in the A3 variation, we considered only a two-body
reaction, with the rate from Morter et al. (1994).
Since there is signiﬁcant uncertainties about the
products and reaction rates of the C2 H2 þ C4 H5
reaction (AR10, AR11), we tested (in the A4 variation
simulation) another set of reaction rates (from Westmoreland et al., 1989) that was used by Wilson et al.
(2003).
Apart form the benzene scheme and its variations, a
signiﬁcant modiﬁcation has been done to our reference
set of reactions. Previously, we included two reactions
that had been suggested by Homann and Schweinfurth
(1981):
(A5R18)
(A5R19)

C3 H2 þ C2 H2 ! C4 H2 þ CH2
C3 H3 þ C2 H2 ! C4 H2 þ CH3 :

Gladstone et al. (1996)also included these reactions in
their photochemical model of Jupiter. Moses et al.
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(2000) argued against taking into account these reactions for their model of Saturn, based on thermodynamical data. They did include the ﬁrst reaction, but with
C5 H4 as product, and estimated differently the reaction
rate. Wilson et al. (2003) tested the effect of including
these reactions or not. This large propargyl sink reduced
their benzene level by a factor of 103 ; and they
concluded that this reaction inhibiting benzene formation is not likely to take place in Titan’s atmosphere. In our model, turning these reactions on or off
has also a signiﬁcant impact, on C4 H2 as well as on
benzene. In our nominal model, we decided not to
include them. We will discuss the effects of their
inclusion in Section 4.2.
We have done another small modiﬁcation to our
reference set of reactions: the photodissociation of
C4 H10 has been taken into account, using Okabe and
Becker (1963) for the absorption cross-sections and
quantum yields of the different pathways.
The set of reactions used for Saturn by Moses et al.
(2000) was also used in this study for comparison, with
few adjustments: we did not include several compounds
that were used in Moses et al. (2000) (different isomers
of C4 H6 ; C4 H8 ; C4 H9 ; C6 H; C6 H2 ; C6 H3 ; C8 H2 and
C8 H3 ) and since this scheme did not include phenyl
radical, we added several reactions concerning this
compounds. For Titan, we also completed this scheme
(that does not include any nitrogen species) with all the
reactions of Scheme A involving nitrogen compounds.
The reactions concerning benzene are shown in Table 2
(Scheme B).
In this scheme, the photodissociation pathways
for benzene are signiﬁcantly different from those used
in Scheme A. We tested the inﬂuence of this difference by replacing reactions BR1-BR4 by reactions
AR1-AR2 in the B2 variation simulation. Concerning the production of benzene, the dominant pathway is
similar in both schemes A and B, but not the C2 H2 þ
C4 H5 reaction. Therefore, we also completed the
A4 variation simulation with the B3 variation simulation, replacing reaction BR12 by reactions AR10
and AR11.

