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Abstract

We introduce a new 1D coupled Radiative/Convective-Photochemical-Microphysical model for a planetary atmosphere and apply it

to Titan. The model incorporates detailed radiation transfer calculations for the description of the shortwave and longwave fluxes which

provide the vertical structure of the radiation field and temperature profile. These are used for the generation of the photochemistry

inside the atmosphere from the photolysis of Titan’s main constituents, nitrogen (N2) and methane (CH4). The resulting hydrocarbons

and nitriles are used for the production of the haze precursors, whose evolution is described by the microphysical part of the model. The

calculated aerosol and gas opacities are iteratively included in the radiation transfer calculations in order to investigate their effect on the

resulting temperature profile and geometric albedo. The main purpose of this model is to help in the understanding of the missing link

between the gas production and particle transformation in Titan’s atmosphere. In this part, the basic physical mechanisms included in

the model are described. The final results regarding the eddy mixing profile, the chemical composition and the role of the different haze

precursors suggested in the literature are presented in Part II along with the sensitivity of the results to the molecular nitrogen

photoinization scheme and the impact of galactic cosmic rays in the atmospheric chemistry.

r 2007 Elsevier Ltd. All rights reserved.
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1. Introduction

From the initial observation by Huygens (1655) and the
methane detection by Kuiper (1944) to the recent Cassini/
Huygens space mission, Titan has been the subject of many
studies that have aimed towards understanding its climate
and the important role of the haze that is formed in its
atmosphere and obscures its surface from direct observa-
tions in the visible. The processes that control haze
formation and its radiative properties have been the least
understood to date. The recent success of the Cassini/
Huygens mission has provided valuable validation data
e front matter r 2007 Elsevier Ltd. All rights reserved.
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that supplement the earlier Voyager mission data and
many years of ground-based observations.
The most prominent characteristic of Titan’s atmosphere

is the well-defined haze structure, observed since the
Voyager era (Rages and Pollack, 1980). The haze is directly
observed since it provides the orange color of the Titan’s
atmosphere in the visible images and its origin is linked to
the photochemistry taking place in its atmosphere. Nitro-
gen and methane, the most abundant constituents in
Titan’s atmosphere, are photodissociated by solar ultra-
violet radiation, energetic particles from Saturn’s magneto-
sphere and galactic cosmic rays (GCR), leading to the
initiation of a complex organic photochemistry, which
finally produces the haze. This coupling between the
photochemistry and haze formation is the subject of the
present work.
haze formation in Titan’s atmosphere, Part I: Model description. Planet.
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The neutral photochemistry in Titan’s atmosphere was
investigated even before the Voyager era (Strobel, 1974;
Allen et al., 1980). The Voyager mission provided data that
led to the first detailed photochemical model developed by
Yung et al. (1984) which described the basic photochemical
schemes that control the abundance of the observed
hydrocarbons and nitriles in Titan’s atmosphere. Based
on this early work and further analysis of Voyager data
and ground-based observations, more advanced photo-
chemical models were developed. Toublanc et al. (1995)
used an elaborate Monte Carlo description for solar
radiation transfer within the atmosphere to investigate
the possible production of oxygen-containing species
arising from an influx of water vapor at the top of the
atmosphere. Lara et al. (1996) used an ablation profile for
the water vapor influx, included the effects of GCR and
presented a physical description of the condensation
processes taking place in Titan’s lower stratosphere.
Lebonnois et al. (2001) investigated the seasonal variation
of the composition in Titan’s stratosphere using a 2-D
(latitude–altitude) model. Beyond neutral species chemis-
try, models have included ionospheric chemistry, as in the
recent work of Wilson and Atreya (2004) where the
contributions of energetic electrons and photoelectrons
were included.

A common approach to modelling the photochemistry
has been to generate the vertical temperature distribution,
from the surface to the thermosphere, using temperature
vertical profiles that were synthesized by combining
measurements from Voyager I (Lindal et al., 1983) and
model results for the temperature structure at different
altitudes (Lellouch et al., 1989; Yelle, 1991; Yelle et al.,
1997). Further, in order to include the effects of the
aerosols in the radiation transfer calculations, vertical
profiles of haze opacity were either specified by a simple
exponential decrease with altitude or in more recent work
generated by microphysical models using a specified
vertical haze production rate (Yung et al., 1984; Lebonnois
et al., 2001; Wilson and Atreya, 2004). Using this
approach, photochemical models have managed to fit most
of the atmospheric species concentrations available from
observations before the Cassini/Huygens mission (Couste-
nis et al., 1995). In the present work we develop a
modelling approach that generates the thermal structure,
the atmospheric composition and the haze structure, in a
self-consistent manner. The haze is produced from polymer
production governed by the photochemistry, which is
determined by and determines both the radiation field
and atmospheric temperature structure. However, we do
not address the complex problem of non-LTE effects on
the temperature structure in the upper atmosphere.

The microphysical models used to derive the haze
vertical structure and its optical properties are usually
validated against Titan’s spectral geometric albedo from
the ultraviolet to the near-infrared based on ground-based
and space observations. As was first shown by McKay
et al. (1989), the fit to the spectral geometric albedo
Please cite this article as: Lavvas, P.P., et al., Coupling photochemistry with
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depends mainly on three parameters; the haze particles’
optical properties (refractive index, size, shape and
amount), the methane profile and Titan’s surface reflectiv-
ity; using different spectral domains of the above region,
constraints can be set on the values of parameters
controlling the haze structure.
The haze particles’ refractive index is based on labora-

tory measurements, while the size and amount is generated
by the microphysical models, assuming their shape. The
shape of the haze particles in Titan’s atmosphere has been
the subject of debate for a long time. Photopolarimetry
measurements of scattered light from the Pioneer 11
(Tomasko and Smith, 1982) and Voyager (West et al.,
1983) space missions have given high polarization at �90�

phase angle, which if the particles are spherical, constrains
their size to 0:1mm. On the other hand, high phase angle
brightness measurements from Voyager (Rages et al.,
1983), required particles between 0.2 and 0:5mm with the
upper limit more plausible. In order to overcome this
problem, two possible solutions were suggested; one of a
bimodal distribution (Courtin et al., 1991; Toon et al.,
1992a,b) and the other of fractal aggregates constructed
from spherical units (West and Smith, 1991; Rannou et al.,
1995, 1997). Since then many microphysical models using
the fractal aggregates have been published (Rannou et al.,
2003 and references therein). The advantage of the fractal
approach is that it provides, in general, a good fit to the
geometric albedo both in the UV, visible and near-IR
regions while at the same time matches the polarization
data. However, fractal models have been unable to provide
a good fit to the methane absorption feature at 0:62 mm in
comparison with the success of the spherical particle
models. The fit to the data was improved by applying a
haze cut-off below 100 km, (Tomasko et al., 1997; Rannou
et al., 2003) as suggested by HST measurements at that
time (Young et al., 2002). A haze clearing was also included
in the spherical particle models but at lower altitudes
(below 30 km in McKay et al., 1989). The recent results
from the DISR instrument on board the Huygens probe
(Tomasco et al., 2005) show that the haze opacity extends
down to the surface. Here we assume the particles to attain
a spherical shape, starting from the monomer’s size which
corresponds to the smallest aerosol particle generated by
the photochemical description. No fractal structures are
considered.
In addition to the shape/size, the haze particles’

refractive index is an important parameter in the model
calculations. Until recently, most models used the first
laboratory measurements for the refractive index of Titan
haze-type analogs (tholins) made by Khare et al. (1984a),
scaled by a factor which depends on the wavelength and
the type of particles used; for spherical particles 4

3 in the
shortwave region of the geometric albedo (McKay et al.,
1989), while for fractal particles 3 in the UV and 1.5 in the
visible (Rannou et al., 1995). More recent measurements
have shown that the optical properties of the laboratory
haze analogs depend significantly on the experimental
haze formation in Titan’s atmosphere, Part I: Model description. Planet.
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Fig. 1. Model flow chart.

Table 1

Model controlling parameters

Region Parameter Nominal value

Atmosphere Eddy diffusion

coefficient, K

See Part II

Haze Charging rate, w 25e�=mm
Tholin refractive index 4/3 for UV, VIS, and

Near-IR

1/2 for Thermal IR

Surface Reflectivity see Part II
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conditions (McKay et al., 2001). Recently, Imanaka et al.
(2004) have shown that the pressure under which the
analogs are made defines their chemical structure and
hence their radiative properties. Hence, photochemically
produced particles at different altitudes in Titan’s atmo-
sphere could exhibit different optical properties.

An important simplification made in current haze
microphysical models has been the adopted haze particle
production rate. In most cases this is done by a
symmetrical distribution (usually Gaussian) centered at
some chosen altitude, usually between 350 and 600 km
depending on the model, and the total column production
rate varied to fit the geometric albedo. In addition, some
models, calculate the radiation field but do not calculate
the temperature profile that results from the model haze
structure, but use synthetic temperature profiles. Recent
photochemical calculations have demonstrated that verti-
cal haze production profiles generated from the photo-
chemistry (Lebonnois et al., 2002; Wilson and Atreya,
2003) are significantly different from the simple profiles
adopted in current haze microphysical models. In the
present work, we have used this fact to generate the haze
production profile from the photochemistry and then use it
to produce the haze vertical structure and its radiative
properties. The model temperature structure then depends
on the vertical haze profile. We then validate both our
model temperature structure, the spectral geometric albedo
and the vertical distributions of the concentrations of the
chemical species against measurements. In particular, we
validate our model results against available Cassini/
Huygens data.

In the sections that follow we present a description of the
radiative/convective-photochemical-microphysical model.
We discuss the latest laboratory measurements for the
haze analogs and the possible pathways suggested for haze
formation. Detailed model results and validation against
the latest measurements from the Cassini/Huygens mission
and from earlier observations are presented in Part II of
this work. There we also discuss in detail the processes that
we have modelled and their role in determining Titan’s
atmospheric structure.

2. Model description

2.1. Model structure

In order to describe the coupling between photochem-
istry and haze formation in one dimension, it is necessary
to have a model, which can simulate the three main
processes in Titan’s atmosphere. The flow chart in Fig. 1
provides a simplified view of the way this is accomplished.
The Radiation sub-models perform the radiation transfer
and calculate the thermal balance of the atmosphere.
Hence they provide the radiation flux at each altitude of
the atmosphere that controls the chemical species photo-
dissociation rates and the vertical temperature profile.
These are coupled to the chemistry sub-model that solves
Please cite this article as: Lavvas, P.P., et al., Coupling photochemistry with
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the time-dependent continuity equation for the vertical
distribution of species mixing ratios. In this sub-model, the
haze pathways considered lead to the haze monomer
production at each altitude. This is then used as input in
the third sub-model, which describes the microphysical
growth of the haze monomers. Finally the vertical
distribution of chemical species concentrations and haze
particle radiative properties are transferred back to the
radiation sub-models.
The above solution proceeds in time until equilibrium is

reached. The temporal evolution of Titan’s atmosphere
and haze can also be examined using different scenarios
regarding Titan’s past and future. In the present computa-
tions, we consider the solar flux reaching Titan to be
today’s. Since each process has a different characteristic
time to reach equilibrium, a time integration process with
varying step must be used and a fairly long total time of
integration must be considered in order to take into
account all the different physico-chemical processes (con-
densation, coagulation, photolysis, chemistry, mixing and
diffusion), starting from an initial atmospheric structure.
The method is described in the appendices.
The complexity of the model provides a better under-

standing of the processes at work, validated against
different types of observations that are available, such as
haze formation in Titan’s atmosphere, Part I: Model description. Planet.
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composition measurements, temperature structure, geo-
metric albedo, haze opacities, etc., since all of the above
measured quantities are directly calculated by the model. In
order to match these observations there are four physical
quantities that need to be optimised as their values are not
well known (see Table 1). These are: the eddy diffusion
coefficient, K, for vertical transport of the species; the
charging rate, w, of the particles, which controls their
maximum size; the scaling factors applied to the refractive
index of the particles that varies their optical properties;
and the surface spectral reflectivity, which mainly deter-
mines the geometric albedo inside the methane windows.
Table 2

Rayleigh scattering parameters

d A� 10�5 B� 10�3

H2 1.015 13.58 7.52

N2 1.063 29.06 7.7

CH4 1.000 44.3 –

C2H2 1.079 51 –

C2H4 1.050 50.5 –

C2H6 1.015 3770 –
2.2. Radiative/convective sub-model (RC)

The radiative/convective (RC) sub-model is based on
radiative transfer models for solar and thermal radiation
(Vardavas and Carver, 1984b) that have been successfully
used for the description of Earth’s radiation budget and
validated with 20 years of climatological data from NASA
Goddard Space Flight Center (Hatzianastassiou et al.,
2004, 2005; Pavlakis et al., 2004). The model calculates the
temperature structure and the radiation field in 1D from
the surface ð�1:5 barÞ up to a pressure altitude of
10�9 mbar ð�1400 kmÞ using a pressure grid of 300 levels.
The pressure grid is preferred from an altitude grid because
in this way we can avoid pressure-dependent changes in the
atmospheric temperature and composition (e.g. the
methane absorption coefficients in the near-IR region have
a strong pressure dependence which in the case of an
altitude grid would have to be calculated every time the
temperature structure changes). The altitude scale of the
model is derived from the pressure grid and the calculated
vertical temperature profile using the hydrostatic equili-
brium equation, while the atmospheric number density is
calculated from the ideal-gas law taking into consideration
the non-ideal correction factor ðf Þ in the lower atmosphere
suggested by Yelle et al. (1997):

pðf þ 1Þ ¼ nkBT (1)

with p, the pressure, n the number density, kB the
Boltzmann constant and T the temperature. The RC
model comprises two detailed radiation transfer sub-
models for solar radiation and Titan’s thermal radiation
transfer, respectively.

The solar radiation corresponds to the wavelength
region 0.5 nm–10mm and the multiple scattering radiation
transfer is based on the d-Eddington method (Joseph et al.,
1976) for the calculation of the solar radiation field at each
altitude. For the incoming solar flux the irradiance profile
at the Earth’s orbit (Woods and Rottman, 2002 for
0.5–200 nm at solar average conditions with the spectrally
resolved Ly-a profile from Lemaire et al., 2005 and
Gueymard, 2004 for 200 nm–10mm) was normalized based
on the ratio of the total solar irradiance of 15Wm�2 for
Titan and 1366Wm�2 at the Earth’s orbit. The spectrum is
Please cite this article as: Lavvas, P.P., et al., Coupling photochemistry with
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divided into 660 wavelengths with increasing intervals
towards the near-IR region.
In the visible and near-IR region methane is the

dominant gaseous source of opacity. This spectral domain
is divided into 325 sub-bands. The absorption coefficients
of Karkoschka (1994) were used in the spectral region
0.4–1:0 mm, which is divided into 85 sub-bands. From 1.0
to 1:54 mm (28 sub-bands) the band model coefficients of
Irwin et al. (2005) were used. Transmissions were
calculated for different temperature, pressure and amount
conditions and then convoluted to the resolution of our
spectral sub-band structure and tabulated in matrices. The
last were used for the derivation of the k-distribution
coefficients used in the model calculations using an 8-point
Gaussian-Legendre quadrature. The initial high resolution
calculated transmission spectra and the ones derived by the
k-distribution method were found to be in good agreement
with the reference spectra from the measurements of
McKellar (1989) at low temperature (77K), as given in
Sromovsky et al. (2006), and Strong et al. (1993) (moderate
low temperatures but very large pathlengths, appropriate
for Titan’s conditions). Above 1:54 mm (212 sub-bands) the
same approach was adopted using the spectroscopic
parameters of Boudon et al. (2004) with Voigt line profiles.
The line shapes at the far wings were constrained based on
the description given by Hartmann et al. (2002) and the
absorption coefficients were calculated at a resolution of
1 cm�1. Rayleigh scattering is taken into consideration in
the radiation transfer with cross sections for atoms and
molecules given by Allen (1976):

sSðcm
2Þ ¼ 4:577� 10�21

d

l4
A 1þ

B

l2

� �
(2)

with A and B constants that depend on the scattering atom
or molecule, d the depolarization factor of each scatterer
and l is the wavelength in microns. The values used in the
calculations are given in Table 2 for the most important
Rayleigh scatterers. In the UV region, gas opacity is
provided by the major species shown in Table 3, where
references for their cross sections and branching ratios can
be found. The aerosol opacity is calculated with Mie theory
using the Khare et al. (1984a) refractive index scaled with
the corresponding control parameter and considering the
haze particles to have a spherical shape. The distribution of
haze formation in Titan’s atmosphere, Part I: Model description. Planet.
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Table 3

Photolysis reactions

Reaction Branching ratio Reference

Cross sections Yields

Hydrocarbons

R1 H2 þ hn ! 2 H 1 Backx et al. (1976) Est.

R2 CH3 þ hn ! 1CH2 þH lp165 nm: 0; other: 1 Adachi et al. (1980) Wilson et al. (1994)

R3 ! CHþH2 lp165 nm: 1; other: 0 Pilling et al. (1971) Kassner and Stuhl (1994)

R4 CH4 þ hn ! 1CH2 þH2 lpLy-a: 0.584; other: 0 Samson et al. (1989)

R5 ! 1CH2 þ 2 H lpLy-a: 0.055; other: 0 Lee et al. (2001) Wang and Liu (1998)

R6 ! CHþHþH2 lpLy-a: 0.070; other: 0 Hudson (1971) Wang et al. (2000)

R7 ! CH3 þH lpLy-a: 0.291; other: 1 Chen and Wu (2004)

R8 C2Hþ hn ! C2 þH 1 Fahr (2003) Mebel et al. (2001)

R9 C2H2 þ hn ! C2 þH2 0.1 Cooper et al. (1995a) Okabe (1981)

R10 ! C2HþH lo124 nm: 0.1; lo150 nm: 0.3; Smith et al. (1991) Okabe (1983)

lo190 nm: 0.06; lo225 nm: 0.3 Bénilan et al. (2000) @

173K

Seki and Okabe (1993)

R11 C2H3 þ hn ! C2H2 þH 1 Fahr et al. (1998) Ahmed et al. (1999)

R12 C2H4 þ hn ! C2H2 þH2 lo175 nm: 0.460; other: 0.73 Cooper et al. (1995b)

R13 ! C2H2 þ 2 H lo175 nm: 0.519; other: 0.27 Holland et al. (1997) Chang et al. (1998)

R14 ! C2H3 þH lo175 nm: 0.021; other: 0.0 Zelikoff and Watanabe

(1953)

Lee et al. (2004)

R15 C2H5 þ hn ! 1CH2 þ CH3 1 Munk et al. (1986a) Gladstone et al. (1996)

R16 C2H6 þ hn ! 2 CH3 loLy�a: 0.17; Ly-a: 0.03; other: 0.0
R17 ! CH4 þ

1CH2
loLy�a: 0.16; Ly-a: 0.26; other: 0.02 Kameta et al. (1996) Hampson and McNesby (1965)

R18 ! C2H4 þ 2 H loLy�a: 0.41; Ly-a: 0.31; other: 0.13 Lee et al. (2001)

R19 ! C2H4 þH2 loLy�a: 0.0 ; Ly-a: 0.15; other: 0.48 Chen and Wu (2004) Lias et al. (1970)

R20 ! C2H2 þ 2 H2 loLy�a: 0.26; Ly-a: 0.25; other: 0.37
R21 C3H3 þ hn ! C3H2 þH 1 Fahr et al. (1997) Jackson et al. (1991)

R22 CH3C2Hþ hn ! C3H3 þH lpLy-a: 0.0; other: 0.50 Nakayama and Watanabe (1964)

R23 ! C3H2 þH2 lpLy-a: 1.0; other: 0.39 Ho et al. (1998) Seki and Okabe (1992)

R24 ! C2H2 þ
1CH2

lpLy-a: 0.0; other: 0.11 LISAa @ 183K Sun et al. (1999)

R25 CH2CCH2 þ hn ! C3H3 þH 0.64 Chen et al. (2000) Sun et al. (1999)

R26 ! C3H2 þH2 0.36 LISAa @ 183K

R27 C3H6 þ hn ! CH2CCH2 þH2 lo135 nm: 0.43; lo155 nm: 0.40;

lo175 nm: 0.015; lo195 nm: 0.01

R28 ! CH3C2HþH2 lo135 nm: 0.25; lo155 nm: 0.24;

lo175 nm: 0.015; lo195 nm: 0.01 Koizumi et al. (1985) Collin (1988)b

R29 ! C2H4+
1CH2 lo135 nm:0.06; lo155 nm: 0.04; Fahr and Nayak (1996)

lo175 nm: 0.02; lo195 nm: 0.0 Samson et al. (1962)

