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Abstract 
 
 

Organic aerosols are considered to be produced in CH4-containing, reducing 
atmospheres, such as Titan, early Earth, and exoplanets. Physical processes (radiative 
transfer and microphysical processes of the organic aerosols) and chemical processes 
(photochemical and ion reactions to form organic aerosols) in these atmospheres are 
mutually dependent on each other. Thus, self-consistent coupling of the physical and 
chemical processes is essential to understand atmospheric and environmental evolution 
of these planets and satellites. Many of the previous studies, however, discuss the 
physical and chemical processes independently, and there are only a few studies that 
couple these two processes. 

One of the largest obstacles that prevent the coupling between the physical 
and chemical processes is uncertainty of production mechanism of organic aerosols in 
reducing planetary atmospheres. In order to filling the gap between the chemical and 
physical processes, we conduct laboratory experiments of formation of organic aerosol 
analogues, called tholin, using a hydrogen/helium lamp and gas analysis of intermediate 
molecules formed by photochemical reactions. We also perform photochemical 
calculations that simulate reactions in the laboratory experiments to identify the parent 
molecules and corresponding reactions that control the tholin production in the 
experiments. We measure the dependences of tholin production rate on both actinic UV 
flux and CH4/CO2 ratio. Our experimental results show that the tholin production rate is 
a linear function of UV flux, which suggests that the aerosol production is limited by 
polymerization reactions between intermediate products, i.e., parent molecules, 
produced from the photochemistry of CH4. We also found that the aerosol production 
rate remains almost constant for a wide range of CH4/CO2 ratio when the CH4/CO2 ratio 
is in excess of unity. On the other hand, the tholin production rate decreases 
dramatically with a decline in CH4/CO2 ratio when the CH4/CO2 ratio becomes less than 
unity. Our photochemical calculations show that this behavior of tholin production rate 
is in a good agreement with polymerization reaction rates involving aromatic 
hydrocarbons, benzene. These results suggest that benzene is the parent molecule that 
controls the tholin production. On the other hand, polymerization reactions involving 
polyynes do not explain the measured tholin production rate as a function of CH4/CO2 
ratio. Our results are considered to be applicable to estimate the production of 
monomers in a CH4-contaitning reducing atmosphere using a one-dimensional 
photochemical model, which is necessary to couple the chemical processes with the 
physical processes in the atmospheres. 

Based on our experimental results, we calculate the atmospheric 
composition, organic aerosol production, and its optical depth for variable planetary 
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atmospheres, using a coupled photochemical-microphysical-radiative transfer models. 
In Titan’s atmosphere, the primary energy source for organic aerosol formation has been 
unclear. Our results show that polymerization reactions of benzene induced by solar far 
UV light cannot explain the proposed aerosol production rates in Titan’s atmosphere. In 
contrast, our results suggest that the organic aerosols in Titan’s atmosphere are largely 
produced by nitrile polymerization, which is initialized by irradiations of high-energy 
particles. These results suggest that the irradiation of high-energy particles is the 
primary energy source for the formation of thick aerosol layers in Titan’s atmosphere. 
These conclusions further imply that Titan’s climate and surface environments would 
have been very sensitive to variations in the magnetic field of Saturn and solar wind 
flux. 

In early Earth’s atmosphere, organic aerosols formed from atmospheric CH4 
are suggested to play key roles in determining the surface temperature. If their UV 
optical depth were thick, the organic aerosols would have possessed indirect greenhouse 
effect, which shields strong greenhouse gas such as NH3 from UV light. On the other 
hand, if their optical depth in visible wavelength were thick, they in turn would have 
had anti-greenhouse effect, which cools the surface. Whether the organic aerosols work 
as indirect greenhouse or anti-greenhouse critically depends on their production rate in 
the atmosphere. Our results show that the organic aerosol layers produced by benzene 
polymerization induced by solar UV would have been optically thin, insufficient to have 
both indirect greenhouse and anti-greenhouse effects. The absence of strong 
anti-greenhouse effect in turn suggests that the greenhouse effect of ethane would have 
worked efficiently to keep early Earth’s surface above freezing point of H2O, especially 
under CH4-rich atmospheric conditions. The supply and loss of both CO2 and CH4 
through biogeochemical processes vary with surface temperature. Given that ethane 
concentration also changes with CH4/CO2 ratio of the atmosphere, there would have 
been a feedback relationship between surface temperature and ethane concentration. On 
the other hand, we found that thick aerosol layers would have been formed if aerosol 
production also proceeds through nitrile polymerization, induced by irradiation of 
high-energy particles. Such thick aerosol layers are optically thick sufficient for 
shielding NH3 from UV light on early Earth. Further investigation of nitrile 
polymerization by laboratory experiments will be important in future studies to evaluate 
the role of organic aerosols in early Earth’s atmosphere. 
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General Introduction 
 
 

Understanding physical and chemical processes in planetary atmospheres is 
important to investigate the long term evolution of climate and surface environments. 
The physical processes involve the radiative transfer processes, which include scattering 
and absorption of both short- and long-wavelength light due to gas molecules and solid 
particles in the atmospheres, and the microphysical processes, which include the 
formation and growth of both cloud and aerosol particles. On the other hand, the 
chemical processes in the atmosphere involve photochemistry and ion chemistry driven 
by the irradiations of ultraviolet (UV) light and high-energy particles. 

These physical and chemical processes have an interdependent relationship in 
planetary atmospheres. For instance, in methane-rich reducing atmospheres, such as the 
atmospheres of Titan and early Earth, organic aerosol layers are considered to be 
produced by the growth and coagulation of the precursors of aerosol particles called 
monomers (i.e., the microphysical processes) (e.g., Toon et al., 1992; Waite et al., 2007; 
Trainer et al., 2006) (Figure 1). In the atmospheres, the monomers are originally formed 
by complex photochemical and ion-chemical reactions (i.e., the chemical processes) 
(e.g., Yung et al., 1984; Pavlov et al., 2001). Because the organic aerosol layers 
significantly influence the radiative transfer processes in the atmosphere, the surface 
temperature and atmospheric structure are not determined only by the atmospheric 
compositions but also these microphysical and chemical processes. Meanwhile, the 
chemical processes also depend on the radiative transfer processes. For instance, solar 
UV light, energy source for photochemical reactions, is attenuated by absorption and 
scattering due to gas molecules and aerosol particles (e.g., McKay et al., 1989; Tomasko 
et al., 2008a). Chemical reactions also highly depend on the temperature profile 
determined by radiative transfer processes (Hebrard et al., 2006; 2007). Thus, to 
understand the evolution of planetary climate and surface environments, a theoretical 
model, which calculates both the physical and chemical processes consistently, is 
required. However, many of the previous studies discuss the physical or chemical 
processes independently (e.g., Yung et al., 1984; Toublanc et al., 1995; Lara et al., 1996; 
Wilson and Atreya, 2004; Krasnopolsky 2009; Toon et al., 1980; 1992; McKay et al., 
1989; Pavlov et al., 2001; Haqq-Misra et al., 2008; Wolf and Toon, 2010), and there are 
a few studies that couple these two processes (Lavvas et al., 2008a, b). 