2.2. Photochemical models
The model we use for the atmosphere of Titan is a
one-dimensional model described in Lebonnois et al.
(2002, 2003), and is derived from the original model by
Toublanc et al. (1995). The proﬁle of the vertical eddy
diffusion coefﬁcient is adjusted in order to get vertical
distributions of chemical compounds that are close to
the proﬁles obtained at equator in a two-dimensional
latitude–altitude model taking into account the transport of species by the general circulation in the lower
atmosphere (below 500 km, i.e. below the 1-mbar level)
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(Lebonnois et al., 2001). We consider annual mean
equatorial conditions.
For the atmosphere of Jupiter, we use a onedimensional model very similar to the one published
by Gladstone et al. (1996), for annual mean equatorial
conditions. Since our goal is not to explore in depth the
composition of Jupiter’s atmosphere, nor to study
effects of various small details in the modeling, we
chose to adopt several approximations in order to keep
the model simple, while getting results close to those
obtained by Gladstone et al. (1996). We use the pressure
and temperature proﬁles prescribed in this model for the
North Equatorial Belt (NEB, 10 N). Altitude range
considered is
50 km ðp ¼ 5 barÞ to 600 km ðp ¼
10 6 mbarÞ; with the reference altitude level ðz ¼ 0Þ
ﬁxed at p ¼ 1 bar: The vertical eddy diffusion coefﬁcient
proﬁle is also taken for the NEB conditions: KðnÞ ¼
K H ððn HÞ=nÞg for pppT ; and KðnÞ ¼ K T for pXpT ;
where n is the density, H refers to the homopause
level (pH ¼ 0:1 mbar; K H ¼ 1:4  103 cm2 s 1 ; nH ¼ 1:4
1013 cm 3 ), T refers to the tropopause level (pT ¼
100 mbar; K T ¼ 103 cm2 s 1 ), and g ¼ 0:45: The molecular diffusion coefﬁcients are obtained with the same
formula as in Eq. (6) of Gladstone et al. (1996). Mean
molecular mass is held constant at 2.25 amu. Mixing
ratio of helium is ﬁxed to 0.11. The ultraviolet actinic
ﬂux is calculated for wavelengths between 10 and
310 nm, using simple absorption of the incident beam
in a plane-parallel atmosphere. This calculation is done
interactively with the calculation of the photochemistry.
In the same way as the Gladstone et al. (1996) model, we
neglect effects of Rayleigh and aerosols scattering, and
absorption by NH3 : These approximations induce errors
in the actinic ﬂuxes below the tropopause, so caution
should be taken with the resulting tropospheric composition. At the upper boundary, a downward ﬂux of
hydrogen atoms of 4  109 cm 2 s 1 is taken into
account. This ﬂux results from the production of atomic
hydrogen in the thermosphere by various processes
resulting from the absorption of solar EUV radiation by
H2 (Gladstone et al., 1996). At the lower boundary, the
mixing ratios of methane is ﬁxed to 2:2  10 3 : For
compounds other than molecular hydrogen, helium and
methane, the downward ﬂux is estimated in the same
way as in the Gladstone et al. (1996) model.
The production of aerosols by photochemistry is
estimated in both Titan and Jupiter’s atmospheres using
the same parameterization, as described in Lebonnois et
al. (2002).
All three pathways are used in the case of Titan:
polymers of acetylene and cyanoacetylene, polycyclic
aromatic hydrocarbons (PAHs) that may include nitrogen atoms, and polymers of nitriles (mainly HCN).
Concerning the PAHs, the initial reactions leading to the
formation of macromolecules are reactions AR15,
AR16 and AR17 for scheme A, and BR16 for scheme

ARTICLE IN PRESS
S. Lebonnois / Planetary and Space Science 53 (2005) 486–497

490
Table 2
Similar to Table 1, but for scheme B
Photodissociations

Branching ratios

Referencesa

BR1
BR2
BR3
BR4

C6 H6 þ hn
C6 H6 þ hn
C6 H6 þ hn
C6 H6 þ hn

!
!
!
!

C6 H5 þ H
3C2 H2
C2 H4 þ C4 H2
2C3 H3

0.10
0.84
0.05
0.01

Pantos et al., 1978
Malkin, 1992

(B2R1
(B2R2

C6 H6 þ hn
C6 H6 þ hn

!
!

C6 H5 þ H
CH3 þ C5 H3

0.96
0.04

Suto et al., 1992)
Yokoyama et al., 1990)

Rates

Referencesa

k0 ¼ 6:0  10 31 e1680=T
k1 ¼ 3:32  10 12
2:0  10 11
k0 ¼ 6:0  10 30 e1680=T
k1 ¼ 1:0  10 10
6:61  10 15 T 0:5 e 1864=T
3:4  10 11
k0 ¼ 7:12  10 22 e715=T ðTp200 KÞ
k0 ¼ 4:57  10 24 e2184=T ðT4200 KÞ
k1 ¼ 3:2  10 10 T 0:32
k0 ¼ 8:2  10 30 e 352=T
k1 ¼ 4:16  10 19 T 1:9 e 1058=T
3:16  10 17 T 1:47 e 2471=T
3:5  10 9 T 1:07 e 2417=T
4:2  10 19 T 1:8 e 602=T
k0 ¼ 6:0  10 28 e1680=T
k1 ¼ 1:2  10 10
k0 ¼ 1:82  1028 T 16:3 e 3526=T
k1 ¼ 1:66  10 10
4:15  10 10 e 8057=T
3:72  10 13 e 1561=T