R30 ! C2H3 þ CH3 lo135 nm: 0.21; lo155 nm: 0.27;

lo175 nm: 0.335; lo195 nm: 0.34

R31 ! C2H2 þ CH4 lo135 nm: 0.05; lo155 nm: 0.05;

lo175 nm: 0.05; lo195 nm: 0.04

R32 ! C3H5 þH lo135 nm: 0.0; lo155 nm: 0.0;

lo175 nm: 0.565; lo195 nm: 0.60

R33 C3H8 þ hn ! C3H6 þH2 lpLy-a: 0.32; other: 0.67 Obi et al. (1971)

R34 ! C2H6þ 1CH2
lpLy-a: 0.10; other: 0.05 Kameta et al. (2002)

R35 ! C2H4 þ CH3 þH lpLy-a: 0.43; other: 0.17 Okabe and Becker (1963)

R36 ! C2H4 þ CH4 lpLy-a: 0.15; other: 0.11
R37 C4H2 þ hn ! C4HþH lo165 nm: 0.2; else: 0

R38 ! 2 C2H lo165 nm: 0.03; lo205 nm: 0.01; else: 0 Okabe (1981)

R39 ! C2H2 þ C2 lo165 nm: 0.1; lo205 nm: 0.06; else: 0 Fahr and Nayak (1994) Glicker and Okabe (1987)

R40 ! C4H2
a lo165 nm: 0.67; lo205 nm:0.93; else: 1 Smith et al. (1998) at 193K

R41 C4H4 þ hn ! C4H2 þH2 0.8 Fahr and Nayak (1996) Gladstone et al. (1996)

R42 ! 2 C2H2 0.2

R43 C4H6 þ hn ! C4H4 þH2 0.05 Fahr and Nayak (1994)

R44 ! C2H4 þ C2H2 0.17 Bergmann and Demtröder (1968)

R45 ! CH3 þ C3H3 0.40

R46 ! C4H5 þH 0.28

R47 ! 2 C2H3 0.10

R48 C4H8 þ hn ! C4H6 þ 2 H lo135 nm: 0.23; lo160 nm: 0.14; else: 0.06

R49 ! C3H8 þ CH3 lo135 nm: 0.12; lo160 nm: 0.39; else: 0.66

R50 ! CH3C2Hþ CH4 lo135 nm: 0.03; lo160 nm: 0.02; else: 0.0

R51 ! CH2CCH2 þ CH4 lo135 nm: 0.14; lo160 nm: 0.10; else: 0.0 Samson et al. (1962) Wilson and Atreya (2004)

R52 ! C2H5 þ C2H3 lo135 nm: 0.25; lo160 nm: 0.14; else: 0.04 Koizumi et al. (1985)

R53 ! 2 C2H4 lo135 nm: 0.02; lo160 nm: 0.04; else: 0.05
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Table 3 (continued )

R54 ! C2H2 þ 2CH3 lo135nm: 0.02; lo160 nm: 0.0; else: 0.04

R55 ! C3H6 þ
1CH2

lo135nm: 0.02; lo160 nm: 0.02; else: 0.0

R56 C4H10 þ hn ! C4H8 þH2 lo135nm: 0.48; other: 0.31 Obi et al. (1971)

R57 ! C2H6 þ C2H4 lo135nm: 0.15; other: 0.17 Okabe and Becker (1963)

R58 ! C3H6 þ CH3 þH lo135nm: 0.28; other: 0.41 Kameta et al. (2002)

R59 ! C2H5 þ C2H4 þH lo135nm: 0.09; other: 0.11

R60 C6H2 þ hn ! C2Hþ C4H lo165nm: 0.03; other: 0.01 Kloster-Jensen et al.

(1974)

�C4H2 þ hn! 2C2H

R61 ! C6HþH lo165nm: 0.20; other: 0.0 Shindo et al. (2005) �! C4HþH

R62 C6H4 þ hn ! C6H3 þH lo220nm: 1.0; other: 0.0

R63 ! C6H2 þH2 lo220nm: 0.0; other: 0.9 Est. based on C6H6, Münzel and Schweig (1988)

R64 ! C4H2 þ C2H2 lo220nm: 0.0; other: 0.1

R65 C6H6 þ hn ! C6H5 þH lo220nm: 0.80; other: 0.0

R66 ! C6H4 þH2 lo220nm: 0.16; other: 0.96 Suto et al. (1992)

R67 ! C5H3 þ CH3 lo220nm: 0.04; other: 0.04 Rennie et al. (1998) Yokoyama et al. (1990)

Nitriles

R68 Nþ hn ! Nþ þ e� 1 Banks and Kockarts (1973)

R69 N2 þ hn ! Nð4SÞ þNþ þ e� lo510 Å: 0.10; other: 0.0

R70 ! Nð2DÞ þNþ þ e� lo510 Å: 0.90; other: 0.0 Chan et al. (1993) Banks and Kockarts (1973)

R71 ! Nþ2 þ e� 510 Åolo796 Å: 1.0; other: 0.0 Fennelly and Torr (1992) Nicolas et al. (2003)

R72 ! Nð2DÞ þNð4SÞ 796 Åolo1000 Å: 1.0; other: 0.0

R73 NH3 þ hn ! NH2 þH 1 Burton et al. (1993), Chen et al. (1999)

R74 HCNþ hn ! Hþ CN 1 Lee (1980) and Nuth and Glicker (1982)

R75 CH2NHþ hn ! HCNþ 2H 1 Teslja et al. (2004) Nguyen et al. (1996)

R76 CH3NH2 þ hn ! CH2NHþ 2H lo165nm:1.0; other: 0.55

R77 ! HCNþH2 þ 2H lo165nm: 0.0; other: 0.198 Hubin-Franskin et al.

(2002)

Gardner and McNesby (1982)

R78 ! CNþ 2H2 lo165nm: 0.0; other: 0.252

R79 C2H5Nþ hn ! C2H4 þNH 0.38

R80 ! CH3 þH2CN 0.47 Est. as C2H5NH2

R81 ! C2H2 þNH3 0.03 Hubin-Franskin et al.

(2002)

Scala and Salomon (1976)

R82 HC3Nþ hn ! C2Hþ CN 0.3 Connors et al. (1974) Clarke and Ferris (1995)

R83 ! C3NþH 0.09 Bénilan et al. (1996)

R84 CH3CNþ hn ! CH3 þ CN 1 Nuth and Glicker (1982); Suto et al. (1985)

R85 C2H3CNþ hn ! C2H2 þHCN 0.15

R86 ! HC3NþH2 0.59

R87 ! C2H3 þ CN 0.01 Eden et al. (2003) Derecski-Kovacs and North

(1999)

R88 ! C2H2CNþH 0.25

R89 N2H4 þ hn ! N2H3 þH 1 Vaghjiani (1993, 1995)

R90 C2N2 þ hn ! 2 CN 1 Nuth and Glicker (1982) and Connors et al. (1974)

Bénilan et al. (1996) @ 193K

R91 C4N2 þ hn ! C3Nþ CN 1 Connors et al. (1974) and Bénilan et al. (1996) @ 233K

aLISA cross sections are taken from http://www.lisa.univ-paris12.fr/GPCOS/SCOOPweb/SCOOP.html.
bAssuming the total quantum yield below 155 nm to be one and the ionized products eventually yield C3H4 þH2.
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the haze particles at each altitude is provided by the
microphysical part of the model discussed later.

The simulated thermal radiation corresponds to wave-
numbers between 0–8200 cm�1 and is divided in 71
domains. From 0 to 900 cm�1, where the major part of
Titan’s surface thermal radiation is emitted, there are 45
regions of 20 cm�1 width while the spectrum interval
increases for higher wavenumbers. Up to �700 cm�1 the
opacity is mainly controlled by collision-induced absorp-
tion (CIA) between nitrogen, methane and hydrogen
molecules. The CIA coefficients were calculated from the
work of Borysow and co-workers: N2–N2 from Borysow
and Frommhold (1986a), N2–CH4 from Borysow and Tang
(1993), H2–N2 from Borysow and Frommhold (1986b),
Please cite this article as: Lavvas, P.P., et al., Coupling photochemistry with
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H2–CH4 from Borysow and Frommhold (1986c) and
CH4–CH4 from Borysow and Frommhold (1987). In
Fig. 2 the model column opacity in the region
0–2000 cm�1 is shown along with the calculated thermal
emission for temperatures of 94K (characteristic of Titan’s
surface, Fulchignoni et al., 2005) and 180K (characteristic
of the stratopause temperature, Flasar et al., 2005). The
abundances for the absorbing molecules where provided
from their vertical profiles, calculated in the photochemical
part of the model. The effect of the so-called Titan’s
thermal window (Samuelson, 1983; McKay et al., 1991) is
obvious in the 400–600 cm�1 region where the decrease in
opacity allows thermal radiation from the surface to escape
to space.
haze formation in Titan’s atmosphere, Part I: Model description. Planet.
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Fig. 2. Model column opacities in the thermal infrared. Up to �700 cm�1

the main contribution comes from the collision induced absorption

between the N2/CH4/H2 pairs with the spectral dominance of each pair

shown. At higher wavenumbers the opacity is controlled by methane,

acetylene and ethane. The abundances for the absorbing species were

calculated in the photochemical part of the model. The dashed and dotted

lines are Planck functions (in arbitrary units) for about 94 and 180K,

respectively, representing the spectral coverage of Titan’s thermal

radiation.
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Above 700 cm�1 the thermal opacity is controlled by
methane, ethane and acetylene absorption. The major
contribution comes from the n4 band of CH4 which is
centered at 1300 cm�1. Transmissions were calculated as
for the solar wavelengths using the Boudon coefficients.
Opacities due to C2H6 and C2H2 contribute mainly in the
region between 600 and 900 cm�1 and were calculated from
the HITRAN database spectroscopic values. In addition to
the above, opacity from the rotational lines of HCN has
been included based again on the spectroscopic values
given in the HITRAN database. Transmission calculations
in the model were performed using the Curtis–Godson
approximation. Haze opacity in the IR was calculated in
the same way as for the solar region.

The model divides the atmosphere into two regions: one
close to the surface where convective equilibrium defines
the temperature structure and a second one above which is
in radiative equilibrium. The calculation of the thermal
profile is performed by balancing the total incoming and
outgoing fluxes at each layer of the simulated atmosphere.
In addition to the solar and thermal fluxes the model takes
into consideration the conductive flux between adjacent
layers. The method of solution is described in the appendix.

2.3. Photochemical sub-model (PC)

The photochemical sub-model uses the grid of the RC
sub-model in order to solve the time-dependent continuity
equation in 1D for the species considered. Its description is
based on the Vardavas (1984) model for reactive gas flows
within shock tunnels. There are 68 chemical species
included in the calculations, the evolution of which is
Please cite this article as: Lavvas, P.P., et al., Coupling photochemistry with
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controlled by about 520 reactions. We have performed a
thorough search and used the latest to our knowledge
parameters (photolysis cross sections, branching ratios and
chemical reaction rates) which correspond, as closely as
possible, to the low temperature conditions found in
Titan’s atmosphere (Tables 3 and 5). The main processes
defining the vertical profile of each species in the model are:
photodissociation, chemical production and loss, vertical
transport, loss due to condensation, surface deposition
and escape to space. A description of each process
follows.
2.3.1. Photodissociation

The complex chemistry of Titan’s atmosphere is initiated
with the photodissociation/photoionization of molecular
nitrogen and methane (in the current calculations the
contributions of energetic particles are not included and
ionization is considered only for N2). Photons in the EUV
region of the solar radiation spectrum, depending on their
energy, are able to ionize and dissociate N2 according to
the following pathways (Banks and Kockarts, 1973;
Nicolas et al., 2003):

N2 þ hn! Nð4SÞ þNþ þ e�ð10%Þlo510 Å

! Nð2DÞ þNþ þ e�ð90%Þlo510 Å

! Nþ2 þ e� 510 Åolo796 Å

! Nð2DÞ þNð4SÞ796 Åolo1000 Å.

In the above, Nð2DÞ and Nð4SÞ are the first excited and
ground state of atomic nitrogen while Nþ2 and Nþ are
singly ionized molecular and atomic nitrogen.
The current photolysis scheme of N2 is significantly

different from that used in previous photochemical models.
The Yung et al. (1984) model considered N2 destruction by
energetic electrons and galactic cosmic rays but not by high
energy photons. Toublanc et al. (1995) considered only
neutral dissociation production assuming excited nitrogen
atoms as single products and included also an influx of
Nð2DÞ and Nð4SÞ atoms for the production of atomic
nitrogen by magnetospheric electrons from Saturn. Lara et
al. (1996) also considered only the neutral dissociation of
N2 in the range 80–800 Å and assumed that excited atoms
are the sole product, an approach which was adopted also
by Lebonnois et al. (2001). In the latest published
photochemical model, Wilson and Atreya (2004) provided
a more detailed and realistic description of the N2

photolysis by including the ionization, dissociative ioniza-
tion and neutral dissociation pathways, in a way similar to
ours. Our scheme diverges from theirs only in one point.
Based on the latest measurements of Nicolas et al. (2003),
the neutral nitrogen atoms released in the dissociative
ionization are mainly in their excited state in contrast to the
previous suggestions which favored the Nð4SÞ production.
This difference has an impact on the upper atmosphere
haze formation in Titan’s atmosphere, Part I: Model description. Planet.

dx.doi.org/10.1016/j.pss.2007.05.026


ARTICLE IN PRESS
P.P. Lavvas et al. / Planetary and Space Science ] (]]]]) ]]]–]]]8
profiles for some of the nitrile but also hydrocarbon species
and is discussed in Part II.

Particles in Galactic Cosmic Rays (GCR), due to their
high energies penetrate to the very deep layers of the
atmosphere, reaching down to the stratosphere before they
encounter densities large enough to attenuate them. These
rays are mainly composed of protons and alpha particles
with kinetic energies in excess of 1GeV (Capone et al.,
1983). The interaction of these particles with Titan’s
neutral atmosphere leads to the ionization of the main
species and also, depending on their initial energy, to the
production of secondary energetic particles (neutrons,
pions, etc.) which also contribute to the ionization (particle
cascade). Since N2 is the main component of the atmo-
sphere, GCR act as a source of atomic nitrogen in the
lower atmosphere where solar UV photons cannot reach
and hence contribute to the production of nitrile species in
this region. Analytical models for the description of the
GCR penetration into Titan’s atmosphere (Capone et al.,
1983; Lellouch et al., 1994; Wilson and Atreya, 2004), have
shown that the maximum deposition of the cosmic rays is
situated around 100 km and that the magnitude of the N2

destruction peaks between 10 and 20 cm�3 s�1. In order to
include the contribution of GCR in the model calculations
we have considered a loss rate for N2 due to this process.
The shape of the loss rate was based on the work of the
above authors and is presented in Fig. 3. The contribution
from the cascade particles is not included. The products
from the interaction of GCR with N2 and their yields are
taken from Lellouch et al. (1994):

N2 þGCR! Nð4SÞ þNþ þ e�12%

! Nþ2 þ e� 53%

! Nð4SÞ þNð2DÞ 35%.

Methane is photodissociated by solar photons with
lp145 nm. Until now the products of methane photolysis
Fig. 3. The loss rate of N2 due to interaction with GCR. The

contributions for each product pathway are also shown. Production due

to the cascade particles below the peak at � 100 km is not included in the

calculations.
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have not been clarified and different production channels
are proposed in the literature (Mordaunt et al., 1993;
Romani, 1996; Smith and Raulin, 1999). A brief review of
the up to date measurements for the methane photodisso-
ciation products and suggested photochemical schemes can
be found in Romanzin et al. (2005). Wilson and Atreya
(2000) investigated the impact of the different suggested
pathways on the produced hydrocarbons and concluded
that the choice of a quantum yield scheme affects mostly
the C3 species production in the Lyman-a region (where the
major destruction of CH4 molecules takes place) leaving
the simpler C2 species unaffected and that the Romani
(1996) scheme provided an intermediate result between the
other schemes. Lebonnois et al. (2001) have found similar
results for the photochemical schemes of Mordaunt et al.
(1993) and Smith and Raulin (1999). Recently, Wang and
Liu (1998) and Wang et al. (2000) have performed the most
complete up to date measurements for the methane
photolysis yields at Lyman-a. By measuring the relative
velocities of the atomic H produced and the relative
abundances of the methyl (CH3) and methylene (1,3CH2)
fragments, they concluded that the major product is
methylene which is released in its excited state (1CH2).
We adopted these latest results for the methane photolysis
in this spectral region.
In the non-Lyman CH4 destruction, the two possible

yields (1CH2/CH3) affect, but in a smaller degree, the
ethane production since CH3 is the major precursor to
C2H6 formation. In the current calculations we have
considered only the production of methyl radicals at these
wavelengths. The methane photolysis scheme used is
summarized as follows:

CH4 þ hn! CHþHþH2 0:070

!
1CH2 þH2 0:584

!
1CH2 þ 2H 0:055

! CH3 þH 0:291,

where CH is the methylidyne radical. Branching ratios are
given for Lyman-a. At other wavelengths the branching
ratio is unity for the last pathway.
The photolysis rate, Jðs�1Þ, for each species at altitude z

is calculated by the usual formula:

JðzÞ ¼

Z
wlðzÞFlqlðzÞsl dl, (3)

where Fl is the incoming solar spectral flux, w(z) is the
enhancement factor, ql is the quantum yield for photo-
dissociation and sl the wavelength-dependent absorption
cross section. The radiation field along with the enhance-
ment factor at each altitude are calculated in the RC sub-
model. Some vertical profiles of the photolysis rates of the
most important hydrocarbons and nitriles in Titan’s
atmosphere are shown in Fig. 4 for a solar zenith angle
of 60�.
haze formation in Titan’s atmosphere, Part I: Model description. Planet.
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Fig. 4. Model calculated photolysis rates for the most important

hydrocarbons (top panel) and nitriles (bottom panel) in Titan’s atmo-

sphere. The solar zenith angle is set to 60�. Secondary photolysis regions

for some of the hydrocarbons (e.g. C2H2) are due to their extended

absorption cross section profiles above the methane dissociation limit at

145 nm and their presence in significant amounts.

Table 4

Binary and thermal diffusion coefficients used in the model calculations

Pair A� 1017 s aT Reference

H–N2 4.87 0.698 �0.38 Banks and Kockarts (1973)

H2–N2 2.80 0.740 �0.38 Banks and Kockarts (1973)

N–N2 0.969 0.770 Mason and Marreno (1970)

Ar–N2 0.362 0.833 0.17 Mason and Marreno (1970)

CH4–N2 0.734 0.750 Banks and Kockarts (1973)

C2H6–N2 0.561 0.730 Wakeham and Slater (1973)

C3H8–N2 0.653 0.660 Wakeham and Slater (1973)

C4H10–N2 0.734 0.610 Wakeham and Slater (1973)

A is given in cm2 s�1.
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2.3.2. Vertical transport

The vertical transport of species i, is controlled by the
diffusive flux, given by the expression:

Fi ¼
Dn

H
1�

Mi

M
� aT

H

T

qT

qr

� �
f i � ðDþ KÞn

qf i

qr
, (4)

where r ¼ RT þ z with RT being Titan’s radius. D and K

are the molecular and eddy diffusion coefficients, respec-
tively, aT the thermal diffusion coefficient, H the atmo-
spheric scale height, Mi the molecular weight of species i, n

and M the number density and the mean molecular weight
of the atmosphere and f i the mole fraction of species i.

The retrieval of the eddy mixing coefficient is discussed
in Part II. For the molecular diffusion coefficients,
measurements for the binary coefficients have been
performed only for some of the species included in the
model. These are given in the form

Dij ¼ Aij

Ts

n
, (5)
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where Aij and s are parameters that depend on the pair of
diffusing species and are presented in Table 4. For the rest
of the species for which no measurements were found, the
diffusion coefficients were calculated using the formula
(Banks and Kockarts, 1973):

Dij ¼ 1:52� 1018
1

Mi

þ
1

Mj

� �1=2
T1=2

n
(6)

with i corresponding to the diffusing minor species and j to
the bath molecule. In order to take into account the
variation of the atmospheric composition with altitude due
to the changes in methane’s vertical profile in the upper
atmosphere, the bath gas molecular weight was replaced by
the atmospheric mean molecular weight.