One of the large obstacles, which prevent the coupling between the physical 
and chemical processes especially in reducing atmospheres, is the uncertainty of 
production mechanism of organic aerosols. Nevertheless, a general picture of the 
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formation of organic aerosols in Titan’s atmosphere now can be drawn owing to the 
Cassini mission (e.g., Waite et al., 2007; Tomasko and West, 2009; Krasnopolsky, 2009). 
Organic aerosols in Titan’s atmosphere are considered to be complex, 
high-molecular-weight hydrocarbons and nitriles with thousands atomic mass (Waite et 
al., 2007; Tomasko et al., 2008b), which are presumed to be formed from simple 
hydrocarbons, such as C6H6, C4H2, HCN, and C2H2 (Wilson and Atreya, 2003; 2004; 
Lavvas et al., 2008a, b; Krasnopolsky, 2009). Figure 1 is a schematic of photochemical 
and microphysical processes of the formation of organic aerosols in Titan’s atmosphere, 
after Lavvas et al. (2011). Organic aerosol formation initiates with the photolysis of 
methane, subsequently producing various gaseous hydrocarbons, e.g., C6H6, C4H2 and 
C2H2 (Yung et al., 1984; Wilson and Atreya, 2004; Lavvas et al., 2008a, b; 
Krasnopolsky, 2009). The gas-phase reactions among those gas species are considered 
to result in the production of monomers (Wilson and Atreya, 2003; Trainer et al., 2006), 
which are the fundamental blocks to constitute large aerosol particles (McKay et al., 
1989; Toon et al., 1992). The monomers would be coagulated each other through 
various microphysical processes in the atmosphere, like Brownian motion, gravitational 
settling, coagulation by Van der Waals and Coulomb forces (Seinfeld and Pandis, 2006; 
Pruppacher and Klett, 2010). In addition to coagulation, the reactions on the surface of 
monomers with highly-reactive gas species would result in the growth of the monomer 
size (Lavvas et al., 2011). The aggregate particles are considered to experience particle 
rounding due to the increased monomer size by the surface growth (Lavvas et al., 2011). 
Finally, large organic aerosol particles would be produced in Titan’s atmosphere 
(McKay et al., 2001). Similar chemical and microphysical processes are considered to 
have been occurred in CH4-containing, early Earth’s atmosphere before the rise of O2 
(Sagan and Chyba, 1997; Pavlov et al., 2001; Trainer et al., 2006; Hasenkopf et al., 
2010). 

Since the rate coefficients of the reactions of high-molecular-weight 
hydrocarbons are largely unknown, all of the chemical reactions, which lead to the 
formation of monomers, cannot be included in photochemical models of planetary 
atmospheres. The previous photochemical models of Titan and early Earth assume that 
all high-molecular-weight hydrocarbons (e.g., ≥ C4–C6 hydrocarbons) become 
monomers (e.g., Pavlov et al., 2001, Lavvas et al., 2008a, Krasnopolsky 2009). Using 
the obtained vertical profile of presumed formation rate of monomers, the microphysical 
models obtained the vertical profile of organic aerosol layers by calculating the growth 
and coagulation of these monomers in the atmosphere (Toon et al., 1980; 1992; McKay 
et al., 1989). The chemical pathways for the formation of monomers from gaseous 
molecules, however, remain poorly understood. In especially, all of aliphatic and 
aromatic hydrocarbons higher than C4–C6 would not always become the monomers. 
Thus, although there are a few coupled atmospheric models (Lavvas et al., 2008a; 
2008b), a large uncertainly still remains in the calculation of aerosol monomer 
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production rate. On the other hand, laboratory experiments have measured aerosol 
production rates for several experimental conditions simulating Titan’s atmosphere (e.g., 
Trainer et al., 2006; Sciamma-O’Brien et al., 2010). Nevertheless, no experimental data 
have been obtained to constrain the chemical reactions that control the aerosol 
production. Dependence of aerosol production rate on UV fluxes and of atmospheric 
compositions is also largely unclear, which is essential to estimate the influence of 
organic aerosol layers on the radiative transfer processes in long term evolution. 

Self-consistent coupling of the photochemistry and microphysics could 
provide significant implications to atmospheric chemistry and climatic evolution. In 
Titan’s atmosphere, the organic aerosols would be produced by the solar UV and those 
by other energy sources, such as high-energy electrons from Saturn’s magnetosphere 
(e.g., Krasnopolsky, 2009). However, the major energy source for generating organic 
aerosols remains unclear. The organic aerosols formed by different energy sources could 
have different chemical compositions and optical properties (Hasenkopf et al., 2010). 
For instance, because of the low energy of far UV (FUV: 120–200 nm) photons 
compared to the high-energy particles and extreme ultraviolet (EUV: <120 nm) photons, 
organic aerosol produced by FUV would not incorporate nitrogen atoms (Raulin et al., 
1982; Trainer et al., 2012). On the other hand, high-energy particles are considered to 
efficiently dissociate both N2 and CH4 to form nitriles in Titan’s atmosphere (e.g., Yung 
et al., 1984; Wilson and Atreya, 2004; Krasnopolsky, 2009). In fact, previous 
experiments showed that the optical property and chemical structure of organic aerosols 
formed by plasma irradiation are different from those formed by EUV irradiations (See 
a review by Cable et al., 2012). The fluxes of solar UV and high-energy particles are 
suggested to vary throughout Titan’s history. Thus, changes in these energy fluxes could 
have affected the production rate and optical depth of organic aerosols and thus the 
radiative transfer processes in the atmosphere. This in turn would have remarkably 
affected the surface temperature and atmospheric structure. Determining the major 
energy source for organic aerosol formation in Titan’s atmosphere is important to 
understand not only the chemical processes in the current atmosphere but also the 
stability of the atmosphere and climate in response to changes in energy fluxes. To draw 
a clearer view of the energy source for organic aerosol production and the climatic 
stability of Titan in response to a change in energy fluxes, a self-consistent, physical and 
chemical model of the atmosphere would be needed. 