Estimated
Schwanebeck et al., 1975
Estimated
id.
Gladstone et al., 1996
Weissman and Benson, 1988
Estimated
id.
id.
id.
id.
Weissman and Benson, 1988
Westmoreland et al., 1989
Wang and Frenklach, 1994)
Weissman and Benson, 1988)
Estimated
Morter et al., 1994
Wang and Frenklach, 1997
id.
id.
Yu et al., 1994

Reactions
BR5

H þ C4 H4 þ M

!

C4 H5 þ M

BR6
BR7

H þ C4 H5
H þ C4 H5 þ M

!
!

C4 H4 þ H2
C4 H6 þ M

BR8
BR9
BR10

H2 þ C4 H5
CH3 þ C4 H5
CH3 þ C4 H5 þ M

!
!
!

C4 H6 þ H
C4 H4 þ CH4
products þ M

BR11

C2 H2 þ C2 H3 þ M

!

C4 H5 þ M

BR12
(B3R12.1
(B3R12.2
BR13

C2 H2 þ C4 H5
C2 H2 þ C4 H5
C2 H2 þ C4 H5
C3 H3 þ C3 H3 þ M

!
!
!
!

C6 H6 þ H
C6 H6 þ H
(C6 H7 !ÞC6 H6 þ H
C6 H6 þ M

BR14b

H þ C6 H5 þ M

!

C6 H6 þ M

BR15b
BR16b

H þ C6 H6
C2 H2 þ C6 H5

!
!

C6 H5 þ H2
PAHsc

a
This scheme is essentially taken from Moses et al. (2000), with references and estimations. Details for these estimations should be looked for in
Moses et al. (2000).
b
Reactions concerning phenyl radical were added from scheme A, since this radical was not considered in Moses et al. (2000).
c
Same remark as for AR15-17.

B. The other parameters are similar to those described in Lebonnois et al. (2002), especially the mean
length of the polymers N i ¼ 20: This parameter
represents the mean number of gas phase molecules
(C2 H2 ; HCN, HC3 N) that are added together in one
single polymer macromolecule, and may range from 10
to 100. The chosen value corresponds to approximately 10 macromolecules in a haze particle of radius
around 10 Å.
In the case of Jupiter, no nitriles are included,
so the pathways are reduced to aliphatic polymers of
acetylene, and PAHs. Initial reactions are the same as in
the case of Titan (same chemical schemes), and we kept
also the mean length of the polymers to N i ¼ 20; though
more constraints are needed to better adjust this
parameter.

3. Simulations
Simulations are labelled using a code to identify the
atmosphere and the chemistry considered. This code
starts with T for Titan or J for Jupiter. Then the
chemical scheme is indicated as in Tables 1 and 2: A1/B1
for the nominal chemical scheme A/B, An/Bn for the
variations on indicated reactions. There is then a sufﬁxe
‘a’ when the aerosol production scheme is on. A sufﬁxe
‘b’ is added when the heterogenous recombination of
atomic hydrogen is also taken into account (together
with aerosol production), as described in Lebonnois et
al. (2003), which is only done for Titan’s atmosphere.
Therefore, our reference simulations for Titan are TA1
(no aerosol production) and TA1a (with aerosol
production), and JA1 or JA1a for Jupiter.
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All simulations have been run for 5 planetary years
(which is a total of 1:87  109 s for Jupiter and 4:73 
109 s for Titan), starting from the same atmospheric
initial composition. Residual variations at the end of
each simulation are less or of the order of 10 4 :
4. Results
4.1. Comparison to observations
4.1.1. Titan
Observational constraints have been obtained for
Titan’s atmospheric composition from:
 Voyager 1/IRIS spectra (Coustenis et al., 1989, 1991;
Coustenis and Bézard, 1995), which constrained the
stratospheric composition for several latitudes, at
northern spring equinox;
 Infrared Space Observatory (ISO) spectra (Coustenis
et al., 2003), which are disk averaged (and are
therefore essentially representative of equator and
mid-latitudes) for mid-northern autumn;
 the reanalysis of Voyager 1/UVS spectra (Vervack,
1997), which constrained composition in the
500–800 km altitude range, but have not yet been
conﬁrmed;
 from millimeter wavelengths ground-based observations (Marten et al., 2002), which are disk-averaged,
and constrained nitriles stratospheric proﬁles also for
mid-northern autumn.