2.3.3. Chemistry

The derived photodissociation products, react together
to give all the observed species considered in the model
following the chemical reactions provided in Table 5.
Although many photochemical models have been devel-
oped in the past for the simulation of Titan’s neutral
atmospheric composition, (Yung et al., 1984; Toublanc
et al., 1995; Lara et al., 1996; Lebonnois et al., 2001;
Wilson and Atreya, 2004) significant differences can be
found among them regarding the rates used for some of the
reactions. In the current simulations we have used the
previously, well-stablished, reaction schemes for the
production of most of the observed species in Titan’s
atmosphere and also have included new species.
The absence of measurements for the reaction rates in

the temperature range 100–200K, which is characteristic of
Titan’s atmosphere, has always been a problem in the
photochemical models. This is more clearly shown in
the last column of Table 5, where the temperature range of
the measurements for each reaction used is given. Although
a significant number of new measurements have been
performed at low temperatures since the early photoche-
mical models, the majority of the reaction rates used, are
measured at TX200K and extrapolation to Titan’s atmo-
spheric temperatures is applied, a common approach
between all photochemical models. The good agreement
between the measurements and the simulated profiles for
most of the species suggests that the extrapolation
haze formation in Titan’s atmosphere, Part I: Model description. Planet.
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Table 5

Chemical reactions

Reaction Rate Reference T (K)

Hydrocarbons

R92 2 HþM ! H2 þM k0 ¼ 1:5� 10�29T�1:3 Tsang and Hampson (1986) 77–2000

k1 ¼ 1:0� 10�11 Est. from Jacobs et al. (1965)

R93 HþCH ! H2 þ C 1:3� 10�10e�80=T Harding et al. (1993) 300–2000

R94 Hþ 1CH2
! CHþH2 1:0� 10�10 Peeters et al. (1994) 290

R95 Hþ 1CH2
! 3CH2 þH 2:0� 10�10 s s

R96 Hþ 3CH2
! CHþH2 3:55� 10�11T0:32 Fulle and Hippler (1997) 185–800

R97 Hþ 3CH2 þM ! CH3 þM k0 ¼ 1:7� 10�25T�1:8 Est. as 0:1� kðHþ CH3Þ, Laufer et al. (1983)

k1 ¼ 3:54� 10�10T0:32 Fulle and Hippler (1997) 185–800

R98 HþCH3 ! H2 þ
3CH2 1:0� 10�10e�7599=T Baulch et al. (1992) 300–2500

R99 HþCH3 þM ! CH4 þM k0 ¼ 1:7� 10�24T�1:8 Baulch et al. (1994) 300–1000

k1 ¼ 3:5� 10�10 s s
R100 HþCH4 ! H2 þ CH3 2:18� 10�20T3e�4045=T s s
R101 HþC2HþM ! C2H2 þM k0 ¼ 1:26� 10�18T�3:1e�721=T Tsang and Hampson (1986) 300–2500

k1 ¼ 3:0� 10�10 s s
R102 HþC2H2 þM ! C2H3 þM k0 ¼ 3:3� 10�30e�740=T Baulch et al. (1992) 200–400

k1 ¼ 1:4� 10�11e�1300=T s s
R103 HþC2H3 ! H2 þ C2H2 6:86� 10�11e23:=T Monks et al. (1995) 213–298

R104 HþC2H3 þM ! C2H4 þM k0 ¼ 5:76� 10�24T�1:3 s s

k1 ¼ 6:45� 10�11T0:2 Harding et al. (2005) 200–2000

R105 HþC2H4 ! H2 þ C2H3 8:42� 10�17T�1:93e�6518=T Knyazev et al. (1996) 200–3000

R106 HþC2H4 þM ! C2H5 þM k0 ¼ 7:7� 10�30e�380=T Baulch et al. (1994) 300–800

k1 ¼ 6:6� 10�15T1:28e�650=T s 200–1100

R107 HþC2H5 ! 2 CH3 1:25� 10�10 Sillesen et al. (1993) 298

R108 HþC2H5 ! H2 þ C2H4 3:0� 10�12 Tsang and Hampson (1986) 300–2500

R109 HþC2H5 þM ! C2H6 þM k0 ¼ 5:5� 10�23T�2e�1040=T Teng and Jones (1972)

k1 ¼ 1:66� 10�10 Sillesen et al. (1993) 298

R110 HþC2H6 ! H2 þ C2H5 2:4� 10�15T1:5e�3730=T Baulch et al. (1992) 300–2000

R111 HþC3H2 þM ! C3H3 þM k0 ¼ 1:7� 10�23T�1:8 Est. as 10� k0ðHþ CH3Þ, Laufer et al. (1983)

k1 ¼ 1:0� 10�10 Peeters et al. (1994) 290

R112 HþC3H3 þM ! CH3C2HþM k0 ¼ 1:7� 10�23T�1:8 Est. as 10� k0ðHþ CH3Þ, Laufer et al. (1983)

k1 ¼ 1:25� 10�10 Atkinson and Hudgens (1999) 295

R113 HþC3H3 þM ! CH2CCH2 þM k0 ¼ 1:7� 10�23T�1:8 Est. as 10� k0ðHþ CH3Þ, Laufer et al. (1983)

k1 ¼ 1:25� 10�10 Atkinson and Hudgens (1999) 295

R114 HþCH2CCH2 ! CH3C2HþH 1:29� 10�11e�1156:=T Aleksandrov et al. (1980) 295–853

R115 HþCH2CCH2 ! H2 þ C3H3 4:7� 10�16T1:74e�3873=T Wang et al. (2000) 200–500

R116 HþCH2CCH2 þM ! C3H5 þM k0 ¼ 8:0� 10�24T�2e�1225=T Est. as k0ðHþ CH3C2HþMÞ

k1 ¼ 9:4� 10�11e�1234=T Wang et al. (2000) 200–500

R117 HþCH3C2H ! H2 þ C3H3 4:7� 10�16T1:74e�3873=T Wang et al. (2000) 200–500

R118 HþCH3C2HþM ! C3H5 þM k0 ¼ 8:0� 10�24T�2e�1225=T Yung et al. (1984) 215–363

k1 ¼ 9:4� 10�11e�1234=T Wang et al. (2000) 200–500

R119 HþC3H5 ! CH2CCH2 þH2 1:3� 10�11 Hanning-Lee and Pilling (1992) 291

R120 HþC3H5 ! CH3C2HþH2 1:3� 10�11 s s
R121 HþC3H5 þM ! C3H6 þM k0 ¼ 1:0� 10�24 s s

k1 ¼ 2:54� 10�10 s s
R122 HþC3H6 ! C3H5 þH2 2:87� 10�19T2:5e�1254=T Tsang (1991) 300–2500

R123 HþC3H6 þM ! C3H7 þM k0 ¼ 7:7� 10�29e�380=T Est. as 10� kðHþ C2H4 þMÞ, Laufer et al. (1983)

k1 ¼ 2:2� 10�11e�1640:=T Tsang (1991) 300–2500

R124 HþC3H7 ! C3H6 þH2 3:0� 10�12 Tsang (1988) 300–2500

R125 HþC3H7 þM ! C3H8 þM k0 ¼ 5:5� 10�23T�2e�1040=T Est. as k0ðHþ C2H5 þMÞ

k1 ¼ 2:49� 10�10 Munk et al. (1986b) 298

R126 HþC3H8 ! C3H7 þH2 2:2� 10�18T2:54e�3400=T s s
R127 HþC4HþM ! C4H2 þM k0 ¼ 1:26� 10�18T�3:1e�721=T Est. as k0ðHþ C2HþMÞ

k1 ¼ 3:0� 10�10 s
R128 HþC4H2 þM ! C4H3 þM k0 ¼ 1:0� 10�28 Schwanebeck and Warnatz (1975) 298

k1 ¼ 1:39� 10�10e�1184=T Nava et al. (1986) 210–423
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Table 5 (continued )

Reaction Rate Reference T (K)

R129 Hþ C4H3 ! C4H2 þH2 3:0� 10�11 Wang and Frenklach (1997) 300–2500

R130 Hþ C4H3 ! 2 C2H2 1:0� 10�11 s s
R131 Hþ C4H3 þM ! C4H4 þM k0 ¼ 5:76� 10�24T�1:3 Est. as k0ðHþ C2H3 þMÞ

k1 ¼ 8:55� 10�10e�403=T Duràn et al. (1988) 700–1300

R132 Hþ C4H4 þM ! C4H5 þM k0 ¼ 1:0� 10�28 Est. as k0ðHþ C4H2 þMÞ

k1 ¼ 3:3� 10�12 Schwanebeck and Warnatz (1975) 298

R133 Hþ C4H5 ! C4H4 þH2 6:86� 10�11e23=T Est. as kðHþ C2H3Þ

R134 Hþ C4H5 þM ! C4H6 þM k0 ¼ 5:5� 10�23T�2e�1040=T Est. as k0ðHþ C2H5 þMÞ

k1 ¼ 1:0� 10�10 Gladstone et al. (1996) Est.

R135 Hþ C4H6 ! C4H5 þH2 1:05� 10�13T0:7e�3019=T Weissman and Benson (1988) 300–1500

R136 Hþ C5H3 ! C2H2 þ C3H2 1:0� 10�11 Est. as kðHþ C4H3Þ

R137 Hþ C6HþM ! C6H2 þM k0 ¼ 1:26� 10�18T�3:1e�721=T Est. as kðHþ C2HþMÞ

k1 ¼ 3:0� 10�10 s
R138 Hþ C6H2 þM ! C6H3 þM k0 ¼ 1:0� 10�28 Est. as kðHþ C4H2 þMÞ

k1 ¼ 1:39� 10�10e�1184 s
R139 Hþ C6H3 ! C6H2 þH2 3:0� 10�11 Wang and Frenklach (1997) 300–2500

R140 Hþ C6H3 ! C4H2 þ C2H2 1:0� 10�11 s s
R141 Hþ C6H3 þM ! C6H4 þM k0 ¼ 5:76� 10�24T�1:3 Est. as k0ðHþ C4H3 þMÞ

k1 ¼ 8:55� 10�10e�403=T s
R142 Hþ C6H4 ! C6H3 þH2 1:1� 10�17T2:53e�4648=T Wang and Frenklach (1997) 300–2500

R143 Hþ C6H4 þM ! C6H5 þM k0 ¼ 1:96� 1033T�18:35e�6694=T Wang and Frenklach (1994) 400–2500

k1 ¼ 1:06� 10�14T1:11e�705=T s 300–2500

R144 Hþ C6H5 ! C4H4 þ C2H2 3:16� 10�5T�1:6e�1117=T Wang and Frenklach (1997) 300–2500

R145 Hþ C6H5 þM ! C6H6 þM k0 ¼ 1:82� 1028T�16:3e�3521=T s s

k1 ¼ 3:65� 10�10 Ackermann et al. (1990) 300

R146 Hþ C6H6 ! C6H5 þH2 4:15� 10�10e�8057=T Wang and Frenklach (1997) 300–2500

R147 H2 þCþM ! 3CH2 þM k0 ¼ 6:89� 10�32 Husain and Young (1975) 300

k1 ¼ 2:06� 10�11e�57=T Harding et al. (1993) 300–2000

R148 H2 þCHþM ! CH3 þM k0 ¼ 4:7� 10�26T�1:6 Brownsword et al. (1997) 53–744

k1 ¼ 2:52� 10�10T�0:08 s s
R149 H2 þCH ! 3CH2 þH 3:10� 10�10e�1650=T s s
R150 H2 þ

1CH2
! 3CH2 þH2 1:26� 10�11 Langford et al. (1983) 298

R151 H2 þ
1CH2

! CH3 þH 9:24� 10�11 s s
R152 H2 þ

3CH2
! CH3 þH 5:0� 10�15 Tsang and Hampson (1986) 300–2500

R153 H2 þCH3 ! CH4 þH 1:14� 10�20T2:74e�4740=T Baulch et al. (1992) 300–2500

R154 H2 þC2 ! C2HþH 1:77� 10�10e�1470=T Pitts et al. (1982) 300–500

R155 H2 þC2H ! C2H2 þH 1:20� 10�11e�998=T Opansky and Leone (1996b) 150–359

R156 H2 þC2H3 ! C2H4 þH 1:57� 10�20T2:56e�2529=T Knyazev et al. (1996) 200–3000

R157 H2 þC2H5 ! C2H6 þH 5:11� 10�24T3:6e�4253=T Tsang and Hampson (1986) 300–2500

R158 H2 þC3H5 ! C3H6 þH 1:80� 10�19T2:38e�9557=T Tsang (1991) 300–2500

R159 H2 þC3H7 ! C3H8 þH 3:0� 10�21T2:84e�4600=T Tsang (1988) 300–2500

R160 H2 þC4H ! C4H2 þH 1:20� 10�11e�998=T Est. as kðH2 þ C2HÞ

R161 H2 þC4H5 ! C4H6 þH 6:61� 10�15T0:5e�1862=T Weissman and Benson (1988) 300–1500

R162 H2 þC6H ! C6H2 þH 1:20� 10�11e�998=T Est. as kðH2 þ C2HÞ

R163 H2 þC6H5 ! C6H6 þH 9:48� 10�20T2:43e�3159=T Mebel et al. (1997) 300–5000

R164 2 CþM ! C2 þM k0 ¼ 4:97� 10�27T�1:6 Slack (1976) 5000–6000

k1 ¼ 2:16� 10�11 Martinotti et al. (1968) 298

R165 Cþ CH4 ! C2H4 2:0� 10�15 Husain and Kirsch (1971) 300

R166 Cþ C2H2 ! C3H2 k0 ¼ 1:0� 10�30 Moses et al. (2005) Est.

k1 ¼ 5:75� 10�10T�0:12 Chastaing et al. (2001) 15–295

R167 Cþ C2H4 ! C3H3 þH 5:61� 10�10T�0:11 s s
R168 Cþ CH3C2H ! C4H3 þH 5:05� 10�10T�0:11 s s
R169 Cþ CH2CCH2 ! C4H3 þH 3:71� 10�10T�0:01 s s
R170 Cþ C3H6 ! C4H5 þH 4:57� 10�10T�0:08 Chastaing et al. (1998) s
R171 Cþ C4H6 ! Products 1:1� 10�9 Husain and Ioannou (1997) 300

R172 Cþ C4H8 ! Products 4:3� 10�10 Haider and Husain (1993) 300

R173 2 CH ! C2H2 1:99� 10�10 Braun et al. (1967) 298
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Table 5 (continued )

Reaction Rate Reference T (K)

R174 CHþ CH4 ! C2H4 þH 3:96� 10�8T�1:04e�36:1=T Canosa et al. (1997) 23–295

R175 CHþ C2H2 ! C3H2 þH 1:59� 10�9T�0:23e�16=T s s
R176 CHþ C2H4 ! CH3C2HþH 3:87� 10�9T�0:55e�29:6=T s s
R177 CHþ C2H4 ! CH2CCH2 þH 3:87� 10�9T�0:55e�29:6=T s s
R178 CHþ C2H6 ! C3H6 þH 1:9� 10�8T�0:86e�53:2=T s s
R179 CHþ C2H6 ! C2H4 þ CH3 1:9� 10�8T�0:86e�53:2=T s s
R180 CHþ CH3C2H ! C4H4 þH 4:6� 10�10 Butler et al. (1981) 298

R181 CHþ C3H6 ! C4H6 þH 5:3� 10�11e528=T Est. from Zabarnick et al. (1988) 295–668

R182 CHþ C3H8 ! C3H6 þ CH3 1:9� 10�10e242=T Baulch et al. (1992) 300–700

R183 CHþ C4H4 ! ProductsþH 1:59� 10�9T�0:23e�16=T Est. as kðCHþ C2H2Þ

R184 CHþ C4H8 ! Products 8:78� 10�9T�0:53e�33:5=T Canosa et al. (1997) 23–295

R185 CHþ C4H10 ! C4H8 þ CH3 4:4� 10�10e28=T Baulch et al. (1992) 250–700

R186 2 1CH2
! C2H2 þ 2 H 5:0� 10�11 Tsang and Hampson (1986) 300–2500

R187 1CH2 þ
3CH2

! C2H2 þ 2 H 3:0� 10�11 s s
R188 1CH2 þ CH3 ! C2H4 þH 3:0� 10�11 s s
R189 1CH2 þ CH4 ! 2 CH3 5:9� 10�11 Böhland et al. (1985a)

R190 1CH2 þ CH4 ! 3CH2 þ CH4 1:2� 10�11 s s
R191 1CH2 þ C2H ! C2H2 þ CH 3:0� 10�11 Tsang and Hampson (1986) 300–2500

R192 1CH2 þ C2H2 ! 3CH2 þ C2H2 9:2� 10�11 Blitz et al. (2000) 205

R193 1CH2 þ C2H2 ! C3H3 þH 3:27� 10�10 s s
R194 1CH2 þ C2H3 ! C2H2 þ CH3 3:0� 10�11 Tsang and Hampson (1986)

R195 1CH2 þ C2H4 ! 3CH2 þ C2H4 2:3� 10�11 Baulch et al. (1992) 300–3000

R196 1CH2 þ C2H4 þM ! C3H6 þM k0 ¼ 1:5� 10�18T�3e�300=T Moses et al. (2005) Est.

k1 ¼ 1:5� 10�10 Baulch et al. (1992) 300–3000

R197 1CH2 þ C2H5 ! C2H4 þ CH3 1:5� 10�11 Tsang and Hampson (1986) 300–2500

R198 1CH2 þ C2H5 ! C3H6 þH 1:5� 10�11 s s
R199 1CH2 þ C2H6 ! 3CH2 þ C2H6 3:6� 10�11 Baulch et al. (1992) 300–3000

R200 1CH2 þ C2H6 ! C2H5 þ CH3 5:9� 10�11 Est. as kð1CH2 þ CH4Þ

R201 1CH2 þ C3H3 ! C4H4 þH 3:3� 10�10 Est. as kð1CH2 þ C3H5)

R202 1CH2 þ CH3C2H ! C4H5 þH 5:0� 10�11 Est. based on other 1CH2 reactions

R203 1CH2 þ CH2CCH2 ! C4H5 þH 5:0� 10�11 s
R204 1CH2 þ C3H5 ! C4H6 þH 3:3� 10�10 Tsang (1991) 300–2500

R205 1CH2 þ C3H5 ! C2H4 þ C2H3 6:67� 10�11 s s
R206 1CH2 þ C3H6 ! 3CH2 þ C3H6 5:0� 10�11 s s
R207 1CH2 þ C3H6 ! C3H5 þ CH3 8:7� 10�11 s s
R208 1CH2 þ C3H6 þM ! C4H8 þM k0 ¼ 1:5� 10�18T�3e�300=T Est. as k0ð

1CH2 þ C2H4Þ

k1 ¼ 8:1� 10�11 Tsang (1991) 300–2500

R209 1CH2 þ C3H7 ! C2H5 þ C2H4 4:29� 10�11 Tsang (1988) 300–2500

R210 1CH2 þ C3H7 ! C3H6 þ CH3 1:71� 10�11 s s
R211 1CH2 þ C3H8 ! 2 C2H5 1:6� 10�10 s s
R212 1CH2 þ C4H4 ! ProductþH 3:27� 10�10 Est. as kð1CH2 þ C2H2Þ

R213 1CH2 þ C4H8 þM ! ProductþM k0 ¼ 1:5� 10�18T�3e�300=T Est. as k0ð
1CH2 þ C2H4Þ

k1 ¼ 8:1� 10�11 Est. as k1ð
1CH2 þ C2H4Þ

R214 1CH2 þ C4H10 ! C2H5 þ C3H7 1:6� 10�10 Est. as kð1CH2 þ C3H8Þ

R215 1CH2 þN2 ! 3CH2 þN2 1:0� 10�11 Baulch et al. (1992) 300–3000

R216 2 3CH2
! C2H2 þ 2 H 1:8� 10�10e�400=T s s

R217 2 3CH2
! C2H2 þH2 2:0� 10�11e�400=T s s

R218 3CH2 þ CH3 ! C2H4 þH 7:0� 10�11 s s
R219 3CH2 þ CH4 ! 2 CH3 7:13� 10�12e�5052=T Böhland et al. (1985b) 296–707

R220 3CH2 þ C2H ! C2H2 þ CH 3:0� 10�11 Tsang and Hampson (1986) 300–2500

R221 3CH2 þ C2H2 ! C3H3 þH 2:0� 10�11e�3330=T s s
R222 3CH2 þ C2H3 ! C2H2 þ CH3 3:0� 10�11 Tsang and Hampson (1986) 300–2500

R223 3CH2 þ C2H4 ! C3H5 þH 5:31� 10�12e�2658=T Kraus et al. (1993) 296–728

R224 3CH2 þ C2H5 ! C2H4 þ CH3 3:0� 10�11 Tsang and Hampson (1986) 300–2500

R225 3CH2 þ C2H6 ! C2H5 þ CH3 1:07� 10�11e�3981=T Böhland et al. (1985b) 296–707

R226 3CH2 þ C3H3 ! C4H4 þH 5:0� 10�11 Est. as kð3CH2 þ C3H5)
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Table 5 (continued )

Reaction Rate Reference T (K)

R227 3CH2 þ CH3C2H ! C4H5 þH 5:0� 10�11 Est. based on other 3CH2 reactions

R228 3CH2 þ CH2CCH2 ! C4H5 þH 5:0� 10�11 s
R229 3CH2 þ C3H5 ! C4H6 þH 5:0� 10�11 Tsang (1991) 300–2500