A self-consistent modeling would also provide another implication to 
understand the habitability on early Earth, especially regarding the faint young Sun 
paradox (Pollack, 1979; 1991; Crowley, 1983; Barron, 1984; Kasting and Grinspoon, 
1991; Kasting 1993; Rampino and Caldeira, 1994; Nisbet and Sleep, 2001; Kasting and 
Catling, 2003; Zahnle et al., 2007; Güdel, 2007; Shaw, 2008; Nisbet and Fowler, 2011; 
Feulner, 2012). Based on solar evolution models, the bolometric luminosity of the 
young Sun at 4.5 Gyr ago is suggested to have been about 30% smaller than that of the 
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current Sun (e.g., Gough, 1981). Under the low luminosity of young sun, the surface 
temperature of early Earth at > 2 Gyrs ago could have been below H2O’s freezing 
temperature if the atmospheric compositions were same as that of today (Sagan and 
Mullen, 1972). There are, however, geologic evidences for the presence of liquid 
surface water during the Archean (> 2.5 Gyr ago) (Lowe, 1980; Walker, 1982; Walker et 
al., 1983; Fowler et al., 2002; Eriksson et al., 2004; Benn et al., 2006). Thus, in order to 
account for, so called, the early faint Sun paradox, an enhanced greenhouse effect would 
be needed in early Earth’s atmosphere (e.g., Sagan and Mullen, 1972; Owen et al., 
1979). A thick CO2 atmosphere has been suggested to resolve the early faint sun 
paradox (e.g., Owen et al., 1979). Geochemical analyses of paleosols and banded iron 
formations, however, suggest that the CO2 partial pressures at 2.8 Gyr ago would have 
been too low to solve the paradox (Rye et al., 1995; Sheldon, 2006; Driese et al., 2011). 
Ammonia has been suggested as another solution to the faint young Sun paradox (Sagan 
and Mullen, 1972), since ammonia is a strong greenhouse gas because of its strong and 
broad absorption feature around 10 µm (e.g., Wang et al., 1976). However, the 
photochemical models show that ammonia would have been destroyed by solar UV in 
less than a decade, which is significantly shorter than the outgassing time scale of NH3 
(e.g., Kuhn and Atreya, 1979). Sagan and Chyba (1997) proposed that optically thick 
organic aerosol layers would have been formed in a CH4-rich atmosphere on Earth 
before the rise of O2. They suggested that organic aerosols have yielded a strong indirect 
greenhouse effect on an early Earth, by protecting ammonia from UV photolysis. In 
contrast, the photochemical model considering Mie scattering of aerosol particles shows 
the organic aerosol layer could have possessed a strong anti-greenhouse effect due to its 
optical thickness at the visible wavelengths (Pavlov et al., 2001; Haqq-Misra et al., 
2008). Whether the organic aerosol layers could have possessed indirect greenhouse or 
anti-greenhouse effect on early Earth depends critically on the aerosol production rate in 
the atmosphere (Trainer et al., 2006; Wolf and Toon, 2010). In particular, given an 
uncertainty in the atmospheric composition in early Earth’s atmosphere (e.g., see 
Feulner, 2012), the experimental data on aerosol production for a wide range of 
CO2/CH4 ratio would be essential. Furthermore, a small change in the CO2/CH4 ratio in 
the atmosphere could have changed the aerosol production rate, which may have 
affected the atmospheric structure and surface temperature through the radiative transfer 
processes. This in turn could have resulted in a large change in the CO2/CH4 ratio in the 
atmosphere, through biogeochemical processes, such as silicate weathering (e.g., 
Walker et al., 1981; Berner et al., 1983). To discuss such feedback mechanism and 
climatic stability in an atmosphere with thick organic haze, self-consistent coupling of 
the physical and chemical processes is required. 

In the Chapter 1 of this dissertation, we conducted laboratory experiments of 
organic aerosol formation using a FUV H2/He lamp for various gas mixtures of CH4 and 
CO2. Then, the results of aerosol production rate and gas analyses were compared with 
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photochemical calculations to constrain the chemical reactions that control the organic 
aerosol production. In the Chapter 2, we coupled a one-dimensional photochemical 
model of planetary atmospheres to a microphysical and radiative transfer models. Using 
the photochemical models, we calculated the production rate of monomers in the 
atmosphere based on the experimental results of rate-limiting reactions of organic 
production. Using the results, microphysical model calculated the profile of organic 
aerosol layers, by which the atmospheric structure and radiative transfer processes are in 
turn calculated. We then investigate the influence of organic aerosols on the radiative 
transfer process in the atmospheres of Titan and early Earth using the coupled 
photochemical/microphysical/radiative transfer model. Finally we summarize the results 
and implications. 
 
 
 

 
Figure 1. Photochemical and microphysical processes that lead simple gas species to 
large organic aerosol particles, after Lavvas et al. (2011). Hydrocarbon chemistry 
produces various gas species such as C6H6, C4H2 and C2H2 (e.g., Yung et al., 1984; 
Krasnopolsky, 2009). Gas-phase reactions among those gas species would further lead 
to the formation of monomers (e.g., Wilson and Atreya, 2004; Lavvas et al., 2008a, b; 
Krasnopolsky, 2009). The monomers are considered to be coagulated with 
microphysical processes in the atmosphere (Toon et al., 1980; 1992; McKay et al., 
1989). The surface reactions on the monomers would also occur, resulting in the growth 
of the monomer size (Lavvas et al., 2011). The aggregate particles would experience 
particle rounding due to the increased monomer size by the surface growth (Lavvas et 
al., 2011). 
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Chapter 1. Organic aerosol production mechanism 

constrained by laboratory experiments and photochemical 

calculations 
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1.1 Introduction 

 
 
 In CH4-rich reducing planetary atmospheres, Titan and early Earth, organic 
aerosol layers are considered to be produced through complex photochemical reactions 
(Yung et al., 1984; Wilson and Atreya, 2004; Waite et al., 2007; Lavvas et al., 2008a, b; 
Krasnopolsky, 2009; Tomasko and West, 2009). Organic aerosols in Titan’s atmosphere 
would be solid particles of high-molecular-weight hydrocarbons with thousands atomic 
mass (Waite et al., 2007; Tomasko et al., 2008b), which are presumed to be formed via 
polymerization of simple hydrocarbons (e.g., Yung et al., 1984; Wilson and Atreya, 
2004; Waite et al., 2007; Lavvas et al., 2008a, b; Krasnopolsky, 2009; Waite et al., 2007). 
The previous photochemical models assume that the polymerization reactions of all of 
C4-C6 hydrocarbon carbons produce precursors of organic aerosols, called monomers 
(Yung et al., 1984; Toublanc et al., 1995; Wilson and Atreya, 2004; Waite et al., 2007; 
Lavvas et al., 2008a, b; Krasnopolsky, 2009). Using the vertical profile of formation rate 
of monomers in the atmosphere, the growth and coagulation of monomers and 
atmospheric structure in Titan’ atmosphere were discussed using the microphysical and 
radiative transfer models (Toon et al., 1980; 1992; McKay et al., 1989; Lavvas et al., 
2008a, b). However, the chemical network and rate coefficients for formation of 
high-molecular-weight hydrocarbons are largely unknown due to a lack of laboratory 
data. Thus, it is highly uncertain whether polymerization of all of C4–C6 hydrocarbons 
would result in the formation of the monomers. In fact, the efficiency of polymerization 
would be different between aliphatic and aromatic hydrocarbons. Furthermore, the 
uncertainty in the formation mechanisms of monomers prevents to discuss the long term 
evolution of Titan’s atmosphere and extrapolation of the organic aerosol production rate 
to early Earth and exoplanets, given a large uncertainty in a change in aerosol 
production rate in response to a change in the flux and spectra of UV light. As organic 
aerosol layers could play a key role in determining the atmospheric structure and 
surface temperatures of these planets and satellite, filling a gap between the reactions of 
C4–C6 hydrocarbons and the monomer production rate is essential to discuss the 
atmospheric chemistry and its long term evolution. 