In Fig. 1, vertical proﬁles of hydrocarbons observed in
Titan’s atmosphere are displayed for our reference
simulation (TA1) and for simulations using chemical
scheme B (TB1 and TB2, depending on the photodissociation scheme used for benzene), and compared
with stratospheric constraints from IRIS/Voyager 1 and
ISO spectra. The comparison between models and
observations is similar to previously published results.
As in previous papers related to photochemical modeling of Titan’s atmosphere, ethylene is clearly underestimated in any case (Toublanc et al., 1995; Lara et al.,
1996; Lebonnois et al., 2001). Other compounds are in
fairly good agreement with observations. Differences
between schemes A and B are mainly visible for benzene,
but also for diacetylene, for which scheme A seems in
better agreement than scheme B, and also for methylacetylene in the upper atmosphere.
4.1.2. Jupiter
Observational constraints for Jupiter’s atmosphere
have been obtained from Voyager 1/IRIS spectra, and
also recently from ISO spectra. The constraints used in
Fig. 2 and Table 3 have been compiled from Gladstone
et al. (1996), Atreya et al. (1999, 2003), Bézard et al.
(2001a,b), Fouchet et al. (2000), and references therein.
Vertical proﬁles of hydrocarbons for Jupiter’s atmosphere are displayed for our reference simulation (JA1)
and for simulations using chemical scheme B (JB1 and
JB2) in Fig. 2. Comparison is also done between these
simulations and observational constraints on column
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Fig. 1. Comparison between vertical proﬁles in Titan’s atmosphere from simulations TA1, TB1 and TB2. (a) Acetylene (C2 H2 ), ethylene (C2 H4 ) and
ethane (C2 H6 ); (b) methylacetylene (CH3 C2 H) and propane (C3 H8 ); (c) diacetylene (C4 H2 ); (d) benzene (C6 H6 ). The boxes represent observational
constraints obtained from Coustenis and Bézard, 1995 (solid line boxes, IRIS/Voyager 1) and from Coustenis et al. (2003) (dashed line boxes, ISO).
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Table 3
Comparison between simulations and observational constraints for
several hydrocarbons in Jupiter’s atmosphere
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Pressure (mbar)
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JA1
JB1
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C2H4

C2 H4
CH3 C2 H
C4 H2
C6 H6 ðpo50 mbarÞ

C2H2

100
C2H6
102

Column densities in cm

2

JA1

JB1

JB2

Observations

6:7  1014
3:6  1014
8:6  1012
3:2  1013

1:0  1015
3:2  1014
9:7  1012
1:1  1012

7:6  1014 2–3  1015 a
3:1  1014 1:5  1015 b
4:6  1012 o7  1013 b
1:8  1013
9  1014 c

a

Bézard et al. (2001b).
Fouchet et al. (2000).
c
Bézard et al. (2001a).
b

10–12
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10–8

10–6

10–4

Mole fraction

(a)
10–6

agreement with observations, though the total column
density of ethylene is underestimated. The total column
density of methylacetylene is underestimated by a factor
of 5. For benzene, all models largely underestimate the
column density. In the JA1 simulation, the column
density represents only 3% of what is required by the
observations.
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4.2. Influence of the uncertainties on key reactions
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Fig. 2. Comparison between vertical proﬁles in Jupiter’s atmosphere
from simulations JA1, JB1 and JB2. (a) acetylene, ethylene and ethane;
(b) methylacetylene, propane and diacetylene; (c) benzene. The boxes
represent observational constraints compiled from Gladstone et al.
(1996), Atreya et al. (1999, 2003), Bézard et al. (2001a,b), Fouchet et
al. (2000), and references therein.