R230 3CH2 þ C3H6 ! C3H5 þ CH3 1:2� 10�12e�3120=T s s
R231 3CH2 þ C3H7 ! C3H6 þ CH3 3:0� 10�12 Tsang (1988) 300–2500

R232 3CH2 þ C3H7 ! C2H4 þ C2H5 3:0� 10�11 s s
R233 3CH2 þ C3H8 ! C3H7 þ CH3 1:5� 10�24T3:65e�3600=T s s
R234 3CH2 þ C4H2 ! C4Hþ CH3 2:16� 10�11e�2165=T Böland et al. (1988) 296–700

R235 3CH2 þ C4H6 ! CH3C2Hþ C2H4 6:14� 10�12e�1732=T Kraus et al. (1993) 296–728

R236 3CH2 þ C4H10 ! Productsþ CH3 8:1� 10�12 Halberstadt and Crump (1973) 304

R237 2 CH3 ! C2H5 þH 8:28� 10�12T0:1e�5335=T Stewart et al. (1989) 200–2500

R238 2 CH3 þM ! C2H6 þM k0 ¼ 2:822� 10�3T�8:749e�985:4=T See text, Part II

k1 ¼ 9:3132� 10�11e�1:519�10
�3�T Cody et al. (2003) 155–906

R239 CH3 þ C2H ! C3H3 þH 4:0� 10�11 Tsang and Hampson (1986) 300–2500

R240 CH3 þ C2H2 ! CH3C2HþH 3:18� 10�20T2:42e�6488=T Diau and Lin (1994) 300–3000

R241 CH3 þ C2H2 þM ! C3H5 þM k0 ¼ 3:3� 10�30e�740=T Est. as k0ðHþ C2H2 þMÞ

k1 ¼ 1:0� 10�12e�3880=T Tsang and Hampson (1986) 300–2500

R242 CH3 þ C2H3 ! C2H2 þ CH4 3:4� 10�11 Fahr et al. (1991) 298

R243 CH3 þ C2H3 þM ! C3H6 þM k0 ¼ 2:822� 10�3T�8:749e�985:4=T Est. as 10� k0ð2 CH3 þMÞ, Laufer et al. (1983)

k1 ¼ 1:2� 10�10 Fahr et al. (1991) 298

R244 CH3 þ C2H4 ! C2H3 þ CH4 1:1� 10�23T3:7e�4780=T Tsang and Hampson (1986) 300–2500

R245 CH3 þ C2H4 þM ! C3H7 þM k0 ¼ 7:7� 10�30e�380=T Est. as k0ðHþ C2H4 þMÞ

k1 ¼ 3:5� 10�13e�3700=T Baulch et al. (1992) 300–600

R246 CH3 þ C2H5 ! C2H4 þ CH4 5:04� 10�14T0:41e429=T Zhu et al. (2004) 200–600

R247 CH3 þ C2H5 þM ! C3H8 þM k0 ¼ 2:822� 10�3T�8:749e�985:4=T Est. as k0ð2 CH3 þMÞ

k1 ¼ 2:41� 10�10T�0:34e259=T Zhu et al. (2004) 200–600

R248 CH3 þ C2H6 ! C2H5 þ CH4 2:5� 10�31T6e�3043=T Baulch et al. (1992) 300–1500

R249 CH3 þ C3H3 þM ! C4H6 þM k0 ¼ 2:822� 10�3T�8:749e�985:4=T Est. as k0ð2 CH3 þMÞ

k1 ¼ 6:8� 10�11e131=T Knyazev and Slagle (2001b) 300–800

R250 CH3 þ CH3C2H ! C2H6 þ C2H 8:32� 10�13e�4428=T Kerr and Parsonage (1972) 379–465

R251 CH3 þ CH2CCH2 ! C2H5 þ C2H2 3:32� 10�13e�4076=T s s
R252 CH3 þ C3H5 ! CH2CCH2 þ CH4 5:0� 10�12T�0:32e66=T Tsang (1991) 300–2500

R253 CH3 þ C3H5 þM ! C4H8 þM k0 ¼ 2:822� 10�3T�8:749e�985:4=T Est. as k0ð2 CH3 þMÞ

k1 ¼ 1:55� 10�9T�0:54e117=T Knyazev and Slagle (2001a) 300–800

R254 CH3 þ C3H6 ! C3H5 þ CH4 2:66� 10�13e�4440=T Kinsman and Roscoe (1994) 300–580

R255 CH3 þ C3H6 ! Products k0 ¼ 7:7� 10�30e�380=T Est. as k0ðHþ C2H4 þMÞ

k1 ¼ 1:19� 10�13e�3260=T Kinsman and Roscoe (1994) 300–580

R256 CH3 þ C3H7 ! C3H6 þ CH4 1:9� 10�11T�0:32 Tsang (1988) 300–2500

R257 CH3 þ C3H7 þM ! C4H10 þM k0 ¼ 2:822� 10�3T�8:749e�985:4=T Est. as k0ð2 CH3 þMÞ

k1 ¼ 3:06� 10�11e387=T Knyazev and Slagle (2001b) 297–600

R258 CH3 þ C3H8 ! C3H7 þ CH4 1:5� 10�24T3:65e�3600=T Tsang (1988) 300–2500

R259 CH3 þ C4H4 ! C4H3 þ CH4 6:61� 10�13e�2502=T Scherzer et al. (1985) 553–593

R260 CH3 þ C4H6 ! Products k0 ¼ 3:3� 10�30e�740=T Est. as k0ðHþ C2H2 þMÞ

k1 ¼ 1:35� 10�13e�2063=T Kerr and Parsonage (1972) 353–453

R261 CH3 þ C4H8 ! Products 1:69� 10�13e�3620=T s s
R262 CH3 þ C4H10 ! Productsþ CH4 6:64� 10�13e�4840=T Warnatz (1984) 300–1000

R263 CH3 þ C5H3 ! 2 C3H3 4:0� 10�11 Est. Moses et al. (2005)

R264 CH3 þ C5H3 þM ! C6H6 þM k0 ¼ 2:822� 10�3T�8:749e�985:4=T Est. as k0ð2 CH3 þMÞ

k1 ¼ 3:06� 10�11e387=T Est. as k1ðCH3 þC3H7 þMÞ

R265 CH3 þ C6H4 ! C6H3 þ CH4 6:61� 10�13e�2502=T Est. as kðCH3 þC4H4Þ

R266 CH4 þ C2 ! C2Hþ CH3 5:05� 10�11e�297=T Pitts et al. (1982) 300–600

R267 CH4 þ C2H ! C2H2 þ CH3 1:2� 10�11e�491=T Opansky and Leone (1996a) 154–359

R268 CH4 þ C2H3 ! C2H4 þ CH3 2:4� 10�24T4:02e�2754=T Tsang and Hampson (1986) 300–2500

R269 CH4 þ C2H5 ! C2H6 þ CH3 1:43� 10�25T4:14e�6322=T s s
R270 CH4 þ C3H7 ! C3H8 þ CH3 4:0� 10�26T4:02e�5473=T Tsang (1988) 300–2500

R271 CH4 þ C4H ! C4H2 þ CH3 1:2� 10�11e�491=T Est. as kðCH4 þC2HÞ

R272 CH4 þ C6H ! C6H2 þ CH3 1:2� 10�11e�491=T s
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Table 5 (continued )

Reaction Rate Reference T (K)

R273 CH4 þ C6H5 ! C6H6 þ CH3 3:32� 10�11e�4328=T Heckmann et al. (1996) 560–1410

R274 C2 þ C2H2 ! 2 C2H 4:3� 10�10 Reisler et al. (1980) 300

R275 C2 þ C2H4 ! C4H3 þH 3:26� 10�10 s, Balucani et al. (2001) s
R276 C2 þ C2H6 ! C2Hþ C2H5 3:0� 10�10 s, Est. s
R277 C2 þ CH3C2H ! C2Hþ C3H3 4:74� 10�10 s s
R278 C2 þ CH2CCH2 ! C2Hþ C3H3 4:74� 10�10 s s
R279 C2 þ C3H8 ! C2Hþ C3H7 3:3� 10�10 s s
R280 C2 þ C4H10 ! C2Hþ Products 3:19� 10�10 Huang et al. (2004) 298

R281 C2 þ C6H6 ! C2Hþ C6H5 5:2� 10�10 Reisler et al. (1980) 300

R282 2 C2H ! C2H2 þ C2 3:0� 10�12 Tsang and Hampson (1986) 300–2500

R283 C2Hþ C2H2 ! C4H2 þH 1:3� 10�10 Vakhtin et al. (2001a) 103

R284 C2Hþ C2H3 ! 2 C2H2 1:6� 10�12 Tsang and Hampson (1986) 300–2500

R285 C2Hþ C2H4 ! C4H4 þH 1:4� 10�10 Vakhtin et al. (2001b) 103

R286 C2Hþ C2H5 ! C2H2 þ C2H4 3:0� 10�12 Tsang and Hampson (1986) 300–2500

R287 C2Hþ C2H5 ! C3H3 þ CH3 3:0� 10�11 s s
R288 C2Hþ C2H6 ! C2H2 þ C2H5 5:1� 10�11e�76=T Murhpy et al. (2003) 96–800

R289 C2Hþ CH3C2H ! C4H2 þ CH3 1:6� 10�10e71=T Hoobler and Leone (1999) 155–298

R290 C2Hþ CH2CCH2 ! C2H2 þ C3H3 1:3� 10�10e103=T s s
R291 C2Hþ C3H5 ! CH2CCH2 þ C2H2 1:2� 10�11 Tsang (1991) 300–2500

R292 C2Hþ C3H6 ! ProductsþH 2:4� 10�10 Vakhtin et al. (2001b) 103

R293 C2Hþ C3H7 ! C3H3 þ C2H5 2:0� 10�11 Tsang (1988) 300–2500

R294 C2Hþ C3H7 ! C3H6 þ C2H2 1:0� 10�11 s s
R295 C2Hþ C3H8 ! C3H7 þ C2H2 9:8� 10�11e�71=T Murhpy et al. (2003) 96–297

R296 C2Hþ C4H2 ! C6H2 þH 1:3� 10�10 Est. as kðC2HþC2H2Þ

R297 C2Hþ C4H6 ! C6H6 þH 3:1� 10�10 Nizamov and Leone (2004) 104–296

R298 C2Hþ C4H8 ! Products 2:6� 10�10 Laufer and Fahr (2004) 296

R299 C2Hþ C4H10 ! Productsþ C2H2 8:3� 10�11e�112=T Hoobler et al. (1997) 176–297

R300 C2H2 þ C2H3 ! C4H4 þH 3:32� 10�12e�2516=T Fahr and Stein (1989) 298–1330

R301 C2H2 þ C2H3 þM ! C4H5 þM k0 ¼ 1:54� 10�14T�5:84e�2364=T Wang and Frenklach (1994) 500–2500

k1 ¼ 4:16� 10�19T1:9e�1058=T Weissman and Benson (1988) 300–1500

R302 C2H2 þ C2H5 þM ! ProductsþM k0 ¼ 3:3� 10�30e�740=T Est. as k0ðHþ C2H2Þ

k1 ¼ 8:32� 10�14e�3520=T Kerr and Parsonage (1972) 373–473

R303 C2H2 þ C3H5 þM ! ProductsþM k0 ¼ 3:3� 10�30e�740=T Est. as k0ðHþ C2H2Þ

k1 ¼ 5:3� 10�14e�3500=T Tsang (1991) 300 –2500

R304 C2H2 þ C3H7 ! C2H4 þ C3H5 1:2� 10�12e�4531=T Tsang (1988) 300–2500

R305 C2H2 þ C4H ! C6H2 þH 1:3� 10�10 Est. as kðC2HþC2H2Þ

R306 C2H2 þ
�C4H2 ! C6H2 þ 2 H 3:5� 10�13 Seki et al. (1986) Est. as kð�C2H2 þC2H2Þ

R307 C2H2 þ C4H3 þM ! C6H5 þM k0 ¼ 3:3� 10�30e�740=T Est. as k0ðHþ C2H2Þ

k1 ¼ 5:53T�3:89e�4635=T Westmoreland et al. (1989) 400–1600

R308 C2H2 þ C4H5 ! C6H6 þH 3:16� 10�17T1:47e�2471=T s s
R309 C2H2 þ C4H5 þM ! C6H7 þM k0 ¼ 1:24� 10�21T�3:28e�5130=T Wang and Frenklach (1994) 600–2500

! C6H6 þH k1 ¼ 4:2� 10�19T1:8e�602=T Weissman and Benson (1988) 300–1500

R310 2 C2H3 ! C2H2 þ C2H4 3:5� 10�11 Laufer and Fahr (2004) 298

R311 2 C2H3 þM ! C4H6 þM k0 ¼ 2:822� 10�3T�8:749e�985:4=T Est. as k0ð2 CH3 þMÞ

k1 ¼ 9:5� 10�11 Laufer and Fahr (2004)) 298

R312 C2H3 þ C2H4 ! C4H6 þH 8:3� 10�13e�3676=T Tsang and Hampson (1986) 300–2500

R313 C2H3 þ C2H5 ! C2H2 þ C2H6 8:0� 10�13 s s
R314 C2H3 þ C2H5 ! 2 C2H4 8:0� 10�13 s s
R315 C2H3 þ C2H5 þM ! C4H8 þM k0 ¼ 2:822� 10�3T�8:749e�985:4=T Est. as k0ð2 CH3 þMÞ

k1 ¼ 6:5� 10�11 Laufer and Fahr (2004) 298

R316 C2H3 þ C2H6 ! C2H4 þ C2H5 9:98� 10�22T3:3e�5285=T Tsang and Hampson (1986) 300–2500

R317 C2H3 þ C3H3 ! CH3C2Hþ C2H2 8:0� 10�12 Est. as kðC2H3 þ C3H5Þ, Vuitton et al. (2006b)

R318 C2H3 þ C3H3 ! Products k0 ¼ 2:822� 10�3T�8:749e�985:4=T Est. as k0ð2 CH3 þMÞ

k1 ¼ 8:0� 10�11 Est. as kðC2H3 þ C3H5Þ, Vuitton et al. (2006b)

R319 C2H3 þ C3H5 ! CH2CCH2 þ C2H4 4:0� 10�12 Tsang (1991) 300–2500

R320 C2H3 þ C3H5 ! C3H6 þ C2H2 8:0� 10�12 s s
R321 C2H3 þ C3H5 ! Products k0 ¼ 2:822� 10�3T�8:749e�985:4=T Est. as k0ð2 CH3 þMÞ
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Table 5 (continued )

Reaction Rate Reference T (K)

k1 ¼ 8:0� 10�11 Tsang (1991) 300–2500

R322 C2H3 þ C3H6 ! C4H6 þ CH3 1:2� 10�12e�2520=T s s
R323 C2H3 þ C3H6 ! C3H5 þ C2H4 3:68� 10�24T3:5e�2356=T s s
R324 C2H3 þ C3H6 ! ProductsþH 1:2� 10�12e�3240=T s s
R325 C2H3 þ C3H7 ! C3H6 þ C2H4 2:0� 10�12 Tsang (1988) 300–2500

R326 C2H3 þ C3H7 ! C3H8 þ C2H2 2:0� 10�12 s s
R327 C2H3 þ C3H7 þM ! AdductþM k0 ¼ 2:822� 10�3T�8:749e�985:4=T Est. as k0ð2 CH3 þMÞ

k1 ¼ 1:6� 10�11 Tsang (1988) 300–2500

R328 C2H3 þ C3H8 ! C3H7 þ C2H4 1:0� 10�21T3:3e�5285=T s s
R329 C2H3 þ C4H3 ! C2H4 þ C4H2 1:75� 10�12 Est. as kð2C2H3Þ

R330 C2H3 þ C4H3 ! C2H2 þ C2H4 1:75� 10�12 s
R331 C2H3 þ C4H3 þM ! C6H6 þM k0 ¼ 1:646� 10�3T�8:749e�985:4=T s

k1 ¼ 9:5� 10�11 s
R332 C2H3 þ C4H4 ! C6H6 þH 1:23� 10�5T�0:66e4235=T Wang and Frenklach (1997) 400–1600

R333 C2H3 þ C4H5 ! C6H6 þH2 3:05� 10�37T7:07e1817=T Westmoreland et al. (1989) 400–1600

R334 C2H3 þ C4H6 þM ! AdductþM k0 ¼ 2:822� 10�3T�8:749e�985:4=T Est. as k0ð2 CH3 þMÞ

k1 ¼ 2:45� 10�12T�0:17e�1630=T Westmoreland et al. (1989) 400–1600

R335 C2H3 þ C4H10 ! C2H4 þ Product 2:25� 10�24T3:65e�2600=T Est. from Tsang (1990) 300–2500

R336 C2H4 þ C2H5 ! C2H6 þ C2H3 1:0� 10�21T3:13e�9063=T Tsang and Hampson (1986) 300–2500

R337 C2H4 þ C2H5 þM ! ProductþM k0 ¼ 7:7� 10�30e�380=T Est. as k0ðHþ C2H4 þMÞ

k1 ¼ 6:6� 10�21T2:44e�2700=T Knyazev and Slagle (1996) 298–1500

R338 C2H4 þ C3H5 ! ProductsþH 1:0� 10�14e�5776=T Tsang (1991) 300–2500

R339 C2H4 þ C3H7 þM ! AdductþM k0 ¼ 7:7� 10�30e�380=T Est. as k0ðHþ C2H4 þMÞ

k1 ¼ 3:24� 10�14e�3070=T Kerr and Parsonage (1972) 375–503

R340 C2H4 þ C4H ! C4H2 þ C2H3 1:4� 10�10 Est. as kðC2HþC2H4Þ

R341 C2H4 þ
�C4H2 ! C6H4 þH2 3:87� 10�13 Zwier and Allen (1996) Relative to R306

R342 C2H4 þ
�C4H2 ! C6H5 þH 1:03� 10�13 s s

R343 C2H4 þ C6H ! C6H2 þ C2H3 1:4� 10�10 Est. as kðC2HþC2H4Þ

R344 2 C2H5 ! C2H6 þ C2H4 2:4� 10�12 Baulch et al. (1992) 300–1200

R345 2 C2H5 þM ! C4H10 þM k0 ¼ 6:59� 10�6T�6:39e�301=T Laufer et al. (1983) 100–300

k1 ¼ 1:26� 10�11e�96=T Teng and Jones (1972) 303–603

R346 C2H5 þ C3H3 ! CH3C2Hþ C2H4 4:3� 10�12e66=T Est. as kðC2H5 þC3H5), Vuitton et al. (2006b)

R347 C2H5 þ C3H3 þM ! ProductsþM k0 ¼ 2:822� 10�3T�8:749e�985:4=T Est. as kð2 CH3 þMÞ

k1 ¼ 9:24� 10�11 Est. as kðC2H5 þC3H5Þ, Vuitton et al. (2006b)

R348 C2H5 þ C3H5 ! CH2CCH2 þ C2H6 1:6� 10�12e66=T Tsang (1991) 300–2500

R349 C2H5 þ C3H5 ! C3H6 þ C2H4 4:3� 10�12e66=T s s
R350 C2H5 þ C3H5 þM ! ProductsþM k0 ¼ 2:822� 10�3T�8:749e�985:4=T Est. as kð2 CH3 þMÞ

k1 ¼ 9:24� 10�11 Garland and Bayes (1990) 300

R351 C2H5 þ C3H6 ! C2H6 þ C3H5 3:7� 10�24T3:50e�3340=T Tsang (1991) 300–2500

R352 C2H5 þ C3H6 þM ! ProductsþM k0 ¼ 7:7� 10�30e�380=T Est. as k0ðHþ C2H4 þMÞ

k1 ¼ 1:69� 10�13e�3620=T Tsang (1991) 300–2500

R353 C2H5 þ C3H7 ! C3H6 þ C2H6 2:4� 10�12 Tsang (1988) 300–2500

R354 C2H5 þ C3H7 ! C3H8 þ C2H4 1:9� 10�12 s s
R355 C2H5 þ C3H7 ! Products k0 ¼ 6:59� 10�6T�6:39e�301=T Est. as k0ð2 C2H5 þMÞ

k1 ¼ 3:3� 10�11 Tsang (1988) 300–2500

R356 C2H5 þ C3H8 ! C2H6 þ C3H7 1:5� 10�24T3:65e�4600=T s s
R357 C2H5 þ C4H3 ! C4H2 þ C2H6 8:0� 10�13 Est. as kðC2H3 þC2H5)

R358 C2H5 þ C4H3 ! C4H4 þ C2H4 8:0� 10�13 s
R359 C2H5 þ C4H3 þM ! C4H8 þM k0 ¼ 2:822� 10�3T�8:749e�985:4=T Est. as k0ð2 CH3 þMÞ

k1 ¼ 6:5� 10�11 Est. as k1ðC2H3 þC2H5 þMÞ

R360 C2H5 þ C4H4 þM ! ProductsþM k0 ¼ 2:822� 10�3T�8:749e�985:4=T Est. as k0ð2 CH3 þMÞ

k1 ¼ 6:8� 10�11e�131=T Est. as k1ðCH3 þC3H3 þMÞ

R361 C2H5 þ C4H8 þM ! ProductsþM k0 ¼ 7:7� 10�30e�380=T Est. as k0ðHþ C2H4 þMÞ

k1 ¼ 1:69� 10�13e�3620=T Est. as k1ðC2H5 þC3H6 þMÞ

R362 C2H5 þ C4H10 ! C2H6 þ Products 1:5� 10�24T3:65e�4600=T Est. as kðC2H5 þC3H8Þ

R363 C2H6 þ C3H5 ! C3H6 þ C2H5 3:9� 10�22T3:30e�9986=T Tsang (1991) 300–2500

P.P. Lavvas et al. / Planetary and Space Science ] (]]]]) ]]]–]]] 15

Please cite this article as: Lavvas, P.P., et al., Coupling photochemistry with haze formation in Titan’s atmosphere, Part I: Model description. Planet.