Laboratory experiments have been performed to produce laboratory analogues 
of organic aerosols, so called “tholin”, by irradiating various energy sources (e.g., cold 
and hot plasma discharge, UV irradiation, Gamma rays, soft X-rays, Electron beam, and 
Proton beam) to CH4-containing gas mixture (e.g., Khare et al., 1984a; 1987; Imanaka 
et al., 2004; Imanaka and Smith, 2007; 2010; Trainer et al., 2006; 2012; Sekine et al., 
2008a; Hasenkopf et al., 2010). The optical constants, mainly complex refractive index, 
of the tholins produced by the cold plasma irradiation to gas mixtures of N2 and CH4 
sufficiently reproduce Titan’s planetary albedo retrieved by the spacecraft and 
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ground-based observations (e.g., McKay et al., 1989; Toon et al., 1992). These results 
indicate that the tholins produced in laboratories would be good analogue materials for 
the organic aerosols in Titan’s atmosphere. Most of the previous experiments have 
investigated the reaction conditions (e.g., temperature, pressure, and composition of gas 
mixtures), under which the optical properties of the produced tholins can explain the 
planetary albedo of Titan (e.g., Khare et al., 1984a; 1987; Imanaka et al., 2004; 
Hasenkopf et al., 2010). Nevertheless, most of the previous studies have not focused on 
the rate and mechanism for the formation of tholins. 
 Recently, Trainer et al. (2006) measured the production rate of tholins as a 
function of CH4 concentration for CH4/N2 gas mixture using a deuterium lamp as a 
simulated solar FUV source. They observed that the aerosol production initially 
increases with added CH4 and then decreases with further increases in CH4. Based on 
these results, they proposed two mechanisms for the aerosol production: 
 
Mechanism I: 

 CH4 + hν → A ( 1.1 ) 

 A + hν → aerosol products ( 1.2 ) 

 
Mechanism II: 

 CH4 + hν → A ( 1.3 ) 

 A + A → aerosol products ( 1.4 ) 

 A + CH4 → nonaerosol products ( 1.5 ) 

 
where A is an intermediate product. In the mechanism I, increased CH4 shields the 
production of intermediate A and therefore decreases the aerosol production rate at high 
CH4 abundances. Meanwhile, the mechanism II assumes an aerosol production from the 
reaction of intermediate species; however, the intermediate can also react with CH4, 
producing nonaerosol particles such as saturated hydrocarbons. In this case, very high 
levels of CH4 suppress the aerosol production. An important difference between 
mechanisms I and II is the difference in aerosol production rate in response to a change 
in UV fluxes (Trainer et al., 2006). When the abundance of CH4 limits the aerosol 
production, the aerosol production rate in the mechanism I would become a 
second-order function of actinic flux, because there are two photolysis reactions (see the 
reactions 1.1 and 1.2). On the other hand, the mechanism II results in an aerosol 
production rate as a first-order function of actinic flux, since there is only one photolysis 
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reaction (see the reactions 1.3, 1.4, and 1.5). Nevertheless, it has been unclear whether 
the tholin formation proceeds through the mechanism I or II. 
 Trainer et al. (2006) also measured tholin production rates as a function of 
initial CH4/CO2 gas ratio to simulate organic aerosol formation in early Earth’s 
atmosphere. They show that, at the CH4/CO2 ratio of > 1, the tholin production rate 
becomes almost constant. Their experimental results, however, indicate that that 
dramatically decrease with an increase in CO2 levels when the CH4/CO2 ratio of < 0.1. 
Although they did not provide detailed explanation for this behavior, they suggested 
oxygen species could participate in the aerosol production. To understand the behavior 
of the tholin formation rate and its mechanism, chemical analyses of intermediate gas 
species would be required. Nevertheless, they did not perform the gas analyses during 
the experiment. Furthermore, Trainer et al. (2006) used a deuterium lamp as an energy 
source of the reactions. As described below, a deuterium lamp would not be a good 
energy source to simulate solar UV light, in which the Lyman α line is predominant. 
 In this chapter, we measured the dependence of aerosol production rate on 
actinic flux, in order to distinguish which mechanisms (i.e., the mechanism I or II) is 
dominant. The dependence of aerosol production rate on actinic flux is also important 
when one estimates the organic aerosol production rates on an early Earth and exoplanet 
based on Titan’s production rate: 
 

 𝐹 = 𝛽 ∙ 𝐹Titan ∙ �
𝐼

𝐼Titan
�
𝑚

∙ �
𝜒CH4

𝜒CH4, Titan
� ( 1.6 ) 

 
where FTitan and F are the aerosol fluxes on Titan and early Earth, respectively. I and 
ITitan are the FUV flux on an early Earth and Titan. χ and χTitan are methane mixing 
ratios. β is an enhancement factor experimentally obtained. Due to the uncertainty of m, 
the reaction order of aerosol formation rate as a function of UV flux (i.e., m = 1 or 2), 
the previous estimates of aerosol production rates on early Earth contain a large 
uncertainty on the order of 103 (Trainer et al., 2006; Wolf and Toon, 2010). In addition 
to the dependence on UV flux, we measured the variation in tholin production rate as a 
function of initial CH4/CO2 gas ratio of the reactant gas. To understand the reaction 
mechanism and parent reactions/molecules to be converted in to the tholin, we 
performed gas analyses of the intermediate products. We compared the experimental 
results of intermediate gas products with those of photochemical calculations. If the 
parent molecules/reactions for the formation of tholin were identified, we will be able to 
incorporate the production rate of monomers in the microphysical models (see Chapter 
2). Thus, the identification of the parent molecules/reactions are a key for constructing a 
self-consistent coupling model of photochemical, microphysical, and radiative transfer 
processes. 
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1.2 Experimental apparatus 

 
 