densities in Table 3. As in the case of Titan, acetylene,
ethane and diacetylene are in fairly good agreement with
observations. For the other compounds, there are
qualitative differences between the case of Jupiter and
the case of Titan. Ethylene’s vertical proﬁle is in good

4.2.1. Variation in the photolysis pathways
Comparing the simulations B1 and B2 (both for Titan
and Jupiter) can highlight the main differences between
the two different photodissociation schemes for benzene. Most hydrocarbons and nitriles are not affected by
the selected scheme. Benzene and phenyl are almost the
only species that really show different vertical proﬁles
between simulations B2 and B1, though C4H2 is also
affected, being increased by 35 percent in B1, compared
to B2 in the stratosphere of Titan, and up to a factor of
3 in the stratosphere of Jupiter. The different proﬁles of
benzene are shown in Figs. 1d and 2c.
Though benzene in simulation TB1 may be in better
agreement with the estimation from ISO observations in
the atmosphere of Titan than in simulation TB2 (where
it appears to be slightly overestimated), it is reversed in
Jupiter’s simulations, since in JB2 (and JA1), benzene is
already underestimated. It is therefore difﬁcult to
conclude about photodissociation scheme on the basis
of comparison to available observations.
4.2.2. Variation in the rate of the key production of
benzene
A2 and A3 variations simulations concern the main
production pathway for benzene, that is propargyl
recombination. Almost no differences can be noticed
between A1, A2 and A3 simulations, both for Titan and
for Jupiter, for most of the constituents of the atmospheres. As far as benzene and propargyl are concerned,
a slight variation is visible, with a 20–50 percent increase
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of benzene with the Morter et al. (1994) rate, and a
30–40 percent decrease of propargyl.
The effect of using two- instead of three-body reaction
rates (A3, compared to A1) is only visible for benzene
and propargyl above
1  10 4 mbar on Titan
(600–700 km altitude), and 1  10 2 mbar on Jupiter.
Benzene is then increased in the upper atmosphere in the
A3 simulation.
4.2.3. Variation in the rate of C 2 H 2 þ C 4 H 5
In both schemes, variations simulations concerning
the rate of the reaction between acetylene and C4 H5 (i.e.
A4 and B3) did not display any signiﬁcant variations on
any compound’s proﬁle, neither on Jupiter nor on Titan.
This is consistent with the fact that this production
pathway for benzene is only secondary. It must also be
kept in mind that this pathway, involving C6 H7 isomers,
is uncertain and has not been assessed in the temperature and pressure conditions of planetary atmospheres.
4.2.4. Impact of the introduction of reactions between
acetylene and C 3 H 2 or C 3 H 3
Introducing these two reactions in the photochemical
scheme A was tested in the A5 variation. It has no
impact on C2 species. It essentially affects the chemical
cycles of C4 H2 (with a signiﬁcant additional production), C3 H3 (dominant loss), C3 H4 (both isomers, linked
to C4 H2 and C3 H3 cycles), and benzene (through
recombination of C3 H3 ). These effects are plotted on
Fig. 3. With these reactions, diacetylene is increased by a
factor of approximately 4 in Titan’s stratosphere, and a
factor of 3 to 100 in the atmosphere of Jupiter,

depending on altitude, with a column density increasing
from 8:6  1012 to 4:4  1014 cm 2 : For C3 H4 ; the effect
is reversed, with similar factors. Propargyl undergoes a
strong decrease due to the signiﬁcant additional loss
induced by these reactions, by approximately two orders
of magnitude in both stratospheres. But in response,
benzene only decreases by factors around 2–3 for Titan
and around 10 for Jupiter. This decrease is less
pronounced than the one of C3 H3 ; which seems to
indicate that the other production pathways become
dominant. It is signiﬁcantly different from the result
obtained by Wilson et al. (2003), where the decrease in
benzene’s mole fraction reached 3 orders of magnitude
when these two reactions were added to the chemical
scheme.
Taking into account these reactions worsen the ﬁt for
diacetylene, methylacetylene and benzene mole fractions
in the stratosphere for both Titan and Jupiter. Until
further improvement in the measure of the reaction rate
and products of these reactions, it seems more reasonable not to include them in the chemical scheme.