Space Sci. (2007), doi:10.1016/j.pss.2007.05.026

dx.doi.org/10.1016/j.pss.2007.05.026


ARTICLE IN PRESS

Table 5 (continued )

Reaction Rate Reference T (K)

R364 C2H6 þ C3H7 ! C3H8 þ C2H5 4:2� 10�25T3:82e�4550=T Tsang (1988) 300–2500

R365 C2H6 þ C4H ! C4H2 þ C2H5 5:1� 10�11e�76=T Est. as kðC2HþC2H6Þ

R366 C2H6 þ C6H ! C6H2 þ C2H5 5:1� 10�11e�76=T Est. as kðC2HþC2H6Þ

R367 2 C3H3 þM ! C6H6 þM k0 ¼ 6:0� 10�28e1680=T Moses et al. (2000) Est.

k1 ¼ 1:2� 10�10 Morter et al. (1994) 298

R368 C3H3 þ C3H5 ! 2 CH2CCH2 1:4� 10�13e132=T Est. as kð2 C3H5Þ

R369 C3H3 þ C3H5 þM ! ProductþM k0 ¼ 1:65� 10�4T�8:75e�985:4=T s

k1 ¼ 1:7� 10�11e132=T s
R370 CH3C2Hþ

�C4H2 ! C6H2 þ CH3 þH 2:43� 10�13 Zwier and Allen (1996) Relative to R306

R371 CH3C2Hþ
�C4H2 ! ProductsþH2 1:67� 10�13 s s

R372 CH3C2Hþ
�C4H2 ! Productsþ C2H2 2:58� 10�13 s s

R373 CH3C2Hþ
�C4H2 ! Productsþ C2H3 9:12� 10�14 s s

R374 2 C3H5 ! CH2CCH2 þ C3H6 1:4� 10�13e132=T Tsang (1991) 300–2500

R375 2 C3H5 þM ! ProductsþM k0 ¼ 2:822� 10�3T�8:749e�985:4=T Est. as k0ð2 CH3 þMÞ

k1 ¼ 1:69� 10�11e131=T Tsang (1991) 300–2500

R376 C3H5 þ C3H6 ! ProductsþH 1:0� 10�14e�5776=T s s
R377 C3H5 þ C3H7 ! 2 C3H6 2:4� 10�12e66=T s s
R378 C3H5 þ C3H7 ! CH2CCH2 þ C3H8 1:2� 10�12e66=T s s
R379 C3H5 þ C3H7 þM ! ProductþM k0 ¼ 2:822� 10�3T�8:749e�985:4=T Est. as k0ð2 CH3 þMÞ

k1 ¼ 3:4� 10�11e66=T Tsang (1991) 300–2500

R380 C3H5 þ C3H8 ! C3H6 þ C3H7 3:9� 10�22T3:3e�9986=T s s

R381 C3H6 þ C3H7 ! C3H8 þ C3H5 3:7� 10�24T3:5e�3340=T s s
R382 C3H6 þ

�C4H2 ! C6H4 þ CH3 þH 3:94� 10�13 Zwier and Allen (1996) Relative to R306

R383 C3H6 þ
�C4H2 ! ProductsþH2 1:71� 10�13 s s

R384 C3H6 þ
�C4H2 ! Productsþ C2H2 2:4� 10�13 s s

R385 C3H6 þ
�C4H2 ! Productsþ C2H3 5:1� 10�14 s s

R386 2 C3H7 ! C3H8 þ C3H6 2:8� 10�12 Tsang (1988) 300–2500

R387 2 C3H7 þM ! ProductþM k0 ¼ 2:822� 10�3T�8:749e�985:4=T Est. as k0ð2 CH3 þMÞ

k1 ¼ 1:7� 10�11 Tsang (1988) 300–2500

R388 �C4H2 ! C4H2 10 Vuitton et al. (2003) 11–40

R389 �C4H2 þN2 ! C4H2 þN2 1:4� 10�15 Zwier and Allen (1996) Relative to R306

R390 �C4H2 þ C4H2 ! C6H2 þ C2H2 8:58� 10�13 s s
R391 �C4H2 þ C4H2 ! Productsþ 2H 1:59� 10�12 s s
R392 �C4H2 þ C4H6 ! C6H6 þ C2H2 1:48� 10�12 Arrington et al. (1998) Relative to R306

R393 �C4H2 þ C4H6 ! Productsþ 2 H 1:48� 10�12 s s
R394 2 C4H4 þM ! ProductþM k0 ¼ 2:822� 10�3T�8:749e�985:4=T Est. as k0ð2 CH3 þMÞ

k1 ¼ 7:25� 10�14e�9261=T Lungard and Heicklen (1984) 573–723

Nitriles

R395 Nþ2 þ e� ! 2 N 3:5� 10�7ð300=TeÞ
0:5 Keller et al. (1992) Te� 1200K

R396 Nþ2 þN ! Nþ þN2 1:0� 10�11 McEwan and Phillips (1975) Upper Limit

R397 Nþ2 þ CH4 ! CH3 þN2 þHþ e� 1:0� 10�9 Est. based on Keller et al. (1992)

R398 Nþ þ e� ! N 3:5� 10�12ð300=TeÞ
0:7 Keller et al. (1992) Te� 1200K

R399 Nþ þNH ! Nþ2 þH 3:7� 10�10 s s
R400 Nþ þ CH4 ! CH3 þNHþ e� 5:0� 10�10 Est. based on Keller et al. (1992)

R401 Nþ þ CH4 ! H2CNþH2 þ e� 5:0� 10�10 s

R402 Nð2DÞ ! N 2:3� 10�5 Okabe (1978)

R403 Nð2DÞ þ e� ! Nþ e� 6:0� 10�10ð300=TeÞ
�0:5 Frederick and Rusch (1977) Te� 1200K

R404 Nð2DÞ þNH3 ! NHþNH2 5:0� 10�11 Herron (1999) 298

R405 Nð2DÞ þN2 ! NþN2 1:7� 10�14 s s
R406 Nð2DÞ þH2 ! NHþH 4:2� 10�11e�880=T s 200–300

R407 Nð2DÞ þ CH4 ! NHþ CH3 9:6� 10�12e�750=T s 232–292

R408 Nð2DÞ þ CH4 ! CH2NHþH 3:84� 10�11e�750=T s 232–292

R409 Nð2DÞ þ C2H2 ! CHCNþH 1:6� 10�10e�270=T s 220–300

R410 Nð2DÞ þ C2H4 ! CH3CNþH 2:3� 10�10e�503=T Sato et al. (1999) 225–292

R411 Nð2DÞ þ C2H6 ! C2H5N 1:9� 10�11 Herron (1999) 298
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Table 5 (continued )

Reaction Rate Reference T (K)

R412 Nð2DÞ þ CH3C2H ! C2H3CNþH 1:6� 10�10e�270=T Est. as kðNð2DÞ þC2H2Þ

R413 Nð2DÞ þ C3H6 ! ProductþH 2:3� 10�10e�503=T Est. as kðNð2DÞ þC2H4Þ

R414 Nð2DÞ þ C3H8 ! ProductþH 2:9� 10�11 Herron (1999) 298

R415 Nð2DÞ þ C4H2 ! ProductþH 1:6� 10�10e�270=T Est. as kðNð2DÞ þC2H2Þ

R416 Nð2DÞ þ C4H8 ! ProductþH 2:3� 10�10e�503=T Est. as kðNð2DÞ þC2H4Þ

R417 Nð2DÞ þ C4H10 ! ProductþH 3:1� 10�11 Herron (1999) 298

R418 Nð2DÞ þ CH2NH ! Products 2:3� 10�10e�503=T Est. as kðNð2DÞ þC2H4Þ

R419 2 NþM ! N2 þM k0 ¼ 1:78� 10�33e483=T Clyne and Stedman (1967) 90–611

k1 ¼ 5:0� 10�16 Takahashi and Miyazaki (1977) 298

R420 NþHþM ! NHþM k0 ¼ 5:0� 10�32 Brown (1973) s
R421 NþH2 þM ! NH2 þM k0 ¼ 1:0� 10�36 Petrishchev and YuSapozhkov (1981) s

k1 ¼ 1:94� 10�20 Aleksandrov et al. (1994) s
R422 Nþ CþM ! CNþM k0 ¼ 9:41� 10�33 Kley et al. (1974) s
R423 Nþ CH ! CNþH 2:67� 10�10T�0:09 Brownsword et al. (1996) 216–584

R424 Nþ CH3 ! H2CNþH 5:76� 10�11 s s
R425 Nþ CH3 ! HCNþH2 5:76� 10�12 Marston et al. (1989) 200

R426 Nþ C2H3 ! CH3CN 3:1� 10�12 Payne et al. (1996) 298

R427 Nþ C2H3 ! C2H2 þNH 1:23� 10�11 s s
R428 Nþ C2H3 ! Products 6:16� 10�11 s s
R429 Nþ C2H4 ! HCNþCH3 3:32� 10�14e�352=T Kerr and Parsonage (1972) 291–600

R430 Nþ C2H5 ! C2H4 þNH 7:1� 10�11 Stief et al. (1995) 298

R431 Nþ C2H5 ! H2CNþ CH3 3:9� 10�11 s s
R432 Nþ C2H6 ! C2H5NþH 4:0� 10�16 Aleksandrov et al. (1990) 253

R433 Nþ CH3C2H ! CHCNþ CH3 1:15� 10�13e�745=T Kerr and Parsonage (1972) 320–550

R434 Nþ C3H6 ! C2H4 þHCNþH 1:94� 10�13e�654=T s 338–697

R435 Nþ C3H8 ! C2H6 þHCNþH 3:39� 10�13e�2561=T Onyszchuk et al. (1953) 336–523

R436 Nþ C4H6 ! CH3C2HþHCNþH 3:09� 10�13e�926=T Kerr and Parsonage (1972) 320–550

R437 Nþ C4H8 ! Products 2:57� 10�13e�659=T s s
R438 Nþ C4H10 ! C3H8 þHCNþH 2:97� 10�14e�1812=T Back and Winkler (1954) 348–523

R439 NþNH ! N2 þH 2:49� 10�11 Hack et al. (1994) 298

R440 NþNH2 ! 2 NH 1:15� 10�10 Dransfeld and Wagner (1987) s
R441 Nþ CN ! N2 þ C 3:24� 10�13e�1771=T Atakan and Wolfrum (1992) 298–534

R442 NþH2CN ! HCNþNH 1:0� 10�10e�200=T Nesbitt et al. (1990) 200–363

R443 Nþ CH2NH ! H2CNþNH 3:32� 10�14e�352=T Est. as kðNþ C2H4Þ

R444 Nþ C2N ! 2 CN 1:0� 10�10 Whyte and Phillips (1983) 300

R445 Nþ CHCN ! C2N2 þH 1:0� 10�12 Yung (1987)

R446 NHþH ! NþH2 3:12� 10�12T1:55e�103:2=T Adam et al. (2005) 300–2000

R447 2 NH ! NH2 þN 9:9� 10�22T2:89e1021:5=T Zu et al. (1997) 297

R448 2 NHþM ! N2 þ 2 HþM k0 ¼ 1:0� 10�33 Yung et al. (1984) Est.

k1 ¼ 3:49� 10�12 Nicholas et al. (1986) 298

R449 NHþ CH3 ! CH2NHþH 1:0� 10�11 Est.

R450 NHþ CH4 ! NH2 þCH3 2:11� 10�24 Xu et al. (1999) 300

R451 NHþ C2H2 ! CHCNþH2 2:01� 10�9T�1:07 Mullen and Smith (2005) 53–188

R452 NHþ C2H4 ! CH3CNþH2 1:15� 10�9T�1:09 s s
R453 NHþ C2H6 ! NH2 þC2H5 1:41� 10�23 Xu et al. (1999) 300

R454 NHþ C3H6 ! Products 6:24� 10�9T�1:27 Mullen and Smith (2005) 53–188

R455 NHþ C4H2 ! Products 8:24� 10�9T�1:23 s s
R456 NHþNH3 þM ! N2H4 þM k0 ¼ 5:02� 10�35 Zetzsch and Stuhl (1981) 298

k1 ¼ 1:08� 10�12e820=T Mantei and Bair (1968) 300–345

R457 NH2 þHþM ! NH3 þM k0 ¼ 3:0� 10�30 Schofield (1973) 298

k1 ¼ 2:66� 10�11 Pagsberg et al. (1979) 348

R458 NH2 þH2 ! NH3 þH 4:89� 10�25T3:89e�1399=T Garrett et al. (1990) 200–2400

R459 NH2 þ CH4 ! NH3 þCH3 5:11� 10�23T3:59e�4540=T Mebel and Lin (1999) 300–2000

R460 2 NH2 ! NH3 þNH 2:26� 10�21T2:79e�664=T Xu et al. (1998) 300–1800

R461 2 NH2 þM ! N2H4 þM k0 ¼ 8:97� 10�20T�3:9 Fagerstrom et al. (1995) 200–400

k1 ¼ 2:5� 10�11T0:27 s
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Table 5 (continued )

Reaction Rate Reference T (K)

R462 NH2 þ CH3 þM ! CH3NH2 þM k0 ¼ 6:0� 10�18T�3:85 Jodkowski et al. (1995) 200–400

k1 ¼ 1:2� 10�11T0:42 s

R463 NH3 þH ! NH2 þH2 1:14� 10�23T3:87e�3920=T Garrett et al. (1990) 200–2400

R464 NH3 þ CH ! CH2NHþH 4:11� 10�9T�0:56e�3=T Bocherel et al. (1996) 23–296

R465 NH3 þ CN ! NH2 þHCN 1:83� 10�8T�1:14 Sims et al. (1994) 25–295

R466 N2 þCHþM ! ProductþM k0 ¼ 3:86� 10�25T�2:6 Fulle and Hippler (1996) 200–715

k1 ¼ 9:65� 10�11T�0:15 s
R467 N2H3 þH ! 2 NH2 2:66� 10�12 von Gehring et al. (1971) 300

R468 2 N2H3 ! N2H4 þN2 þH2 1:84� 10�11 Stief (1970) 298

R469 2 N2H3 ! 2 NH3 þN2 4:98� 10�12 Schiavello and Volpi (1962) 423

R470 N2H4 þH ! N2H3 þH2 1:17� 10�11e�1260=T Vaghjiani (1995) 222–657

R471 CNþHþM ! HCNþM k0 ¼ 2:39� 10�24T�2:2e�569=T Tsang (1992) 500–2500

k1 ¼ 2:99� 10�9T�0:5 s s
R472 CNþH2 ! HCNþH 2:23� 10�21T3:31e�756=T Sun et al. (1990) 209–740

R473 CNþ CH4 ! HCNþCH3 5:73� 10�12e�674=T Sims et al. (1993) 160–298

R474 CNþ C2H2 ! HC3NþH 5:26� 10�9T�0:52e�20=T s, Huang et al. (1999) 25–298

R475 CNþ C2H4 ! C2H3CNþH 1:36� 10�8T�0:69e�30=T s, Balucani et al. (2000) s
R476 CNþ C2H6 ! HCNþC2H5 5:91� 10�12T0:22e58=T s s
R477 CNþ CH3C2H ! ProductsþH 4:1� 10�10 Carty et al. (2001) 15–298

R478 CNþ CH2CCH2 ! ProductsþH 4:1� 10�10 s s
R479 CNþ C3H6 ! ProductsþH 1:73� 10�10e101=T Sims et al. (1993) 160–298

R480 CNþ C3H8 ! HCNþC3H7 3:58� 10�15T1:14e284=T Hess et al. (1989) 298–736

R481 CNþ C4H2 ! ProductsþH 4:2� 10�10 Seki et al. (1996) 298

R482 CNþ C4H4 ! ProductsþH 1:07� 10�7T�0:82e�228=T Yang et al. (1992b) 174–740

R483 CNþ C4H6 ! ProductsþH 2:57� 10�10e�171=T Butterfield et al. (1993) 297–740

R484 CNþ C6H6 ! ProductsþH 2:82� 10�10 Balucani et al. (1999) 297–740

R485 2 CNþM ! C2N2 þM k0 ¼ 9:41� 10�23T�2:61 Tsang (1992) 500–2500

k1 ¼ 9:4� 10�12 s s
R486 CNþHCN ! C2N2 þH 2:5� 10�17T1:71e�770=T Yang et al. (1992a) 297–740

R487 CNþ CH2NH ! HCNþH2CN 6:71� 10�11e�412=T Est. as kðCNþ CH2OÞ, Chang and Wang (1994)

R488 CNþ CH3CN ! C2N2 þ CH3 6:46� 10�11e�1190=T Zabarnick and Lin (1989) 296–578

R489 CNþHC3N ! C4N2 þH 1:7� 10�11 Halpern et al. (1989) 298

R490 CNþ C4N2 ! C2N2 þ C3N k0 ¼ 9:41� 10�23T�2:61 Est. as k0ð2 CNþMÞ

k1 ¼ 5:4� 10�13 Seki et al. (1996) 298

k ¼ k1 � kðpÞ

R491 HCNþHþM ! H2CNþM k0 ¼ 4:4� 10�24T�2:73e�3860=T Tsang and Herron (1991) 300–2500

k1 ¼ 5:5� 10�11e�2438=T s s
R492 HCNþ CH ! CHCNþH 5:0� 10�11e498=T Zabarnick and in 296–674

R493 HCNþ C2H ! HC3NþH 5:26� 10�12e�770=T Hoobler and Leone (1997) 297–360

R494 HCNþ C2H3 ! C2H3CNþH 1:1� 10�12e�900=T Monks et al. (1993) 298

R495 HCNþ C3N ! C4N2 þH 3:0� 10�11 Petrie and Osamura (2004) 298

R496 H2CNþH ! HCNþH2 7:0� 10�11 Nesbitt et al. (1990) lower limit, 298

R497 2 H2CNþM ! ProductþM k0 ¼ 9:41� 10�23T�2:61 Est. as k0ð2 CNþMÞ

k1 ¼ 2:57� 10�12 Nizamov and Dagdigian (2003)

R498 2 H2CN ! HCNþCH2NH 5:13� 10�12 Horne and Norrish (1970)

R499 CH2NHþH ! H2 þH2CN 4:0� 10�14 Est. as kðHþ CH2OÞ, Dobe et al. (1994)

R500 CH2NHþ C2H ! ProductsþH 1:4� 10�10 Est. as kðC2H4 þ C2HÞ

R501 C2Nþ CH4 ! CHCNþ CH3 6:0� 10�14 Zhu et al. (2003) 298

R502 C2Nþ C2H6 ! CHCNþ C2H5 2:9� 10�12 s s
R503 C2Nþ C3H8 ! CHCNþ C3H7 1:9� 10�11 s s
R504 C2Nþ C4H10 ! CHCNþ Products 4:2� 10�11 s s

R505 2 CHCN ! C4N4 þH2 5:0� 10�11 Yung (1987) Est.