 Figure 1.1 shows a schematic diagram of the experimental apparatus for our 
tholin formation experiments. The system is an open-flow system, which consists 
mainly of two quartz glass tubes (Makuhari Rikagaku Glass Inc.) for a reaction cell and 
UV light source. The two parts are separated by a MgF2 window with 1 mm thickness 
(IR SYSTEM Co., Ltd.) having UV cutoff at 110 nm (Duncanson and Stevenson, 1958). 
Thus, UV light at >110 nm from the light source can transmit into the reaction cell 
through the window, whereas the reactant gas and hydrogen/helium gas are not 
combined each other. The UV lamp has a cross sectional area of 3.8 cm2. Reactant gases 
are introduced into the reaction cell constantly through mass flow controllers (KOFLOC, 
Model 3200 series) from gas cylinders and evacuated by a rotary pump with a liquid 
nitrogen cold trap in between. The cold trap prevents pump oil from diffusing back into 
the line. Likewise, the hydrogen/helium mixture gas is introduced to the chamber next 
to the reaction cell through the mass flow controller and evacuated by a rotary pump. 
When evacuated, the reaction cell and the chamber of light source have a background 
pressure of 10-3 torr, as measured by thermocouple gauges (Varian Inc., ConvecTorr 
P-Type). Since the thermocouple gauges are able to measure only relative pressure, they 
are calibrated with a capacitance manometer (MKS, 622B Baratron Absolute 
Capacitance Manometer) to derive absolute pressure. Figure 1.2 is the calibration result 
of the thermocouple gauge using the capacitance manometer, showing that the 
thermocouple gauge always underestimates the pressure about a factor of five. A part of 
the reactant and/or product gases are introduced to a quadruple mass spectrometer, or 
QMS (ULVAC, Qulee CGM) to perform mass spectrometry. An ultraviolet/visible 
spectrometer (Ocean Optics, USB 2000) was inserted at the opposite end of the reaction 
cell to the light source to measure the time evolution of attenuation of UV flux from the 
lamp. The UV/VIS spectrometer is also separated by a MgF2 window from the reaction 
cell. Reactant gases are photolyzed and the radicals produced initiate complex 
photochemistry in the reaction cell, especially in the vicinity of UV lamp, eventually 
leading to formation of higher-molecular-weight hydrocarbons. The tholins produced 
deposit on the MgF2 window, forming a thin organic film. We measured the thickness of 
the film with a spectroscopic ellipsometer (HORIBA Jobin Yvon, Auto SE Lambda 
650). 
 The previous tholin experiments simulating hydrocarbon photochemistry 
driven by solar FEV irradiation have employed deuterium lamps as the solar UV flux 
(Adamkovics and Boering, 2003; Trainer et al., 2006; 2012; 2013; Hasenkopf et al., 
2010). One of the spectra of the deuterium lamps (Hamamatsu Photonics Co., L1835) is 
shown in Figure 1.3. It has a distinctive strong emission line around 160 nm due to 
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hydrogen and deuterium molecular emissions, which is not significant in the actual solar 
UV flux. On the other hand, since the solar atmosphere contains a large number of 
hydrogen atoms, the Lyman α line at 121.6 nm dominates the actual solar ultraviolet 
radiation (Kuroiwa et al. (1992)). Because CH4 and CO2 have very different absorption 
cross sections around 160 nm (Figure 1.3), the use of a deuterium lamp as an UV source 
could cause significantly different photochemical reactions with those by actual solar 
ultraviolet flux. By adding noble gases to H2 gas and exciting the gases with a power 
source, meta-stable noble gases with high energy can collide with hydrogen molecules 
and dissociate H2 into atomic hydrogen, which suppresses molecular emission lines 
(Davis and Braun, 1968; Boduch et al., 1992). We used a premixed hydrogen/helium 
gas mixture with H2:He = 1:9 (Purity 99.9999%, Japan Fine Products Co.) and 
introduced it with a pressure of ~1 torr. The hydrogen/helium gas mixture is excited by 
a high frequency (RF) power source (13.56 MHz, Nihon Koshuha Co., Ltd.,). Previous 
studies show that the use of helium results in a stronger Lyman α emission line 
compared with other noble gases due to the high energies of meta-stable He atoms 
(Kuroiwa et al., 1992; Rahman et al., 2004). Kuroiwa et al. (1992) measured the 
emission spectrum of H2/He lamp with H2:He = 1:20, shown in Figure 1.3, which has a 
strong Lyman α emission line similar to the actual solar UV flux. With the similar 
experimental settings with Kuroiwa et al. (1992), we expect that the Lyman α line 
would dominate the vacuum ultraviolet irradiated from our H2/He lamp. Although the 
molecular emissions around 160 nm are sometime observed with these hydrogen/helium 
lamps (Fuchs et al., 1995; Cottin et al., 2003), we confirmed that the Lyman a line is the 
dominant emission from our H2/He lamp by performing N2O and CO2 actinometry (see 
the next section below). 
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Figure 1.1. Experimental apparatus for organic aerosol experiments. QMS, MFC stand 
for quadruple mass spectrometer and mass flow controller, respectively. Solid black 
arrows represent the directions of gas flow. The pressure gauges used in the experiments 
are thermocouple gauges. The right bottom picture is an organic film produced on a 
MgF2 window with 35 mm of diameter, showing Newton’s rings. The left bottom 
picture shows the reaction cell, UV lamp and high frequency power source. The center 
bottom picture is a close-up of the UV lamp. 
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Figure 1.2. Calibration result of a thermocouple gauge using a capacitance manometer, 
showing the thermocouple gauge overestimates the pressure by a factor of 5. 

 
 

 

Figure 1.3. Vacuum ultraviolet spectra of hydrogen/helium lamp (solid red line) and 
deuterium lamp (solid blue line). The spectrum of H2/He lamp was obtained by Kuroiwa 
et al. (1992), while that of D2 lamp is obtained by Hamamatsu Photonics Co. (L1835). 
Also shown are solar ultraviolet flux (yellow dashed line) observed by Mount and 
Rottman (1983) and the absorption cross sections of CH4 (solid black line) and CO2 
(dashed black line). The references of the cross sections are listed in Table 2.3. 
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1.3 Experimental results 
 
 
 

1.3.1  Measurement of actinic flux of H2/He lamp by N2O/CO2 
actinometry 

 
 The measurement of the vacuum UV flux (wavelengths shorter than 200 nm) 
is of importance, since most of the gas species in planetary atmospheres significantly 
absorb vacuum ultraviolet (Young and DeMore, 1999). In order to measure the 
relationship between organic aerosol production rates and actinic flux, we first 
measured the actinic flux emitted from the hydrogen/helium lamp by performing N2O 
and CO2 actinometry (e.g., Rajappan et al., 2010). 

We estimated the actinic flux from the lamp by the following procedure. We 
consider that, before the UV irradiation, the gas abundance in the reaction cell reaches 
steady state between the supply of gas mixtures from the mass flow controller and 
evacuation with the rotary pump, 
 

 

𝑑𝑛before

𝑑𝑑
= 𝑓in − 𝑣out𝑛before = 0 

𝑛before =
𝑓in

𝑣out
 

( 1.7 ) 

 
where nbefore is the gas abundance (molecule) before the UV irradiation, fin is the flux of 
inflow controlled with the mass flow controller (molecule s-1), vout is the pumping 
efficiency of the rotary pump (s-1). In the above equation, we assumed that the pumping 
speed is a first order function of the gas abundance, i.e. vout×n (molecule s-1). Since the 
observable variable about the flux of inflow, fin,obs, has a unit of (cm3 s-1), fin is 
calculated with fin,obs and the ideal gas law, 
 

 𝑓in = 𝑓in,obs
𝑛before

𝑉before
= 𝑓in,obs

𝑝before

𝑅𝑅
 ( 1.8 ) 

 
where Vbefore is an effective volume (cm3), pbefore is the pressure of reactant gas (Pa), R is 
the gas constant (1.381×10-17 cm3 Pa K-1 molecule-1) and T is the temperature (K). 
After and during the UV irradiation, the gas abundance in the reaction cell reaches 
another steady state, 
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𝑑𝑛after

𝑑𝑑
= 𝑓in − 𝑣out𝑛after − 𝑞𝑞𝐼𝑛after = 0 

𝑛after =
𝑓in

𝑣out + 𝑞𝑞𝐼
 

( 1.9 ) 

 
where nafter is the gas abundance (molecule) during the UV irradiation, q is the quantum 
yield (molecule photon-1), σ is the absorption cross section of reactant gas 
(cm2 molecule-1) and I is the actinic flux to be estimated (photon cm-2 s-1). By 
substituting ( 1.7 ) to ( 1.9 ), we can eliminate vout from the equation and obtain the 
following equation about the actinic flux: 
 

 𝐼 =  
𝑓in

𝑞𝑞
�

1
𝑛after

−
1

𝑛before
� ( 1.10 ) 

 
In the equations from ( 1.7 ) to ( 1.10 ), the gas abundances, nbefore and nafter, do not 
mean the whole gas abundances in the reaction cell, because the equation ( 1.9 ) does 
not hold everywhere in the reaction cell. In the reaction cell, vigorous photochemical 
reactions occur in a region near the UV lamp. Thus the equation ( 1.9 ) holds only 
within the effective region. We consider that the effective region has a cross sectional 
area S (cm2) and a length d (cm) measured from the end that connects to the 
hydrogen/helium lamp. 
 