4.3. Influence of aerosol production
For Titan, including the aerosol production has some
impact on the stratospheric mole fraction for most
hydrocarbons and nitriles, as it was shown by Lebonnois et al. (2002). In Fig. 4, the variations of some
hydrocarbons proﬁles are indicated for TA1 and TA1a
simulations. Variations in the cases TB1 and TB2 are
very similar. In the case of Jupiter, the variations
1500

TA1
TA5

Altitude (km)

Altitude (km)

1500

1000

493

C6H6

C3H3
500

1000

TA1
TA5

500
C4H2

0
10–12

10–10

10–8

10–6

10–4

Mole fraction

(a)

0
10–10 10–9 10–8

10–4
10–2

C3H3

100
102

C6H6

10–14 10–13 10–12 10–11 10–10 10–9

(c)

10–4

10–6
JA1
JA5

Pressure (mbar)

Pressure (mbar)

10–6

10–7 10–6 10–5

Mole fraction

(b)

Mole fraction

10–4

JA1
JA5

10–2
100

C4H2

102
10–8

10–14 10–13 10–12 10–11 10–10 10–9

(d)

10–8

Mole fraction

Fig. 3. Comparison between vertical proﬁles of propargyl radical (C3 H3 ), benzene and diacetylene: (a,b) in Titan’s atmosphere from simulations
TA1 and TA5; (c,d) in Jupiter’s atmosphere from simulations JA1 and JA5.
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Fig. 4. Inﬂuence of the aerosol production scheme in Titan’s atmosphere. Comparison between vertical proﬁles in Titan’s atmosphere
from simulations TA1 and TA1a. (a) Acetylene, ethylene and ethane;
(b) methylacetylene, propane, diacetylene and benzene.

between simulations with or without aerosol production
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Fig. 5. Inﬂuence of the heterogenous recombination of atomic
hydrogen in Titan’s atmosphere. Comparison between vertical proﬁles
in Titan’s atmosphere from simulations TA1a and TA1b. (a)
Diacetylene and ethylene; (b) methylacetylene and benzene.

5. Discussion
5.1. Benzene

4.4. Influence of heterogenous recombination of H (for
Titan)
As it was discussed in Lebonnois et al. (2003), the
main effect of this heterogenous process is to reduce the
mole fraction of atomic hydrogen in the region
200–400 km of altitude. This reduction has consequences
on the chemical equilibrium in this region. In the present
scheme A1, Fig. 5 shows how ethylene, methylacetylene,
diacetylene and benzene are affected. In scheme B1,
variations are very similar, except for CH3 C2 H; for
which the variation is reversed.
As far as comparison to observational constraints is
concerned, there is not much difference between
simulations TA1a and TA1b. Only in the case of
diacetylene is the ﬁt to observations deteriorated when
the heterogenous process is taken into account.

These sensitivity studies around the photochemical
scheme show that crossing the analysis between models
of different atmospheres can bring new informations.
Scheme A1 produces more benzene than scheme B1: it
appears better in the case of Jupiter since even in
simulation JA1, benzene production is still underestimated; but in the case of Titan, simulation TB1
may be closer to observations. Taking into account the
aerosol production improves the ﬁt in simulation TA1a,
and does not affect the Jupiter simulations. This tends to
favor scheme A1 over scheme B1.
Concerning the production pathways of benzene, this
work indicates that the uncertainties linked to chemical
rates and chemical pathways discussed here are not of
major signiﬁcance. Only the possible reaction between
propargyl radical and acetylene affects benzene (and
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Aliphatic polymers (C2H2,HC3N)