R506 CH3CNþH ! HCNþCH3 3:39� 10�12e�3950=T Jamieson et al. (1970) 313–780

R507 CH3CNþH ! CNþ CH4 1:66� 10�13e�1500=T s s
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Table 5 (continued )

Reaction Rate Reference T (K)

R508 CH3CNþC2H ! HC3Nþ CH3 1:79� 10�11e�770=T Hoobler and Leone (1997) 262–360

R509 C3NþHþM ! HC3NþM k0 ¼ 1:26� 10�18T�3:1e�721=T Est. as k0ðHþ C2HþMÞ

k1 ¼ 3:0� 10�10 s
R510 C3NþH2 ! HC3NþH 1:2� 10�11e�998=T Est. as kðC2HþH2Þ

R511 C3Nþ CH4 ! HC3Nþ CH3 1:11� 10�10e�998=T Clarke and Ferris (1995) Relative to R510

R512 C3Nþ C2H2 ! ProductsþH 1:3� 10�10 Est. as kðC2HþC2H2Þ

R513 C3Nþ C2H4 ! ProductsþH 1:4� 10�10 Est. as kðC2HþC2H4Þ

R514 C3Nþ C2H6 ! HC3Nþ C2H5 7:56� 10�10e�998=T Clarke and Ferris (1995) Relative to R510

R515 C3Nþ C3H8 ! HC3Nþ C3H7 7:56� 10�10e�998=T Est. as kðC3NþC2H6Þ

R516 C3Nþ C4H2 ! ProductsþH 1:3� 10�10 Est. as kðC2HþC4H2Þ

R517 C3Nþ C4H10 ! HC3Nþ Products 7:56� 10�10e�998=T Est. as kðC3NþC2H6Þ

R518 HC3NþHþM ! H2C3NþM k0 ¼ 1:0� 10�27e�740=T Est. based on Parker et al. (2004)

k1 ¼ 1:1� 10�12e�500=T Parker et al. (2004) 200–298

R519 HC3Nþ CH3 þM ! ProductþM k0 ¼ 3:3� 10�28e�740=T Est. as kðCH3 þC2H2Þ

k1 ¼ 1:1� 10�12e�3880=T s

R520 H2C3NþH ! C2H2 þHCN 6:86� 10�11e23=T Est. as kðHþ C2H3Þ

R521 C2H3CNþ C2 ! C2H3 þ C3N 4:4� 10�10 Reisler et al. (1980) 300

R522 C2H3CNþ C2H5 ! Products 1:02� 10�13e�1710=T Kerr and Parsonage (1972) 323–454

R523 C2N2 þ C ! C2Nþ CN 3:0� 10�11 Whyte and Phillips (1983) 300

R524 C4N2 þ C2H ! Productsþ CN 1:3� 10�10 Est. as kðC2HþC2H2Þ
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procedure applied is adequate. Nevertheless, the high
accuracy measurements provided by the Cassini/Huygens
mission require the use of accurate and realistic laboratory
measurements which will constrain better the photochem-
istry and allow a safer interpretation of the haze produc-
tion processes. A short description of the main pathways
which lead to the formation of the most important
hydrocarbons and nitriles in Titan’s atmosphere is given
here, while a discussion for some of the reaction rates used
is given in Paper II along with the model results.

2.4. Hydrocarbons

The most abundant hydrocarbon found in Titan’s
atmosphere after methane, is ethane (C2H6) which is
mainly produced in the collisional addition of two methyl
radicals:

2 CH3 þM! C2H6 þM.

The chemical destruction of methane molecules by the
methylene radicals enhances the production of methyl
radicals and hence the total ethane production:

1CH2 þ CH4 ! 2 CH3.

Because ethane’s absorption cross section falls in the same
wavelength region as that of methane, its photolysis is
constrained by the high amounts of the latter. Hence its
destruction is mainly due to chemical reactions with
radicals, from which the most important are with excited
Please cite this article as: Lavvas, P.P., et al., Coupling photochemistry with

Space Sci. (2007), doi:10.1016/j.pss.2007.05.026
methylene:

1CH2 þ C2H6 ! CH3 þ C2H5

and ethynyl (C2H) that is produced in the photolysis of
acetylene (C2H2):

C2H2 þ hn! C2HþH,

C2Hþ C2H6! C2H2 þ C2H5.

Acetylene and ethylene (C2H4) are the next most abundant
hydrocarbons after ethane and their formation is initiated
in the upper atmosphere directly from the products of
methane photolysis:

2 1;3CH2! C2H2 þ 2 H,

1;3CH2 þ CH3 ! C2H4 þH,

CHþ CH4! C2H4 þH.

Destruction of ethylene through photolysis, acts as the
major source of acetylene in the upper atmosphere:

C2H4 þ hn! C2H2 þ 2H=H2

while in the lower atmosphere acetylene recycles back to
ethylene through the vinyl radical ðC2H3Þ according to the
following scheme:

C2H2 þHþM! C2H3 þM

C2H3 þHþM! C2H4 þM

C2H2 þ 2H! C2H4
.

haze formation in Titan’s atmosphere, Part I: Model description. Planet.
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The main loss of acetylene in the upper atmosphere is from
reaction with methylene which leads to the formation of
propargyl radicals ðC3H3Þ:

1CH2 þ C2H2! C3H3 þH

while in the lower atmosphere the main loss is due to
photolysis. Acetylene’s cross section extends well beyond
methane’s dissociation limit, up to �230 nm and due to its
high concentration, it is the main absorber in this part of
the spectrum (along with the haze). This means that its
photolysis rate retains high values even down to the
stratosphere (Fig. 4). Hence there is a significant produc-
tion of the radicals formed (C2 and C2H) in acetylene’s
photolysis in this region, which, as in the case of ethane
discussed above, lead to the catalytic destruction of
saturated hydrocarbons through hydrogen abstraction.
The effect of this mechanism has its highest impact on
methane due to its high concentration in Titan’s atmo-
sphere:

C2H2 þ hn! C2 þH2;

C2 þ CH4! C2Hþ CH3;

C2Hþ CH4! C2H2 þ CH3

CH4! CH3 þH
,

C2H2 þ hn! C2HþH

C2Hþ CH4! C2H2 þ CH3

CH4! CH3 þH
.

As was shown by previous photochemical models, the
overall destruction of methane is dominated by its catalytic
destruction by radicals with the above two schemes along
with the loss due to excited methylene radicals, having the
strongest contribution. The photolysis of methane corre-
sponds only to �10% of the total loss, based on our
calculations, but is of course the driving force for the
initialization of the photochemistry. The three molecules
described above ðC2H6;C2H4;C2H2Þ along with molecular
hydrogen correspond to the most abundant hydrocarbons
observed in Titan’s atmosphere since the Voyager missions
(Coustenis et al., 1989 and references therein). From these,
more complex species are produced leading finally to the
formation of the haze precursors.

Methylacetylene ðCH3C2HÞ and its isomer, allene
ðCH2CCH2Þ, are formed initially in the upper atmosphere
through the reaction of CH with ethylene:

CHþ C2H4! ðCH2CCH2;CH3C2HÞ þH

while the isomerization between the two species is balanced
through:

Hþ CH2CCH2! CH3C2HþH.

Similarly, propylene ðC3H6Þ is produced in the upper
atmosphere from ethane with the replacement of H by CH:

CHþ C2H6! C3H6 þH

while in the lower atmosphere where the C2H3 population
is significant, there is a secondary production through the
Please cite this article as: Lavvas, P.P., et al., Coupling photochemistry with
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collisional addition of CH3:

CH3 þ C2H3 þM! C3H6 þM.

In the same way, propane ðC3H8Þ is formed in the
collisional addition of methyl to ethyl radicals ðC2H5Þ:

CH3 þ C2H5 þM! C3H8 þM.

The production of four-C hydrocarbons, starts with the
first step of acetylene’s polymerization through ethyl
radical addition, giving diacetylene ðC4H2Þ:

C2Hþ C2H2! C4H2 þH

while the 1,3-butadiene ðC4H6Þ is formed by

CH3 þ C3H3! C4H6 þH.

1-butene ðC4H8Þ is formed in the upper atmosphere
through the CH replacement of H in propane:

CHþ C3H8! C4H8 þH

and in the lower atmosphere through the collisional
addition of C2H3 with C2H5:

C2H3 þ C2H5 þM! C4H8 þM.

The different isomers of the last species have not been
included in the calculations and we consider that they are
finally isomerized to their stable structures considered
above. The loss of these species is dominated by their
photolysis which recycles them back to their precursors,
constraining in this way their net production to small
values.
Due to the lack of data regarding the reaction rates and

photolysis properties of five-C species, the only one
included is C5H3, since it is a direct product of benzene
ðC6H6Þ photolysis. The latter has been included in the
photochemical model, based on the work of Wilson et al.
(2003) and Lebonnois (2005) which have investigated its
possible formation pathways in Titan’s atmosphere. We
did not include any linear isomers of benzene in the
calculations since we consider that they will finally
isomerize to their cyclic forms as was suggested by
Lebonnois (2005), but also because the reaction rates of
benzene formation correspond to high temperatures and
the extrapolation of different measurements to Titan’s
conditions could lead to significantly different profiles.
Hence, since the production is not well defined we believe
that the inclusion of more complicated schemes would not
provide any safer estimation of the final benzene profile.
The main production pathway is the addition of two
propargyl radicals under high pressure:

2 C3H3 þM! C6H6 þM.

A secondary contribution comes from

C2H2 þ C4H5 þM! C6H7 þM! C6H6 þH,

where the produced C6H7 is considered to provide
eventually benzene (Lebonnois, 2005). Finally a small
contribution originates from the hydrogen addition on the
haze formation in Titan’s atmosphere, Part I: Model description. Planet.
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phenyl radical ðC6H5Þ:

Hþ C6H5 þM! C6H6 þM

with the chemical formation of the last based on
diacetylene (there is also a strong production of phenyl
from the photolysis of benzene but this does not contribute
to the net production):

Hþ C4H2 þM! C4H3 þM

C2H2 þ C4H3 þM! C6H5 þM.

2.5. Nitriles

The basis of the nitrile chemistry is the hydrogen cyanide
molecule (HCN) which is formed directly by the reaction of
atomic nitrogen with the methyl radical produced in
methane photolysis:

Nþ CH3! HCNþH2.

This pathway is not the dominant one since the H2CN
radical, also produced in the above reaction, reacts readily
with atomic hydrogen to give HCN with an overall rate
which is bigger that the previous one:

Nþ CH3! H2CNþH

H2CNþH! HCNþH2

Nþ CH3! HCNþH2
.

Since the majority of nitrogen atoms is produced in the
upper atmosphere, the production of HCN has a maximum
in this region. The photolysis of HCN leads to the
production of cyano radicals (CN):

HCNþ hn! CNþH

which have a double role in atmospheric chemistry. Like
C2H radicals, they enhance the catalytic destruction of
molecular hydrogen and saturated hydrocarbons through
the hydrogen abstraction mechanism:

CNþH2! HCNþH

CNþ CH4! HCNþ CH3

CNþ C2H6! HCNþ C2H5

leaving a free radical and a HCN molecule, but also lead to
the production of other nitrile species in reaction with
unsaturated hydrocarbons through the abstraction/addi-
tion mechanism. In the last, a hydrogen atom is abstracted
from the unsaturated hydrocarbon and the CN radical is
added in its place. Typical examples are the formation of
cyanoacetylene (HC3N) and acrylonitrile ðC2H3CNÞ:

CNþ C2H2! HC3NþH

CNþ C2H4! C2H3CNþH.

Even though the latest was not observed in Titan’s
atmosphere before the Cassini/Huygens mission, it was
believed to be formed and taken into consideration in all
previous photochemical models which included nitrile
Please cite this article as: Lavvas, P.P., et al., Coupling photochemistry with
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chemistry in their reactions. Only recently, the analysis of
the ionospheric composition by the ion neutral mass
spectrometer (INMS) on the Cassini spacecraft has verified
the presence of this species in the upper atmosphere along
with other nitrile species (Vuitton et al., 2006a). Another
pathway for the production of acrylonitrile, included in
previous models, is the one suggested by Monks et al.
(1993):

HCNþ C2H3! C2H3CNþH

who measured the rate for this reaction and found it to be
efficient at room temperature. Since C2H3 formation has a
strong pressure dependance, the contribution of the last
reaction on the overall C2H3CN production will become
significant in the lower atmosphere where the pressure is
high. The main loss for acrylonitrile is due to photolysis
which is also an important source of cyanoacetylene, since
this pathway has a significant branching ratio (59% based
on Derecskei-Kovacs and North, 1999):

C2H3CNþ hn! HC3NþH2.

The production of HC3N is balanced by its destruction by
photolysis but also by its chemical recycling through the
cyanovinyl radical ðH2C3NÞ:

HC3NþHþM! H2C3NþM

HþH2C3N! C2H2 þHCN

HC3Nþ 2H! C2H2 þHCN
.

Excited nitrogen atoms produced in the upper atmo-
sphere from the photoionization of N2, lead to the
production of other nitriles and amines. Reaction with
methane has two possible products, imidogen (NH) and
methyleneimine ðCH2NHÞ (Herron, 1999):

Nð2DÞ þ CH4 ! NHþ CH3ð20%Þ

! CH2NHþHð80%Þ.

Self-reaction of two NH radicals leads to the production of
an amino radical (NH2) which is also formed in the
collisional addition of N with H2:

2 NH! NH2 þN,

NþH2 þM! NH2 þM.

NH2 in reaction with H yields ammonia ðNH3Þ:

NH2 þHþM! NH3 þM.

Although the production of ammonia is believed to be
related to the ion chemistry (Wilson and Atreya, 2004),
recent results (Ge et al., 2006) have shown that in the low
temperature conditions found in Titan’s atmosphere, this
might not be the case. We have included ammonia, in the
model, in order to investigate the extent of neutral
chemistry contribution in its total production. Another
possible pathway for the production of ammonia could be
from the photolysis of ethyleneimine ðC2H5NÞ, a possible
product of the reaction of Nð2DÞ with ethane

Nð2DÞ þ C2H6! C2H5NþH.
haze formation in Titan’s atmosphere, Part I: Model description. Planet.
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Fig. 5. Loss rate for condensing species as a function of their saturation

ratio from the function used in this work (solid line) and used in previous

photochemical models (dashed line).
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The total rate of this reaction has been measured (Herron,
1999) but the possible products are not well defined.
Nevertheless, we have included it in our model in order to
investigate the maximum contribution it could have to the
final ammonia abundance.

Recently, Redondo et al. (2006) investigated theoreti-
cally the possible products of the NHþ CH3 reaction and
found that the production of CH2NH is energetically
favored over other products

NHþ CH3! CH2NHþH.

The reaction of methyl radical with the amino radical leads
to the formation of methylamine ðCH3NH2Þ:

NH2 þ CH3 þM! CH3NH2 þM

which when photolyzed, also produces CH2NH (Gardner
and McNesby, 1982):

CH3NH2 þ hn! CH2NHþ 2 H.

The photolysis of CH2NH eventually produces HCN, but
due to the lack of measurements for its absorption cross
section and also the absence of chemical reaction rates, it
was not included in photochemical models. Both ammonia
and methyleneimine have also been detected by INMS
(Vuitton et al., 2006a), hence we have decided to investigate
their vertical profiles in Titan’s atmosphere based on the
available laboratory measurements and theoretical sugges-
tions about their reactivity.

Finally, reaction of excited nitrogen atoms with ethylene
and acetylene leads to the production of acetonitrile
ðCH3CNÞ and the CHCN radical, respectively:

Nð2DÞ þ C2H4! CH3CNþH

Nð2DÞ þ C2H2! CHCNþH

while the production of the latter is dominated in the same
region by the CH replacement of H in HCN:

CHþHCN! CHCNþH.

Yung (1987) suggested that the CHCN radical could be the
basis for the production of cyanogen ðC2N2Þ and dicya-
noacetylene ðC4N2Þ:

Nþ CHCN! C2N2 þH

CHCNþ CHCN! C4N2 þH2

which have been detected in the gas and solid phase,
respectively, on Titan’s North pole from the Voyager
observations (Coustenis et al., 1991; Samuelson et al.,
1997). The latter is included in photochemical models as it
is believed to be a possible precursor of haze formation.
Finally, another possible path for dicyanoacetylene is the
one suggested by Petrie and Osamura (2004) based on
quantum chemical calculations:

HCNþ C3N! C4N2 þH

while Halpern et al. (1989) measured the rate for reaction:

CNþHC3N! products
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which is believed to yield C4N2 þH. Both these two last
processes have a minor contribution to the overall
dicyanoacetylene production based on our calculations.

2.5.1. Condensation

For most of the hydrocarbons and nitriles found in the
lower stratosphere–troposphere of Titan, their saturation
vapor pressure for the prevailing temperature conditions is
smaller than their partial pressure allowed by photochem-
istry (Sagan and Thompson, 1984). This means that their
saturation ratio, S, exceeds unity and that these species can
condense. Under such conditions and provided that the
atmosphere contains enough number of nucleation sites on
the surface of which condensation proceeds readily
(heterogeneous nucleation), the nucleation rate reaches
very high values that lead to rapid loss of the condensing
species (Pruppacher and Klett, 1978). In order to take into
consideration the effects of this process in the final vertical
profiles of the calculated species, a loss rate is included of
the form

L ¼ �AcðS � 1Þ
expð�0:5= lnðS þ 1Þ2Þ

lnðS þ 1Þ2
; S41, (7)

where Ac is constant in units of s�1. The last part of the
expression resembles the dependence of the heterogeneous
nucleation rate of spherical nuclei on the saturation ratio,
while the ðS � 1Þ term forces the calculated volume mixing
ratio to converge close to the saturated value. As can be
seen in Fig. 5, the above expression provides increasing loss
rates with increasing saturation ratios. Also shown for
comparison, is a loss rate of the form �� ðS � 1Þ=S which
is similar to the ones used in previous photochemical
models (Yung et al., 1984). This expression must provide a
smooth transition between the condensing and non-
condensing regions which is necessary in order to avoid
the oscillation of the simulation between the two. Typical
haze formation in Titan’s atmosphere, Part I: Model description. Planet.
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values used for Ac are of the order ð0:121Þ � 10�7 s�1. For
the calculation of the saturation vapor pressure curves for
each condensing species we used the data from Vargaftik
(1975) and the NIST web database (http://webbok.nist.
gov/chemistry/).

2.5.2. Methane profile

The Cassini/Huygens measurements for the methane
stratospheric mixing ratio were 1:41� 0:05% from GCMS
(Niemann et al., 2005) and 1:6� 0:5% from CIRS (Flasar
et al., 2005). The two results are compatible within error
bars. Below 32 km GCMS has measured an increase in the
mixing ratio down to about 8 km, below which altitude the
mixing ratio was constant at 4.9% until the surface. The
DISR measurements have given a similar value of 5 � 1%
for the methane mixing ratio close to the surface (Tomasco
et al., 2005). Although the Huygens results, corresponding
to its landing site, have smaller uncertainties, we use the
measured profile with a surface value of 5% and allow the
profile to decrease to 1.6% at 32 km following the slope of
its saturation vapor pressure (Fig. 6). We choose this
stratospheric value because higher stratospheric values are
also favored from the extrapolation of the INMS high
atmosphere measurements for the stratospheric mixing
ratio, using a diffusion model that gave values between 2%
and 2.4% (Yelle et al., 2006). Above that level the methane
mixing ratio is calculated as for all other species in the
model. N2 was fixed to 95% and 40Ar at 4:32� 10�5 at the
surface. No other species concentration is fixed at the
surface or anywhere else in the simulated atmosphere.

2.6. Microphysical sub-model (MP)

The third part of the model describes the evolution of the
photochemically produced haze monomers to the haze
particles in Titan’s atmosphere. The monomers here
correspond to the smaller aerosol particles derived initially
from the photochemical pathways. The MP sub-model uses
Fig. 6. Methane profile in the troposphere and lower stratosphere used in

the model calculations.
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the same pressure grid as the RC and PC models and solves
the time-dependent continuity equation for particle coagu-
lation in one dimension, generating the populations of
different size particles at each altitude (pressure) level. It
considers that the particles coagulate following the
Brownian (random collisions between particles) and
gravitational (scavenging due to different settling velocities
of different size particles) kernels, with the latter having a
negligible contribution compared to the former. In addi-
tion, the effects of atmospheric eddy mixing and particle
charge in the derived vertical distributions are taken into
consideration.
In order to simulate the coagulation of particles with a

limited number of different sizes, the spectrum of volumes
is divided into a number of bins, describing particles with
certain size limits. The volume spectrum division used,
results from the doubling of each previous volume bin. In
this volume grid there are 35 size bins, covering the range
between the monomer size (7.25 Å) and a maximum radius
of �2mm. Larger size values are not allowed due to the
electrostatic repulsion between the particles, which is
controlled through the charging rate, w. With this division,
high resolution is achieved for the resulting particle
size distributions. This is important for the spectral
variation of the resulting haze opacity used in the RC
model, since the contribution of each size bin in the opacity
of each layer is included independently. The method of
solution along with the parameterizations used are
described in the appendix.
The significant difference between the current simulation

and all previous ones, regarding the microphysical evolu-
tion of an initial monomer population, is in the way these
initial monomers are produced and how they are dis-
tributed over the vertical extent of Titan’s atmosphere. As
discussed in the introduction, previous microphysical
models (McKay et al., 1989; Toon et al., 1992a,b; Tomasko
et al., 1997; Rannou et al., 2003) treat the column
production rate of haze monomers as a free parameter
which they scale in order to get a good fit to the observed
data (geometric albedo, temperature). The range of values
was deduced to be of ð0:522Þ � 10�14 gm cm�2 s�1 depend-
ing on the type of particles considered (spheres or fractals)
(McKay et al., 2001). In previous works, the vertical
distribution of the production rate was given a symmetric
form (usually Gaussian) centered at the production altitude
that was arbitrarily set from 350 up to �600 km amongst
different models. In the current work, these two parameters
are directly determined by the photochemical description
of haze production. The pathways used control the
production rate of the haze monomers at each altitude
and depend directly on the correct description of the total
photochemical evolution of the atmospheric species. This
of course makes the fit to the observed data more
constrained since there are less free parameters that can
be optimised to get a good match and at the same time
provides a direct validation for the assumptions made for
the gas–particle transformation and also the efficiency of
haze formation in Titan’s atmosphere, Part I: Model description. Planet.
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this transformation as a possible sink for some of the
atmospheric gases.