 𝑉eff = 𝑑 × 𝑆 ( 1.11 ) 

 
where Veff is the volume of the effective region where the above equations hold. 
Meanwhile, the optical depth τ in the reaction cell is calculated as follows, 
 

 𝜏 = 𝑞
𝑛
𝑉eff

𝑑 ( 1.12 ) 

 
We assumed that the length of the effective region corresponds to one optical depth 
(τ = 1). Thus, d can be calculated as follows, 
 

 𝑑 =
𝑉eff

𝑞𝑛
=

𝑅𝑅
𝑞𝑝eff

 ( 1.13 ) 

 
where peff is the pressure in the effective region. For 1.0 torr of N2O gas, d is about 2 cm 
at a wavelength at the Lyman-α line (The length of the reaction cell is 26 cm). By 
substituting ( 1.13 ) to ( 1.11 ), Veff is calculated as follows, 
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 𝑉eff =
𝑅𝑅𝑆
𝑞𝑝eff

 ( 1.14 ) 

 
With the equation ( 1.14 ), the gas abundances in the effective region are calculated as 
follows, 
 

 
𝑛before =

𝑝before𝑉eff

𝑅𝑅
=
𝑝before𝑆
𝑞𝑝eff

 

𝑛after =
𝑝after𝑉eff

𝑅𝑅
=
𝑝after𝑆
𝑞𝑝eff

 
( 1.15 ) 

 
where pbefore and pafter are the partial pressures of the reactant gas before and during the 
UV irradiation, respectively. Those partial pressures are measured with the QMS in the 
downstream of the reaction cell (Figure 1.1). By substituting ( 1.8 ) and ( 1.15 ) into 
( 1.10 ) and assuming peff is pbefore, the actinic flux is calculated only with observable 
variables: 
 

 𝐼 =  
𝑓in,obs𝑝before

2

𝑞𝑆𝑅𝑅
�

1
𝑝after

−
1

𝑝before
� ( 1.16 ) 

 
It is noted here that the actinic flux calculated by ( 1.16 ) does not explicitly depend on 
the absorption cross sections of the reactant gases if the cross sections of the reactant 
gases have the same cut-off wavelength. This is because we assumed that the effective 
region has a length corresponding to one optical depth. The larger the absorption cross 
section of the reactant gas has, the shorter the optical depth becomes and vice versa. If 
the cross sections of the reactant gases have different cut-off wavelengths, the actinic 
flux calculated would change. For example, if a molecule A can absorb UV flux at a 
wider wavelength region than a different molecule B, the actinic flux calculated with the 
molecule A would be larger than that by molecule B. 

The absorption cross sections of N2O measured by the previous studies 
(Hitchcock et al. (1980), Chan et al. (1994), Selwyn et al. (1977), Hubrich and Stuhl 
(1980) and Nicolet and Peetermans (1972)) are shown in Figure 1.4. The N2O molecule 
is sensitive for Lyman-α emission since the absorption cross section above 140 nm is 
negligible. The previous studies agree that the photochemistry of N2O using Lyman-α 
radiation can be explained by the following reactions (Groth and Schierholz, 1959; 
Hampson and Okabe, 1970; Gilpin and Welge, 1971; McEwan et al., 1974; Okabe, 
1967) 
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 N2O + hν → N2 + O  

 N2O + hν → NO + N  

 O + N2O → N2 + O2  

 O + N2O → 2NO  

  (net) 6N2O + 4hν → 3N2 + 2N + O2 + 4NO  

 
 
which results in an overall quantum yield of 0.67 photons/N2O (decomposed by both 
the photolysis and subsequent reactions). 

Carbon dioxide is photolyzed by UV under 205 nm. The absorption cross 
section of CO2 is shown in Figure 1.3. 
 

 CO2 + hν → CO + O  

 
The O atom produced is in the ground state, O(3P), at wavelengths longer than 167 nm, 
but at wavelengths shorter than 167 nm, the atom could be excited state O(1D). The 
excited oxygen atom is, however, quickly quenched to the ground state by collisions 
with background gases. The reaction between CO and O(3P) is very slow, since it is 
spin-forbidden (Yung and DeMore, 1999). 
 

 CO + O(3P) → CO2  

 
The reaction between CO2 and O(3P) is also extremely slow (reaction rate constant at 
room temperature is about 10-50 cm3 molecule-1 s-1 based on Tsang and Hampson, 1986). 
 

 CO2 + O(3P) → CO + O2  

 
Thus, without any other radicals like OH and CH2, CO2 would be destroyed by only 
ultraviolet irradiation. Accordingly, we estimated the overall quantum yield of CO2 
photolysis to be 1 photons/CO2. 
 The flux of the inflow is controlled with the mass flow controller. The flow 
flux depends on the size of molecule. We calibrated the mass flow controller using N2O 
gas and a graduated cylinder. The result is shown in Figure 1.5. N2O gas (purity 99.9%, 
Suzuki Shokan Co., Ltd.) or CO2 gas (purity 99.999%, Taiyo Nippon Sanso 
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Corporation) were introduced into the reaction cell and irradiated by the 
hydrogen/helium UV lamp we used. Time evolutions of the QMS signal at m/z = 44 for 
N2O or CO2 gases were measured before and during the UV irradiations. Figure 1.7 
shows a typical example of the time evolution of the QMS signal at m/z = 44 for a run 
using 0.59 torr of N2O gas with 1.2 [mL min-1] of influx. In this experiment, the 
hydrogen/helium UV lamp was discharged with a power of 90 W at 13.56 MHz for the 
RF generator. The background signal at m/z = 44 was 10-11 (a.u.). The actinic flux is 
calculated to be 1.77 × 1014 ± 6.2 × 1011 [photon cm-2 s-1]. We performed actinometry 
with power from 20 W to 120 W. The pressures of N2O and CO2 gases in the reaction 
cell range 1.0 – 6.5 torr. All of the experiments were performed at room temperature. 

Figure 1.8 shows the results of actinometry using N2O and CO2 gases. At 
powers stronger than 60 W, the actinic fluxes are calculated to be 1014 [photon cm-2 s-1], 
which is consistent with the results of a previous study (Westley et al., 1995). The 
actinic flux increases with an increase of the power discharged with the RF power 
source, however, the increase of actinic flux is not significant above 90 W. This may be 
due to the self-absorption effect of Lyman α (Holstein, 1947), because the Lyman α line 
is easily absorbed by the hydrogen atoms in the ground state and, with an increase of 
input power, more efficient dissociation of hydrogen molecules into hydrogen atoms is 
expected (Yamashita, 1975). Figure 1.8 also shows that there is no significant difference 
between the results by using N2O and those by using CO2 gas. This suggests that the UV 
spectra produced with our hydrogen/helium lamp is dominated by the Lyman α line, not 
by molecular emission lines around 160 nm. If a significant difference was observed, 
that would imply a significant amount of photons were originated from molecular 
emission lines around 160 nm, because CO2 can absorb UV fluxes around 160 nm 
(Figure 1.3). 
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Figure 1.4. Absorption cross section of N2O molecule after Rajappan et al. (2010). The 
data are from Hitchcock et al. (1980), Chan et al. (1994), Selwyn et al. (1977), Hubrich 
and Stuhl (1980) and Nicolet and Peetermans (1972). 

 
 

 
Figure 1.5. Calibration result of a mass flow controller using N2O gas flow and a 
graduated cylinder. 
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Figure 1.6. Calibration result of the QMS signal at m/z = 44 using N2O gas. The 
background signal at m/z = 44 was 10-11 (a.u.). The N2O partial pressure was measured 
with a thermocouple gauge and then calibrated using the calibration data shown in 
Figure 1.2 when the analysis. 

 
Figure 1.7. A typical example of the time evolution of QMS signal at m/z = 44 for 3 torr 
of N2O gas. The H2/He UV lamp was discharged with a power of 90 W at 13.56 MHz. 
The background signal at m/z = 44 was 10-11 (a.u.). This run yields 
1.77 × 1014 ± 6.2 × 1011 [photon cm-2 s-1] of actinic flux. 
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Figure 1.8. Results of the actinometry performed for the H2/He UV lamp. The black and 
blue lines are the results of least squares fitting. 