400

Altitude (km)

other hydrocarbons) signiﬁcantly. Though, it is certainly
necessary to better understand the photochemical
scheme of C6 compounds at temperature and pressure
conditions of planetary atmospheres.
In the case of Jupiter’s high-latitudes conditions,
observations indicate an enrichment in the auroral
regions compared to low-latitudes (Kim et al., 1985;
Bézard et al., 2001a). Works by Wong and colleagues
(Wong et al., 2000, 2003) have shown that the energy
input from auroras and speciﬁc ion chemistry can
produce enough benzene to match the observations in
this region. The case of Titan may indicate that the
neutral chemical schemes for benzene production are
understood in ﬁrst approximation. The underestimation
of benzene in Jupiter’s low latitudes might then indicate
the need for additional processes, e.g. meridional
transport.
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As indicated previously, the mass production proﬁles
of different pathways for aerosols formation has been
evaluated in a similar way as in Lebonnois et al. (2002).
For Titan, these pathways include aliphatic polymers of
acetylene and cyanoacetylene, PAHs (including nitrogen), and nitriles polymers. For Jupiter, only aliphatic
polymers of acetylene and PAHs are considered.
Concerning Titan, the results are similar to those
obtained previously (Lebonnois et al., 2002), except for
the PAHs (see Fig. 6a). Benzene was strongly underestimated in this previous work, resulting in a negligible
role of PAHs in the total aerosol production. In the
present work, benzene mole fraction is consistent with
the analysis of the ISO spectra, and the PAHs pathway
is therefore comparable to the other two pathways. The
PAHs/aliphatics ratio in the precursors is of the order of
unity. But it must be kept in mind that the C6 chemical
scheme is still uncertain for a large part, and that there
may be exchanges between aliphatics and aromatics that
are not taken into account here. As an example, the
product of the reaction between C2 H2 and C4 H3 is nC6 H5 in this scheme, and is the source of the aliphatic
pathway. Whether this product is aliphatic or not is still
uncertain, and also there may be partial cyclisation of nC6 H5 and therefore exchanges between the two C6 H5
isomers.
For Jupiter, the PAHs production is dominant over
the aliphatic pathway, as seen in Fig. 6b. The remark
concerning possible exchanges between the two pathways is also valid here. For low-latitudes conditions ð9 Þ;
Rages et al. (1999) have analyzed high phase angle
Galileo images of Jupiter’s limb, and the corresponding haze model indicates a sedimentary ﬂux of
6–9  10 16 g cm 2 s 1 : The total production rate obtained with our aerosol production scheme ð2:8 
10 15 g cm 2 s 1 Þ is a factor of approximately 3 higher
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Fig. 6. Vertical proﬁles of the mass production rates of polymers
obtained from the aerosol production scheme (a) for Titan’s atmosphere (simulation TA1a); (b) for Jupiter’s atmosphere (simulation
JA1a).

than that modeled sedimentary ﬂux. This quantitative
comparison is consistent with the comparison between
model and microphysical constraints for the atmosphere
of Titan. The altitude of the haze production peak seen
in Fig. 6b is located just below the 1-mbar level. We plan
to couple these production proﬁles with a microphysical
model, in order to test the resulting aerosol layer against
constraints obtained from observations of Jupiter by
Voyager, Galileo and the Hubble Space Telescope.