As discussed in the introduction, the shape of the haze
particles in Titan’s atmosphere is not well constrained. The
fractal approach although favored due to its ability to
explain the polarization measurements, has also some
difficulties. Under this more detailed description of haze
formation, we have adopted the simpler spherical particle
approach.

3. Haze formation pathways

3.1. Laboratory measurements

Based on the idea that the haze particles were of
photochemical origin in Titan’s atmosphere, many labora-
tory experiments were and are still carried out to simulate
haze production. The main idea of the simulation is usually
to irradiate a specific mixture of nitrogen, methane and
possibly other hydrocarbons (in amounts equivalent to
those present in the atmosphere of Titan) with energy
sources analogous to those in Titan (UV radiation,
magnetospheric electrons and protons, cosmic rays). The
energy sources usually chosen are electric discharge, cold
plasma discharge and UV radiation. The results of such
experiments were the production of complex organic solids,
called tholins (Sagan and Khare, 1979).

The most well-stablished laboratory simulation of
tholins was the one made by Khare et al. (1984a) using a
mixture of 90%N2 � 10%CH4 with a DC electrical
discharge. They provided the first measurements of the
complex refractive index of haze particles that exhibited the
correct wavelength dependence of the imaginary part
(absorption), necessary to fit the geometric albedo. As
was shown by Rages and Pollack (1980), haze is the main
absorber in the UV region responsible for the sharp
decrease of the geometric albedo below 0:6mm and the
slope of the geometric albedo is directly correlated with the
slope of the imaginary part of the refractive index in this
region. All radiation transfer models published so far use
the above refractive index values scaled by a (wavelength-
dependent) factor to achieve the best possible fit to the
geometric albedo.

Other simulations for the production of haze analogs
had as the primary mixture photochemical products of an
N2 � CH4 atmosphere. Bar-Nun et al. (1988) used
acetylene ðC2H2Þ, ethylene ðC2H4Þ and hydrogen cyanide
(HCN) in Ar while Scattergood et al. (1992) used C2H2 and
C2H4 in N2, HCN in He and also mixtures of them in
different amounts. They both got spherical particles, which
were sticky and hence formed clusters giving in this way
credit to the suggestion of West and Smith (1991) of non-
spherical final particles in Titan’s atmosphere. The
disadvantage of these simulations was that they did not
correspond to mixtures found in Titan’s atmosphere.

With the interest in Titan’s organic chemistry increasing,
laboratory researchers tried to simulate better the condi-
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tions prevailing in Titan’s atmosphere. Coll et al. in a series
of publications (1995, 1998, 1999), pointed out the
significance of low temperature conditions in the experi-
ments, close to those in Titan’s atmosphere, and the
possible contamination of previous simulations by terres-
trial gases; many of the species formed in the reactor vessels
were found to be unstable at standard room temperature
and the solid products were of low stability in the presence
of O2 and H2O. McKay (1996) investigated the effect of
different initial methane amounts in the mixture on the
optical properties of the particles produced. He concluded
that increasing the methane content of the mixture,
produces tholins which are darker in the UV and violet
compared to the visible and near-IR. Clarke and Ferris
(1997) studied the possible formation of haze analogs from
cyanoacetylene ðHC3NÞ and cyanoacetylene–acetylene
copolymers. They concluded that HC3N is much more
reactive in polymerization than HCN and that the optical
properties of the produced HC3N=C2H2 copolymers
matched those of Titan’s haze properties better than the
pure polymers. Khare et al. (2002) studied the time
evolution of laboratory tholins and observed the formation
of aromatic rings almost immediately after the glow
discharge in their initial mixture. Ramirez et al. (2002)
used a N2=CH4 mixture closer to the one in Titan’s
atmosphere and without the possible effects of terrestrial
contamination and found that the refractive index of their
tholins exhibited a wavelength variation similar to that of
Khare et al. (1984a), but of smaller absolute value. Tran et
al. (2003) used mixtures of CH4;H2;C2H2;C2H4 and
HC3N in N2, and produced haze analogs using as an
energy source direct UV light. They also retrieved a similar
slope for the imaginary part of the refractive index with
wavelength, as previous investigators, but its absolute
value varied depending on the composition of the mixture
and the conditions of the experiment.
Many methods have been used for the chemical analysis

and elemental composition of the produced tholin particles
(Khare et al., 1984b; Ehrenfreund et al., 1995; McKay,
1996; Coll et al., 1999; Khare et al., 2002; Tran et al., 2003).
Their structure was found to be a complex mixture of
hydrocarbon and nitriles including aromatic compounds
and polycyclic aromatic hydrocarbons (PAH), but the
results between different experiments were not always
similar. The parameters commonly used for the elemental
composition of the particles are their C/N and C/H ratios.
These are important not only because they provide an
estimate of the bulk mass of the haze particles, but also an
estimate of the role of the haze particles as a possible sink
for atmospheric gases. Again, as for the optical properties,
the derived ratios depend on the experimental conditions
and the energy sources used: C/N ratios were found to
range from 0.75 (McDonald et al., 1994) to 17.6 (Tran
et al., 2003) and C/H ratios between 0.6 (Khare et al.,
1984a) and 1.6 (Clarke and Ferris, 1997).
Motivated by the different results between the published

simulations, Imanaka et al. (2004) performed a systematic
haze formation in Titan’s atmosphere, Part I: Model description. Planet.
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study, with experiments covering a wide range of pressures
that represent different altitude regions in Titan’s atmo-
sphere. They found that the pressure is a critical parameter
in the chemical and hence optical properties of the derived
analogs, with nitrogen being more efficiently incorporated
in the particles at low deposition pressures (increasing C/N
ratio with increasing pressure). In addition, the presence of
aromatic compounds and nitrogen-containing polycyclic
aromatic compounds (N-PACs) was found to increase with
decreasing pressure, making in this way the derived tholins
more absorbing in the UV/Visible region due to the
delocalized p electrons of these structures. These conclu-
sions explained the differences observed between the earlier
experiments and proved that the haze particles found in
Titan’s atmosphere could have different properties at
different pressures, as was suggested in the past (Chasse-
fiere and Cabane, 1995).

3.2. In situ measurements and other observations

The ACP instrument on board the Huygens probe,
provided the first results regarding the chemical composition
of the haze particles in Titan’s atmosphere (Israël et al., 2005).
The pyrolysis of the refractory core of the particles, provided
evidence for the presence of HCN and NH3 in their structural
form, although the results were preliminary and as stated by
the authors, the poor resolution of the mass spectrometer did
not allow for a clear verification of the above conclusions. If
correct, they suggest that there is a strong incorporation of
nitrogen in the haze particles which could act as a significant
sink for this atmospheric component. In addition to the
above, the two different altitude sample collections have
shown that the aerosol composition is homogeneous below
130 km, which suggests that the production region must be
situated above this altitude.

In view of the low temperature conditions prevailing in the
interstellar medium, and the formation of complex organic
structures in it, possible pathways in which haze could be
formed in Titan’s atmosphere can be suggested. The presence
of polyaromatics (PAH) in the interstellar clouds has been
known for long time (Allamandola et al., 1989), while
recently Hudgins et al. (2005) have found N-PACs to be also
abundant in the universe and produced around dying stars.
These are considered to be much more important than simple
PAHs due to their connection with the chemistry of life.
Chlorophyll for example is such a compound. Although it
was believed that the formation of these complexes was
related to ion chemistry, recent results (Ricca et al., 2001)
suggest that they are produced by neutral radical reactions
which proceed even at the very low temperatures found in
these regions of the universe. Similar mechanisms could also
lead to the production of haze in Titan’s atmosphere.

3.3. Formation pathways

Based on the laboratory measurements certain possible
pathways for the transformation of gases to particles have
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been suggested (Lebonnois et al., 2002; Wilson and Atreya,
2003) but remain to be tested with regard to the formation
of the haze from the photochemistry. In the present work
we shall use the suggested pathways to generate the vertical
haze structure from the photochemistry, and validate this
(in Part II) by comparing the model vertical temperature
structure, spectral geometric albedo and vertical species
distributions against measurements.
The reactions used along with their rates are given in

Table 6. The particles are believed to form from the
chemical growth of certain polymer structures. Allen et al.
(1980) suggested that a possible mechanism for the
production of these polymers could be the photolysis of
acetylene, leading to polyyne ðC2nþ2H2Þ formation. The
first step of this process, as was described in the previous
section, is the production of diacetylene from the reaction
of ethyl radical with acetylene. The process continues
giving higher order polyacetylenes ðC6H2;C8H2, etc.):

C2nH2 þ C2H! C2nþ2H2 þH.

In addition to the above, the photolysis of the polyynes
formed leads to the production of polyyne radicals
ðC4H;C6H;C8HÞ which also enhance the polymerization.
On the other hand, the production of polyynes is
constrained by the acetylenic recycling of the C2H and
other polyyne radicals through reactions with the saturated
hydrocarbons in the atmosphere from which the main
contribution comes from methane:

C2Hþ CH4! C2H2 þ CH3.

Due to the high number densities of the saturated species,
this recycling is very efficient and the contribution of
increasing order polyynes will have a decreasing effect on
the total haze production (Wilson and Atreya, 2003).
According to laboratory measurements (Opansky and
Leone, 1996a; Chastaing et al., 1998; Vakhtin et al.,
2001a), the reaction of the ethyl radical with acetylene
proceeds readily even at very low temperatures. Since the
reaction rates for the higher order polyyne radicals have
not been measured at low temperatures, we estimated them
from their equivalent reactions with the C2H radical. We
consider all reactions leading to the formation of hydro-
carbons with more than ten carbon atoms to lead to the
formation of haze. Based on this, the reactions used in the
model as haze pathways in Titan’s atmosphere from this
process, are:

C4Hþ C6H2 ! polymer,

C6Hþ C4H2 ! polymer,

C6Hþ C6H2 ! polymer.

Similar to polyynes, cyanopolyynes are also possible haze
precursors. These are formed in the same way as polyynes
but with the ethynyl radical replaced by its isoelectronic
nitrile equivalent, the cyanogen, CN. The process is
initiated with the reaction of the CN radical with
unsaturated hydrocarbons and nitriles giving cyanoacety-
lene, acrylonitrile and dicyanoacetylene, as described in the
haze formation in Titan’s atmosphere, Part I: Model description. Planet.
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Table 6

Reactions used for the gas to particle transformation

Reaction e Rate Reference T (K)

Polyynes

R525 C4Hþ C6H2 ! Polymer 17.9 1:3� 10�10 Est. as kðC2Hþ C2H2Þ

R526 C6Hþ C4H2 ! Polymer 17.5 1:3� 10�10 Est. as kðC2Hþ C2H2Þ

R527 C6Hþ C6H2 ! Polymer 11.7 1:3� 10�10 Est. as kðC2Hþ C2H2Þ

Aromatics

R528 C6H5 þC2H2 ! Polymer 34.5 k0 ¼ 4:96� 10�19T�4:08e403=T Wang and Frenklach (1994) 500–2500

k1 ¼ 6:64� 10�17T1:56e�1912=T s 300–2500

R529 C6H5 þC6H6 ! Polymer 11 1:6� 10�12e�2168=T Park et al. (1999) 298–1330

R530 C6H5 þHC3N ! Polymer 17.1 k0 ¼ 4:96� 10�19T�4:08e403=T Est. as kðC2H2 þ C6H5Þ

k1 ¼ 6:64� 10�17T1:56e�1912=T s

Pure Nitriles

R531 H2CNþHCN ! Polymer 35 1:1� 10�12e�900=T Est. as kðC2H3 þHCNÞ

R532 H2CNþ CH2NH ! Polymer 33.7 1:1� 10�12e�900=T Est. as kðC2H3 þHCNÞ

R533 CNþ C2H3CN ! Polymer 35.4 3:02� 10�11e103:6=T Butterfield et al. (1993) 297–528

R534 CNþ C2N2 ! Polymer 35.5 2:2� 10�21T2:7e�325=T Yang et al. (1992a) 300–740

R535 CNþ C4N2 ! Polymer 35.5 5:4� 10�13 Seki et al. (1996) 300

Copolymers

R536 C4HþHC3N ! Polymer 18.4 8:6� 10�16T1:80e474=T Est. as kðC2Hþ C2H2Þ

R537 C3Nþ C4H2 ! Polymer 18 8:6� 10�16T1:80e474=T Est. as kðC2Hþ C2H2Þ

R538 C4H3 þHC3NþM ! Polymer 17.6 k0 ¼ 3:3� 10�30e�740=T Est. as k0ðHþC2H2 þMÞ

k1 ¼ 5:53T�3:89e�4635=T Est. as kðC2H2 þ C4H3Þ, Wang and Frenklach (1994)
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chemistry section. The polymerization is considered to
proceed with further addition of the CN radical on the
produced polyynes and nitriles. In the model calculations,
the reaction used is

CNþ C6H2! polymer.

The above pathways lead to the production of polymers
which due to their structural form, are characterized by
large C/N and C/H ratios, which are not supported by the
laboratory results. This suggests that if indeed the haze in
Titan’s atmosphere is similar to the analogs produced in
the laboratories, these polymers must have a small
contribution to the total haze production.

Polymers of HCN could lead to C/N ratios closer to
those observed in the laboratory. In these, the polymeriza-
tion starts with the production of an (HCN)2 dimer and
subsequent addition of HCN molecules leads to poly-HCN
structures (Rettig et al., 1992). Even though HCN
structures were defined in the haze analogs produced (Coll
et al., 1999), the optical properties of pure poly-HCN
structures do not exhibit the correct wavelength depen-
dence inferred from Titan’s geometric albedo (Khare et al.,
1994) and hence they are not expected to have a major
contribution to bulk haze production. Thompson and
Sagan (1989) suggested the possible formation of hetero-
polymeric structures from the addition of R–CN structures
and CN radicals on nitriles. In order to take into
consideration the R–CN type process, the following
pathway was suggested:

H2CNþHCN! polymer.
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The rate for this reaction has not been measured and in
previous works it was estimated with the rate of the
C2H3 þHCN reaction (Monks et al., 1993), due to the
similarity observed for the rates of reaction between H2CN
and C2H3 with H and N. Wilson and Atreya (2003)
suggested that the measured rate, is strongly overestimated
based on their calculated vertical profiles for C2H3CN
and HC3N, which were above the observed values. In
addition, using the measured rate for the H2CNþHCN
reaction, led to large haze production in the lower
atmosphere, which was above the magnitude defined by
microphysical models. Hence they estimated the rate of the
latter reaction to be 1000 times smaller than that of Monks
et al. (1993).
This requirement for a lower rate could possibly

originate from the presence of the CN radical on the two
reactants. Seki and Okabe (1993) have measured the rates
for the reaction of CN radicals with diacetylene and
dicyanoacetylene and reported the first to be about
500 times faster than the second, while Butterfield et al.
(1993) found that the rate of reaction between CN
and acrylonitrile is significantly smaller that the rate for
reaction with ethylene. This decrease in the rate of
CN reaction between hydrocarbons and their equivalent
H/CN replaced nitriles is attributed to a significant electron
withdrawing effect of the cyanogen group. It could be
possible that the same process reduces the rate of the
H2CNþHCN reaction relative to its C2H3 equivalent.
In the calculations presented in Part II, we have

performed a sensitivity test of the model results for
different values of the above reaction rate. Our results
haze formation in Titan’s atmosphere, Part I: Model description. Planet.
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suggest that the chemical loss of atmospheric molecules in
the growth of the polymer structures described here, to the
monomer size beyond which microphysics takes over, has
an important role in the total haze production. The way
this loss is included in the model calculations is described in
the following section.

Pathways based on the CN addition process on nitrile
species are described by

CNþ C2N2! polymer,

CNþ C4N2! polymer,

CNþ C2H3CN! polymer.

The rates for the last two reactions have been measured, as
discussed above, while the rate for the CN reaction with
cyanogen was measured by Yang et al. (1992b). Although
these measurements were performed at temperature con-
ditions higher than in Titan’s atmosphere, the radical
character of the reactions with the small negative
temperature dependence suggests that these reactions can
take place at very low temperatures with rates close to the
above.

Clarke and Ferris (1997) suggested a pathway for
HC3N=C2H2 copolymer mixtures. HC3N was found to
be much more reactive in polymerization than HCN and
that the copolymers formed could exhibit the necessary
wavelength dependence, something which the pure poly-
mers of either case did not do. For this case the reactions
used are

C4H2 þ C3N! polymer,

HC3Nþ C4H! polymer.

The rates for these reactions are also not measured,
however, based on the relative rates of abstraction between
C2H and C3N radicals with hydrocarbons (Clarke and
Ferris, 1995), they can be estimated with their C2H
equivalent. Lebonnois et al. (2002) have included also a
possible pathway based on

HC3Nþ C4H3! polymer.

This is a pressure-dependent reaction and we have used the
rate expression of Wang and Frenklach (1994).

Pathways including aromatic hydrocarbons have
also been suggested. PAHs are well known to exist in the
low temperatures of the interstellar medium (Allamandola
et al., 1989) in significant amounts. Since benzene, C6H6,
the simplest aromatic hydrocarbon, has been detected
on Titan (Coustenis et al., 2003, 2007), PAH could also be
a possible pathway for haze formation. The production
of PAHs is considered to proceed through the reaction
of benzene molecules with acetylene (Bauschlicher and
Ricca, 2000):

C2H2 þ C6H5! polymer.

The rate for this reaction has been measured but, as in the
case of benzene formation, the measurements were
performed at high temperatures. Yu et al. (1994) measured
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the rate in the temperature range 297–523K, while Wang
and Frenklach (1994) performed theoretical simulations
for the rate in the range 300–2500K. Both studies suggest
that the overall reaction rate is pressure-independent while
the products (either stabilized adduct which leads to the
formation of PAHs or dissociation of the initially
vibrationally excited adduct) have a strong temperature
and pressure dependance, with the adduct becoming
increasingly more important as the pressure increases and
the temperature decreases. Another pathway considered in
previous works is the one of the direct addition of phenyl
radical on a benzene molecule:

C6H5 þ C6H6 ! polymer

with the rate for this reaction measured by Park et al.
(1999).
For the case of the N-PACs, Ricca et al. (2001)

investigated the possible incorporation of nitrogen atoms
in the PAH structures. Considering reactions between
C6H5, HCN and C2H2 they found that the formation of a
second ring with a nitrogen atom in the skeleton through
radical reactions, is strongly prohibited by high energy
barriers unless the aromatic molecules are vibrationally
excited. Yet once such a ring is formed, the presence of the
nitrogen atom promotes the formation of the next ring. On
the other hand reactions with cyanoacetylene and acetylene
which lead to the formation of rings with CN as a side
group, have barriers which are very close to those for the
case of pure PAHs and hence can proceed in Titan’s low
temperatures. We have thus included the following reaction
as a possible pathway in the model:

HC3Nþ C6H5! polymers

and estimated the rate with that of acetylene reaction with
phenyl.
Finally, we have included another pathway with

methyleneimine based on the suggestions of Redondo
et al. (2006). CH2 ¼ NH is a suitable compound for
polymerization and could be a precursor for haze produc-
tion. The same component was also found in the low
pressure tholins produced in the Imanaka et al. (2004)
experiments. The growth of this polymer could be initiated
by the addition of the H2CN radical, as for the case of the
HCN polymerization:

H2CNþ CH2 ¼ NH! polymer.