 
1.3.2  Organic aerosol production rates as a function of UV flux 

 
 

With the relationship between the actinic flux and RF power obtained in 
Section 1.3.1, we measured the tholin production rates as a function of actinic UV 
fluxes. About 5 torr of CH4 gas (purity 99.999%, Japan Fine Products Corporation) was 
introduced into the reaction cell through the mass flow controller with 1.5 [mL min-1] of 
flow. Then we irradiated UV light with the hydrogen/helium lamp. After the irradiation 
of UV light, the MgF2 window was removed from the quartz glass tube and analyzed 
with the spectroscopic ellipsometer. Because ellipsometry is nondestructive testing, the 
time evolution of thickness of tholin formed on the MgF2 window can be measured as a 
function of reaction time. The tholin production rates were obtained from the slope of 
the time evolution of tholin thickness deposited on the MgF2 window using 
spectroscopic ellipsometry (Azzam and Bashara, 1977). 

Figure 1.12–Figure 1.16 show the typical results by ellipsometry and model 
results, while Figure 1.11 shows the measurement results for a MgF2 window without 
organic film. The variables measured with the ellipsometer, Is and Ic, are described by 
the following equations: 
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 𝐼𝐼 = sin(2Ψ)sin(Δ)  

 𝐼𝐼 = sin(2Ψ)cos(Δ)  

 
where Ψ is the amplitude ratio upon reflection between p and s components. These 
components are light polarized parallel and perpendicular to the plane of incidence, 
respectively (Azzam and Bashara, 1977). ∆ is the phase difference upon reflection 
between p and s components. In the data analyses of ellipsometry, both thickness and 
optical property of each layer are free parameters and are varied in order to fit the 
observed Is and Ic. 

Figure 1.9 shows the physical parameter of the ellipsometer and a schematic 
diagram of the optical model for the data analysis. In the measurements, the incident 
angle of the beam is 66° ± 0.5°, wavelength of the beam varies from 425 nm to 1000 nm, 
and the diameter of the beam is 1 mm. We assumed a two-layer model for the data 
analysis of the results of ellipsometry (Figure 1.9), in which the produced tholin is 
composed of an upper thin, partially oxidized tholin layer and an lower un-oxidized 
tholin layer. This is because the surface of an organic thin film could be oxidized by 
oxygen when it is exposed to the air (Sciamman-O’Brien et al., 2010). However, since 
single-layer models without an upper oxidized layer show the thickness close to those 
obtained by the two-layer models, the influence of oxidation on the samples was small 
(within an uncertainty of 1%) for obtaining the formation rate of tholin. The complex 
refractive index of tholin used for the data analysis is shown in Figure 1.10. The 
complex refractive index of the oxidized layer is a mixture of that of amorphous carbon 
and air (n = 1.000, k = 0). The geometry of the organic film could be mountain-shaped 
rather than a layer with flat surface. Thus we measured the film thickness not only at the 
center of the MgF2 window but also on several points 1 mm off from the center. 
Ellipsometry and the subsequent analysis showed, however, the geometry around the 
center of the window is almost flat, having only a few nanometers of roughness. 

Figure 1.17 shows a typical result of the time evolutions of the tholin 
thickness as a function of irradiation time. The thickness increases linearly with the 
reaction time (e.g., see the results of RF power of 110 W, 90 W and 60 W). The results 
of 60 W of RF power show that once the tholin achieves a certain thickness, the growth 
would stop because the tholin blocks the UV right from the lamp, preventing further 
photochemical reactions in the reaction cell (Figure 1.17). As for the experiment with 
75 W of RF power, we obtained only one datum of the tholin thickness. As the 
thicknesses at 90 W and 60 W of RF power show linear increases with the reaction time 
(Figure 1.17), we assumed that the time evolution of tholin thickness at 75 W would 
also be a linear function of time. As for the experiments with 40 W of power, the tholin 
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thicknesses in the reaction time of 20 and 25 minutes become similar. Thus, we consider 
that the tholin growth stopped between 10 and 20 minutes. We used only the data point 
at 10 minutes for the estimate of tholin production rate, assuming a linear growth with 
time. 

Figure 1.18 shows the tholin production rate as a function of RF power. The 
tholin production rate shows a linear function of RF power. With the linear regression 
function obtained by actinometry (Figure 1.8), we are able to convert the RF power into 
actinic UV flux. Figure 1.19 shows that the tholin production rate is a linear function of 
UV flux. These results strongly suggest that the mechanism II is responsible for the 
tholin formation (see the reactions, 1.3, 1.4, and 1.5). In the mechanism II, reactions 
between intermediate gas species lead to tholin products. In the next section, we will 
further investigate the intermediate species (i.e., parent molecules) that limit the 
formation of tholin. Our results also shows that m in the equation ( 1.6 ) is 1, indicating 
a lower production rate when extrapolating Titan’s aerosol production rate to another 
planet under high UV irradiation conditions, such as early Earth (Trainer et al., 2006; 
Wolf and Toon, 2010). Applying the aerosol production rate of Titan (Toon et al., 1992) 
using the experimental result (β ≈ 1.5, Trainer et al., 2006) in equation (1.6), the aerosol 
production rate in early Earth’s atmosphere become 4×10-13 g cm-2 s-1, or 1×
1013 g year-1 with 0.001 of CH4 molar fraction in the atmosphere and with 1.4×
1012 photon cm-2 s-1 of solar UV flux. As discussed in Trainer et al. (2006), this estimate 
of organic aerosol flux on an early Earth is comparable to the current carbon burial rate 
due to biological processes (i.e., 5×1013 g year-1) (Lasaga et al., 1985). 

In the experiments, we measured the growth of tholin deposited on the MgF2 
window, and then applied to early Earth’s atmosphere. Thus, we implicitly assumed that 
the tholin growth rate on the MgF2 window is proportional to organic aerosol 
production rate. Although the aerosol production rate in planetary atmospheres could 
not be proportional to the growth of aerosols, by an analogy with cloud production 
process on Earth’s atmosphere, we believe this assumption could be valid. In the 
terrestrial atmosphere, it is well known that cloud condensation nuclei greatly accelerate 
the growth of cloud particles (e.g., Pruppacher and Klett, 2010). Without the help of 
such condensation nuclei, the cloud particles are not able to grow into larger particles, 
or not able to produce cloud droplets. Since the same microphysical process could apply 
to aerosol production (Seinfeld and Pandis, 2006; Pruppacher and Klett, 2010), it is 
likely that Titan’s aerosol production is governed by the surface growth of monomers. 
Therefore, we believe that the observation of the growth rate of tholin could actually 
correspond to the limiting process of aerosol production in Titan’s atmosphere. The 
y-intercept of the linear regression line in Figure 1.19 is not zero, probably due to the 
poor fitting in low-power region in actinometry and the negative y-intercept of the 
linear regression line (Figure 1.8). Or the non-zero y-intercept in Figure 1.19 could 
mean the film growth rate is nonlinear in a low actinic flux region where I < 3×
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1013 photon cm-2 s-1. Nevertheless, since a second-order or higher-order function cannot 
fit the experimental results, the film growth rate should be at least a first-order or 
lower-order function of actinic flux. 
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Figure 1.9. Physical parameters of the ellipsometer and a schematic diagram of 
two-layer model for the data analysis. 