6. Conclusion
In this work, we have used the same photochemical
schemes in photochemical models of both Titan and
Jupiter (in low-latitudes conditions). Two schemes were
used, one (scheme A) based on the set of reactions used
by Lebonnois et al. (2001, 2002, 2003), the other (scheme
B) based on the set of reactions published for Saturn by
Moses et al. (2000). These are neutral schemes, and
therefore do not apply to Jupiter polar regions, for
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which auroral effects are dominant in the formation of
benzene. In the photochemical scheme of C6 species,
some simpliﬁcations were done, which are in agreement
with a recent work on benzene formation in the
atmosphere of Titan (Wilson et al., 2003). Some
sensitivity studies have been done for several key
reactions in the benzene scheme.
The main results of this study are the following:
 Agreement with available observations is fairly good
for most hydrocarbons. Some disagreements are
speciﬁc to one atmospheric case or the other: ethylene
stratospheric mole fraction is underestimated by
roughly an order of magnitude for Titan but not for
Jupiter, though the total column density is underestimated by a factor of 3–4; methylacetylene total
column density is underestimated by a factor of 5 in
Jupiter’s atmosphere but its stratospheric mole fraction is in good agreement in the case of Titan.
 The observed stratospheric mole fraction of benzene
in Titan is reproduced by the photochemical model. In
the case of Jupiter, the model produces only 3% of the
required column density. Since in Jupiter auroral
regions, benzene level is much higher than at low
latitudes, this might indicate a possible role of
meridional transport.
 Scheme A and B produce very similar results for most
hydrocarbons. Differences are visible for benzene,
diacetylene and methylacetylene. Taking into account
the aerosol production scheme, scheme A appears to
produce slightly better results than scheme B.
 The sensitivity studies done for several key reactions
in benzene’s production scheme show that the
uncertainties discussed here are not of ﬁrst order
signiﬁcance. Only the possible reaction between
propargyl radical and acetylene affects benzene (and
other hydrocarbons) signiﬁcantly.
 Taking into account aerosol production does not affect
signiﬁcantly the comparisons with observations. In the
case of Titan, taking into account the heterogenous
recombination of atomic hydrogen or not is also very
similar, except that it deteriorates the ﬁt for diacetylene,
increasing its stratospheric level by a factor of 4.
 The PAHs production is a major pathway for aerosol
production given the level of benzene in Titan and
Jupiter’s atmospheres. In Titan, it compares with
aliphatic acetylene/cyanoacetylene polymers, and nitriles polymers. It is the dominant aerosol production
in the case of Jupiter (as far as NH3 photochemistry is
not taken into account). It must be kept in mind that
there may be exchange possibilities between aliphatic
acetylene polymers and PAHs that are not taken into
account in the model used here, due to the uncertainties in the C6 scheme. The total aerosol production
mass ﬂux is roughly 3 times the one expected by
observational constraints for both Titan and Jupiter.

Such comparative studies are useful to bring more
constraints on photochemical models, and may help to
locate difﬁculties in the chemical schemes. Further
studies should also include Saturn.
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Université d’Arizona.
Wang, H., Frenklach, M., 1994. Calculations of rate coefﬁcients for
the chemically activated reactions of acetylene with vinylic and
aromatic radicals. J. Phys. Chem. 98, 11465–11489.
Wang, H., Frenklach, M., 1997. A detailed kinetic modeling study of
aromatics formation in laminar premixed acetylene and ethylene
ﬂames. Combust. ﬂame 110, 173–221.
Weissman, M.A., Benson, S.W., 1988. Rate parameters for the
reactions of C2 H3 and C4 H5 with H2 and C2 H2 : J. Phys. Chem.
92, 4080–4084.
Westmoreland, P.R., Dean, A.M., Howard, J.B., Longwell, J.P., 1989.
Forming benzene in ﬂames by chemically activated isomerization.
J. Phys. Chem. 93, 8171.
Wilson, E.H., Atreya, S.K., Coustenis, A., 2003. Mechanisms for the
formation of benzene in the atmosphere of Titan. J. Geophys. Res.
108 (E2), 5014.
Wong, A.-S., Lee, A.Y., Yung, Y.L., Ajello, J.M., 2000. Jupiter:
Aerosol chemistry in the polar atmosphere. Astrophys. J. 534,
L215–L217.
Wong, A.-S., Yung, Y.L., Friedson, A.J., 2003. Benzene and haze
formation in the polar atmosphere of Jupiter. Geophys. Res. Lett.
30 (8), 1447.
Yokoyama, A., Zhao, X., Hintsa, E.J., Continetti, R.E., Lee, Y.T.,
1990. Molecular beam studies of the photodissociation of benzene
at 193 and 248 nm. J. Chem. Phys. 92, 4222–4233.
Yu, T., Lin, M.C., Melius, C.F., 1994. Absolute rate constant for the
reaction of phenyl radical with acetylene. Int. J. Chem. Kinet. 26,
1095–1104.
Zwier, T.S., Allen, M., 1996. Metastable diacetylene reactions as
routes to large hydrocarbons in Titan’s atmosphere. Icarus 123,
578–583.