Some of the above pathways have been used in
photochemical models in order to test their validity
(Lebonnois et al., 2002; Wilson and Atreya, 2003). Even
though their results showed that the suggested reactions
lead to column haze production rates which are close to
those needed by microphysical models for the reproduction
of the geometric albedo, the effects of the derived haze
production rates on the radiation field and the temperature
structure were not tested, but done in the present work.
haze formation in Titan’s atmosphere, Part I: Model description. Planet.
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3.4. Monomer size

The above pathways describe the production and
chemical growth of the haze precursors by means of
polymerization. This growth is considered to proceed until
the precursors reach a specific size beyond which the
chemical growth ceases and the laws of microphysics
control their evolution. This is the monomer stage in our
work. It should be made clear that the monomers in this
work do not correspond to the monomers used in other
microphysical models of fractal-type particles where the
monomers define the transition region between spherical
growth of particles and fractal growth (Rannou et al.,
2003). In the present work, the monomers correspond to
the lower size limit of haze particles from which all others
are produced through coagulation. The size of the
monomers was set to 7.35 Å. This choice was based on
laboratory results which showed that nucleation of
polymers to particles starts at masses between 600 and
2000 amu depending on the chemical composition of the
particles and the environment in which they nucleate
(Dimitrov and Bar-Nun, 2002; Richter and Howard, 2000).
Taking as a typical value the mass for the monomers to be
of the order of 1000 amu and considering the mass density
of the particles to have the typical value of 1 gm/cm3 (an
assumption used in all microphysical models) we obtain the
above radius for the spherical monomers.

3.5. Chemical loss to haze

The impact of haze formation on the chemical loss of
species is also an important issue for atmospheric
composition. The production of haze monomers discussed
above, does not include the chemical growth of the
polymers but only the production of an initial dimer.
From the monomer point of view this is realistic because
the chemical growth of these dimers provides the final
monomer population. The chemical addition of molecules
to these structures will only change their size and not their
number density. Yet, for the atmospheric composition
there is a sink for the gas molecules lost during the
chemical growth of the dimers that has to be taken into
account. We have estimated this loss, based on the assumed
mass of the haze monomers and that the chemical growth
of the dimers for each suggested pathway is based on the
smallest mass molecule. That is, the growth of the initially
formed dimers proceeds with the addition of the smallest of
the two molecules that form it. Under this condition the
chemical loss for atmospheric gases can be estimated from:

qni

qt
¼ �eiPri, (8)

where ni is the number density of the gas molecule which is
lost during the chemical growth of the dimer described
through pathway i;Pri is the production rate of dimers for
this pathway and ei is the number of molecules that have to
be added on the dimer in order to reach the mass of the
Please cite this article as: Lavvas, P.P., et al., Coupling photochemistry with
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monomer. The e factors are presented in Table 6 for each
pathway. Their values range between 11 and 35.5, which
means that the total chemical loss is significantly larger
than the loss due to the dimer formation.

4. Conclusions

In this Part I of our present work we have given a
detailed description of the radiative/convective-photoche-
mical-microphysical model developed to study the complex
photochemistry in Titan’s atmosphere that leads to the
formation of the haze vertical structure, and through its
radiative properties to the control of the vertical tempera-
ture structure and the radiation field, which in turn control
the photochemistry and the vertical species mixing ratios.
We thus generate all vertical structures in a self-consistent
manner. The model allows us to study the important
processes by which Titan’s haze is formed and its
subsequent effects on the photochemistry from which it
was formed. In Part II of this work we give detailed model
results and validate these against measurements from the
Cassini/Huygens mission and from previous ground-based
and other space measurements. The validation is per-
formed for the vertical temperature structure, spectral
geometric albedo, and vertical profiles of species concen-
trations. We also perform sensitivity analyses for model
processes for which the associated data are not well known.
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Appendix A. Thermal structure

The calculation of the temperature structure is based on
the Vardavas and Carver (1984b) radiative/convective
model developed for the Earth’s atmosphere. The modelled
atmosphere is separated in two regions. One close to the
surface which is in convective equilibrium (CE) and one
above, which is in radiative equilibrium (RE). In the first
region (CE), the temperature structure is controlled by the
haze formation in Titan’s atmosphere, Part I: Model description. Planet.
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atmospheric lapse rate, G. For the Earth’s atmosphere the
convective region of the atmosphere corresponds to the
troposphere. Yet for Titan, although we use the observed
temperature minimum at � 40 km to define the position of
the tropopause, the troposphere—when defined as the
region of convective equilibrium—corresponds to a small
layer with width of only a few km above the surface. This
was initially derived from Voyager measurements of the
vertical temperature profile (Lindal et al., 1983; Eshleman
et al., 1983) and also by model results (McKay et al., 1989).
The slope of the temperature profile from the observed
temperature structure derived by HASI (Fulchignoni et al.,
2005) in the lower atmosphere is very close to the expected
dry adiabatic lapse rate:

G ¼ �
gðrÞ

cp

(A.1)

with gðrÞ the acceleration due to gravity at radial distance r

and cp is the atmospheric specific heat capacity. Hence, in
the model calculations we have adopted the dry adiabatic
lapse rate as given by this expression for the calculation of
the temperature structure inside the convective region. The
average value for this parameter, based on our model
results is 1.26K/km. We note that the lapse rate is not
constant but has a small variability due to the temperature
and altitude dependence of the heat capacity and gravity,
respectively.

In the rest of the atmosphere along with the value at the
surface, the temperature is controlled by the balance
between the absorption of solar and the emission of
thermal radiation. In addition to the above, the conduction
between adjacent layers has been included in the
energy balance. For each atmospheric layer in the RE
region, the flux balance is described at the top and base of
each layer by

DF IR ¼ DF� þ DF C , (A.2)

where for each process, DF corresponds to Fiþ1 � Fi with
Fi the net outgoing flux at the base of each layer i and F iþ1

the net outgoing flux at the top of the layer. The conductive
flux is given by the expression:

FC ¼ �K
dT

dz
¼

gðrÞMp

R

K

T

dT

dp
, (A.3)

where K is the atmospheric conduction coefficient, M the
atmospheric mean molecular weight, p the pressure and T

the temperature, and R is the universal gas constant. The
conduction coefficient can be written in the form K ¼ aTb

with a ¼ 56 and b ¼ 0:69 for N2 (Banks and Kockarts,
1973).

The thermal flux into each layer k can be written as the
sum over each spectral domain i

Fk ¼
X

i

F i;k (A.4)
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with the contribution of each domain being

Fi;k ¼ pegBiðTgÞtðzk; 0Þ þ

Z 1
0

pBiðTzj
Þ
dtðzk; zjÞ

dz
dzj, (A.5)

where Tg is the surface temperature, eg is the surface
emissivity, Bi corresponds to the average value of the
Planck function over the spectral domain i multiplied by
the width of the domain, tðzk; ziÞ is the atmospheric
transmission between layers j and k. The solar flux is
calculated based on the delta-Eddington method (Joseph et
al., 1976). This method allows for the calculation of the
fluxes at each point of the pressure grid knowing the
asymmetry factor, single scattering albedo and extinction
optical depth of each atmospheric layer.
The calculation of the vertical temperature structure can

be easily performed with the Newton–Raphson method as
described in Vardavas and Carver (1984a). The position of
the transition region between convective and radiative
equilibrium is determined for the lowest altitude where the
condition (Vardavas and Carver, 1984a; Ramanathan and
Coakley, 1978; Manabe and Wetherland, 1967):

dT

dz

� �
boundary

X� G (A.6)

is valid. The vertical temperature structure of the modelled
atmosphere, is calculated for each time step of photo-
chemical and microphysical evolution, in order to include
feedbacks from chemical composition and haze opacity
changes on the temperature structure and the radiation
field, and vice versa.
Appendix B. Photochemistry

The model solves the time dependent continuity equation
in 1D for spherical geometry

qni

qt
¼ �

1

r2
qðr2FiÞ

qr
þ Pi � Li (B.1)

for each species i at each altitude z with r ¼ RT þ z, RT

being Titan’s radius. In the above, ni is the number density
of species i, Fi is the vertical flux and Pi and Li describe
production (photochemistry) and loss (photochemistry,
condensation, surface deposition) processes, respectively. If
the continuity equation is solved in cartesian geometry, the
resulting mixing ratios in the lower atmosphere can be
under-estimated by a factor of about 3, for species whose
vertical profile depends significantly on the transportation
processes. Using the hydrostatic equilibrium approxima-
tion in order to transform B.1 to a pressure dependent
form, the flux divergence term takes the form

�
1

r2
qðr2Fi;kÞ

qr
¼

p

H

qFi;k

qp
�

2

r
Fi;k, (B.2)

where k refers to the pressure level and H is the
atmospheric pressure scale height. In the same way, the
haze formation in Titan’s atmosphere, Part I: Model description. Planet.
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vertical flux can be written in a compact form as

Fi;k ¼ C1ðp;TÞf i;k þ C2ðp;TÞ
qf i;k

qp
(B.3)

with (see Eq. (4))

C1ðp;TÞ ¼
Dp

kBTH
1�

Mi

M
þ aT

p

T

qT

qp

� �

C2ðp;TÞ ¼ ðDþ KÞ
p2

kBTH
. ðB:4Þ

Under this form, (B.2) can be expressed as

�
1

r2
qðr2Fi;kÞ

qr

¼ D1ðp;TÞf i;k þD2ðp;TÞ
qf i;k

qp
þD3ðp;TÞ

q2f i;k

qp2
ðB:5Þ

with

D1ðp;TÞ ¼
p

H

qC1

qp
�

2

r
C1,

D2ðp;TÞ ¼
p

H
C1 þ

qC2

qp

� �
�

2

r
C2,

D3ðp;TÞ ¼
p

H
C2. ðB:6Þ

On the other hand, the time derivative of the number
density of each species can be written as

qni;k

qt
¼

qðnf i;kÞ

qt

¼ n
qf i;k

qt
þ Bðp;TÞf i;k;Bðp;TÞ ¼ �

p

kBT2

qT

qt
. ðB:7Þ

Substituting the above in (B.3), the continuity equation can
be written as

qf i;k

qt
þ akf i;k þ bk

qf i;k

qp
þ ck

q2f i;k

qp2
¼ ui;k � vi;k, (B.8)

where

ak ¼
1

nk

ðBðp;TÞ þD1ðp;TÞÞ,

bk ¼
D2ðp;TÞ

nk

; ck ¼
D3ðp;TÞ

nk

,

uik ¼ Pi;k=nk; vi;k ¼ Li;k=nk. ðB:9Þ
B.1. Grid transformation and boundary conditions

In view of the discrete pressure grid in the model, the
continuity equation at each pressure level k and for each
species i takes the form

qf i;k

qt
¼ Hi;kðf 1;k; f 2;k; . . . ; f I ;k; f

0
i;k; f

00
i;k; pk;Tk; tÞ, (B.10)

where

Hi;k ¼ �akf i;k � wi;k þ ui;k � vi;k (B.11)
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and

wi;k ¼ bkf 0i;k þ ck;f
00
i;k (B.12)

with

f 0i;k ¼
qf i

qp
and f 00i;k ¼

qf 2
i

qp2
. (B.13)

Introducing finite differences, the two derivatives can be
written as

f 0i;k ¼ ðf i;kþ1 � f i;kÞ=spk, (B.14)

f 00i;k ¼ g
2

spk

f i;kþ1 � f i;k

Dpk

�
f i;k � f i;k�1

Dpk�1

� �
, (B.15)

where

Dpk ¼ pkþ1 � pk,

spk ¼ Dpk þ Dpkþ1,

g ¼
2DpkDpk�1

Dp2
k þ Dp2

k�1

� �
ðB:16Þ

so that wi;k can be expressed as

wi;k ¼ akf i;k�1 þ bkf i;k þ gkf i;kþ1 (B.17)

with

ak ¼
bk

spk

þ
2gck

Dpkspk

,

bk ¼ �
2gck

DpkDpk�1

,

gk ¼ �
bk

spk

þ
2gck

Dpkspk

. ðB:18Þ

At the boundaries the first and second derivatives in the
three term approximation introduced above, include an
imaginary point. For the surface we consider that the value
of the mixing ratio for the imaginary point under the
surface is the same with the surface value. The physical
meaning of this condition is that there is no loss or gain
through the surface boundary by transportation. Under
this condition, the parameters of wi;1 take the values:

a1 ¼ 0; b1 ¼
b1

2Dp1

�
ck

Dp2
1

; g1 ¼ �b1. (B.19)

At the top of the atmosphere (TOA) the adopted
condition is that of a continues first derivative. Under this
approximation the value of the imaginary point can be
calculated from setting the second derivative to zero and
the wi;TOA parameters take the form

aTOA ¼
bTOA

DpTOA

; bTOA ¼ �aTOA; gTOA ¼ 0 (B.20)

B.2. Method of solution

The continuity equation (B.10) cannot be directly
integrated because the characteristic rate of change of each
haze formation in Titan’s atmosphere, Part I: Model description. Planet.
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species mixing ratio at each altitude, can differ by many
orders of magnitude. This explains the characterization
‘stiff’ used for this type of equation. In order to overcome
this obstacle an integration method with varying integration
step (time in our case) must be used, such as the
Newton–Raphson Euler iteration method (Vardavas, 1984):

f i;kðtmþ1Þ ¼ f i;kðtmÞ þ DtmHi;kðtmÞ, (B.21)

where Dtm is the integration time step chosen with the
criterion to be smaller than the smallest characteristic time
for change in any species concentration at any altitude:

Dtmotikm ¼ jf i;k;m=ðqf i;k=qtÞmj. (B.22)

As shown in Vardavas (1984), for most cases Dtm ¼ 0:1tikm
is sufficient. As a species approaches chemical equilibrium,
tikm!1, the continuity equation reduces to Hi;k ¼ 0, its
steady state form. Setting Qi;k ¼ ui;k � vi;k the H function
takes the form

Hi;k ¼ �ai;kf i;k � wi;k þQi;k (B.23)

and the continuity equation for species i at level k can be
written in the functional form

Gi;kðf 1;k; f 2;k; . . . ; f I ;k; f
0
i;k; f

00
i;k; pk;Tk; tÞ ¼ 0, (B.24)

where

Gi;kðtmþ1Þ ¼ f i;kðtmþ1Þ � f i;kðtmÞ � DtmHi;kðtmÞ. (B.25)

The last equation can be solved with Newton–Raphson
iteration for the mixing ratio of each species i, at a level k. If
we know the mixing ratios f i;k;m, at a time tm, then an
estimation for the mixing ratio at the next time step, f i;k;mþ1

is performed, say f
ð1Þ
i;k;mþ1. This estimation is accompanied with

an error �ð1Þi;k for each species i at level k, which is defined by

�ð1Þk ¼ f
ð1Þ
i;k;mþ1 � f i;k;mþ1

¼ f
ð1Þ
i;k;mþ1 � f i;k;m � DtmHi;kðf

ð1Þ
i;k�1; f

ð1Þ
k ; f

ð1Þ
i;kþ1Þ ðB:26Þ

with the vector f
ð1Þ
k defined as

f
ð1Þ
k ¼ ðf 1;k; f 2;k; . . . ; f I ;kÞ. (B.27)

The minimization of these errors is performed by imposing

a correction Dfð1Þk to the initial guess f
ð1Þ
k . The corrections

are defined by Eq. (B.24), which when expanded as a
Taylor series about the initial guess, takes the form

G
ð1Þ
i;k þ ðqGi;k=qf j;lÞð1ÞDf

ð1Þ
j;l ¼ 0 (B.28)

with the j and l indices covering the total number of species
and levels. Using the previous definitions, the last is
reduced to the form

Dtm akDf i;kþ1 þ b0kDf i;k þ gDf i;k�1 �
X

qi;l;kDf i;k

h i
¼ ��i;k

ðB:29Þ

with

qi;l;k ¼
qQi;k

f i;k

b0k ¼ 1=Dtm þ ak þ bk. (B.30)
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The above system can be written in matrix form as

A1 C1 0 	 	 	 	 	 	 0

B2 C2 A2 0 	 	 	 ..
.

0 B3 C3 A3 	 	 	 ..
.

..

. . .
.

0

..

. . .
.

CK�1

0 	 	 	 	 	 	 0 BK AK

0
BBBBBBBBBBBB@

1
CCCCCCCCCCCCA

Df1

..

.

..

.

..

.

..

.

DfK

0
BBBBBBBBBBB@

1
CCCCCCCCCCCA

¼

��1

..

.

..

.

..

.

..

.

��K

0
BBBBBBBBBBB@

1
CCCCCCCCCCCA

with the elements of the I� I matrices A, B and C given by

ailk ¼ � qilkDtm þ b0kDtm for l ¼ i

¼ � qilkDtm for lai,

bilk ¼ Dtmgk for l ¼ i

¼ 0 for lai,

cilk ¼ Dtmak for l ¼ i

¼ 0 for lai ðB:31Þ

for K levels and I species. Once the corrections Df
ð1Þ
k are

known an improved vector f
ð2Þ
k can be calculated and the

procedure is repeated until the mixing ratios converge and
the errors are negligible.
Appendix C. Microphysics

The basic equation describing the evolution of size and
density of an initial monomer population in 1D is provided
by the Smoluchowski’s description which in discrete form
can be written as

qnðvkÞ

qt
¼ �

1

r2
qðr2FðvkÞÞ

qr

þ
1

2

Xk�1
i¼1

Kðui; vk � uiÞnðuiÞ; nðvk � uiÞ

� nðvkÞ
X1
i¼1

Kðui; vkÞnðuiÞ þ pðvkÞ. ðC:1Þ

This is no more than a continuity equation saying that the
evolution of the number density of volume vk spherical
particles is controlled by the flux of particles of this volume
(here we use r ¼ RT þ z to discriminate from r used as
particle radius later on), FðvkÞ, the production of size vk

particles from smaller ones (first sum), the loss of size vk

particles to bigger ones (second sum) and the chemical
production of this size particles (only for the monomers)
and/or loss due to precipitation or other processes. K is the
coagulation kernel which is considered to follow the
Brownian law. The last, in terms of the coagulating
particles radii r and s, is given by

Kðr; sÞ ¼ 4pacðDr þDsÞðrþ sÞb (C.2)
haze formation in Titan’s atmosphere, Part I: Model description. Planet.
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with

Dr ¼
kBT

6pZr
Gr (C.3)

the diffusion coefficient. In the above, T is the local
temperature, Z is the atmospheric viscosity, r the radius of
the particle and Gr the empirical Cunningham slip-
correction factor (Fuchs, 1964):

Gr ¼ ð1þ 1:257NKn þ 0:4NKn exp½�1:1=NKn
Þ (C.4)

with NKn the Knusden number equal to the ratio of the
atmospheric mean free path over the particle’s radius. The
last, along with term b are included in order to take into
account the transition from the free molecular regime in
the upper atmosphere ðNKnb1Þ, where velocity and
coagulation rate of the particles is controlled by collisions,
and the continuum regime ðNKn51Þ in the lower atmo-
sphere, where the transportation of the particles ap-
proaches a ‘fluid’ like character (hydrodynamical).

Further,

b�1 ¼
rþ s

rþ sþ

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
d2r þ d2s

q þ
4ðDr þDsÞ

ðrþ sÞ

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
V̄

2
r þ V̄

2
s

q (C.5)

with

dr ¼
ð2rþ lrÞ � ð4r2 þ l2r Þ

3=2

6rlr

� 2r, (C.6)

where V̄ r is the particle’s thermal velocity and lr the mean
free path. In addition, we have also considered the possible
enhancement of the Brownian coagulation kernel by the
increased diffusion produced by eddies created in the wake
of large falling particles and also the possible contribution
by the gravitational coagulation, produced by the varying
settling velocities among different size particles (Pruppa-
cher and Klett, 1978). Both these processes were found to
have a negligible effect on the total coagulation rate.

We consider the sticking efficiency, ac, between particles
to be constrained only by the electrostatic effects between
them, which are described by (Toon et al., 1992a)

acðr; sÞ ¼ e�t (C.7)

with

tðr; sÞ ¼
ðrweÞðsweÞ

ðrþ sÞkBT
. (C.8)

In the above, w, is the particle charging rate (number of
electrons per radius) which is considered to be constant
with altitude and e is the unit electron charge.

The flux of particles with volume v, comprises two terms,
one originating from the settling of the particles in the
atmosphere and the other describing the eddy mixing of the
particles:

FðvÞ ¼ �nðvÞV SðvÞ � KnðvÞ
qf v

qr
, (C.9)

where K is the eddy diffusion coefficient, VS the settling
speed of particles of volume v and f v the volume mixing
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ratio of the particles with volume v. The settling speed can
be calculated from:

VSðvÞ ¼
2rgr2

9Z
Gr, (C.10)

where r is the mass density of the aerosols, g the
acceleration due to gravity and r the radius of the particle
with volume v.
The particles for each size bin are considered as another

species of the photochemical model that is described by
equation (B.1) but with modified parameters for expres-
sions (B.3)

C01ðp;TÞ ¼
D

kBT
VSðvÞ,

C02ðp;TÞ ¼ K
p2

kBTH
ðC:11Þ

and the production and loss rates which are defined by the
coagulation rate.
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Böhland, T., Temps, F., Wagner, H.Gg., 1985a. The contributions of

intersystem crossing and reaction in the removal of CH2ð~a
1A1Þ by

hydrocarbons studied with the LMR. Ber. Bunsenges. Phys. Chem. 89,

1013–1018.
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