 
 
 

 
Figure 1.10. Complex refractive index of amorphous carbon used for the data analysis. 
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Figure 1.11. Measurement results of ellipsometry for a MgF2 window with no organic 
film. 
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Figure 1.12. Measurement results of ellipsometry (thick lines) and model results (thin 
lines) of the sample produced in 5 torr of CH4 and with a power of 110 W. (a) Results 
after 2 minutes of total irradiation time. Film thickness is 39.0 ± 0.3 nm and χ2 = 0.057. 
(b) Results after 3 minutes of total irradiation time. Film thickness is 64.1 ± 0.2 nm and 
χ2 = 0.039. 
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Figure 1.13. – Continuted. 
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Figure 1.13. – Continuted. 
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Figure 1.13. Measurement results of ellipsometry (thick lines) and model results (thin 
lines) of the sample produced in 5 torr of CH4 and with a power of 90 W. (a) Results 
after 10 minutes of total irradiation time. Film thickness is 186.8 ± 0.07 nm and 
χ2 = 0.085. (b) Results after 20 minutes of total irradiation time. Film thickness is 
375.3 ± 0.1 nm and χ2 = 0.059. (c) Results after 30 minutes of total irradiation time. 
Film thickness is 557.7 ± 0.2 nm and χ2 = 0.16. (d) Results after 40 minutes of total 
irradiation time. Film thickness is 736.5 ± 0.4 nm and χ2 = 0.53. (e) Results after 50 
minutes of total irradiation time. Film thickness is 937.1 ± 0.5 nm and χ2 = 0.75. 

 

 

Figure 1.14. Measurement results of ellipsometry (thick lines) and model results (thin 
lines) of the sample produced in 5 torr of CH4 and with a power of 75 W. Results are 
obtained after 10 minutes of total irradiation time. Film thickness is 153.5 ± 0.07 nm 
and χ2 = 0.027. 
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Figure 1.15. – Continuted. 
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Figure 1.15. – Continuted. 
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Figure 1.15. Measurement results of ellipsometry (thick lines) and model results (thin 
lines) of the sample produced in 5 torr of CH4 and with a power of 60 W. (a) Results 
after 10 minutes of total irradiation time. Film thickness is 118.7 ± 0.08 nm and 
χ2 = 0.33. (b) Results after 20 minutes of total irradiation time. Film thickness is 
232.5 ± 0.1 nm and χ2 = 0.33. (c) Results after 30 minutes of total irradiation time. Film 
thickness is 348.0 ± 0.3 nm and χ2 = 0.36. (d) Results after 40 minutes of total 
irradiation time. Film thickness is 451.7 ± 0.2 nm and χ2 = 0.40. (e) Results after 50 
minutes of total irradiation time. Film thickness is 453.8 ± 0.3 nm and χ2 = 0.38. 
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Figure 1.16. – Continuted. 
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Figure 1.16. Measurement results of ellipsometry (thick lines) and model results (thin 
lines) of the sample produced in 5 torr of CH4 and with a power of 40 W. (a) Results 
after 10 minutes of total irradiation time. Film thickness is 88.8 ± 0.5 nm and χ2 = 0.062. 
(b) Results after 20 minutes of total irradiation time. Film thickness is 120.7 ± 0.1 nm 
and χ2 = 0.018. (c) Results after 25 minutes of total irradiation time. Film thickness is 
119.4 ± 0.2 nm and χ2 = 0.016. 
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Figure 1.17. Time evolutions of organic film thickness measured with the spectroscopic 
ellipsometer. 
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Figure 1.18. Aerosol production rate with different power. Production rates were 
measured as the time evolutions of organic film thickness. Also shown is a linear 
regression line. 

 
 

 

Figure 1.19. Aerosol production rate with different actinic flux. The actinic fluxes were 
derived from the linear regression function shown in Figure 1.8. Also shown is a linear 
regression line (y = 9.6×10-14 x + 5.6, R2 = 9.87). 
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1.3.3  Organic aerosol production rate as a function of CH4/CO2 

ratio 
 
 

We measured the tholin production rates for different initial CH4/CO2 gas ratios 
in the reaction cell, in order to put a constraint on the limiting reactions for particle 
formation in CH4-CO2-containing atmospheres, such as early Earth (e.g., Pavlov et al., 
2001; Haqq-Misra et al., 2008). CH4 gas (purity 99.999%, Japan Fine Products 
Corporation) and CO2 gas (purity 99.999%, Taiyo Nippon Sanso Corporation) were 
introduced through the mass flow controllers into the reaction cell (Fig. 2.1). We 
performed experiments, varying the initial CH4/CO2 gas ratio in the reaction cell from 
0.4 to 9. The reactant gas was irradiated with the hydrogen/helium lamp with a RF 
power of 90 W at 13.56 MHz. The time evolutions of the produced tholin thickness 
were directly measured with the spectroscopic ellipsometer. A part of the reactant and/or 
product gases were introduced to the QMS, and their mass spectra were measured. 

Figure 1.20 – Figure 1.22 show typical results by ellipsometry and model 
results. For the experiments with CH4/CO2 = 9, 2.6 and 1.9, we used the same optical 
model described in Section 1.3.2 for the data analysis (i.e., two layers model). The time 
evolutions of tholin thickness for the experimental runs with CH4/CO2 = 9, 2.6 and 1.9 
are shown in from Figure 1.25 to Figure 1.27. The results of time variations in tholin 
thickness are well fitted with second-order functions passing through the origin of the 
coordinate axes (Figure 1.25 to Figure 1.27). We interpreted the slopes of the regression 
lines at t = 0 as aerosol production rates, as the UV flux from the lamp would be 
attenuated due to a growth of tholin on the MgF2 window. The results of ellipsometry 
for the experiments of CH4/CO2 = 1 and 0.4 are shown in Figure 1.23 and Figure 1.24, 
respectively. These figures show that the tholins produced at low CH4/CO2 ratio have 
distinct spectra from those formed in the experiments with high CH4/CO2 ratios 
(CH4/CO2 = 9, 2.6, 1.9). This is probably due to the thin film thickness and/or change of 
the complex refractive index of organic film. For the optical models of the experiments 
with low CH4/CO2 ratios (CH4/CO2 = 1, 0.4), we inserted a thin void layer between the 
MgF2 substrate and the amorphous carbon layer to account for a backside reflection. 
This modification improves the model fitting significantly; however, there still remain 
large errors in terms of the measurement of film thickness. Thus, we estimated the upper 
and lower limits of the growth rate as follows. In the experiments at CH4/CO2 = 1, the 
time evolution of tholin thickness can be fitted using a second-order function. Because 
we could not significantly detect tholin at 60 and 240 minutes of irradiation time, we 
put a film thickness of 50 nm as upper limits at t = 60 and 240 minutes. The upper limit 
is based on the tholin thickness (about 50 nm) observed at 420 and 660 minutes of 
irradiation time. Because the tholin thicknesses were not be significantly different 
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between 420 and 660 minutes of irradiation time, the tholin growth would stop before 
420 minutes of irradiation time. Thus we obtained an upper limit (0.83 nm min-1) for the 
film growth rate, assuming that the film thickness increased linearly to 50 nm until 
t = 60 minutes. In the experiments at CH4/CO2 = 0.4, the time evolution of tholin 
thicknesses can be fitted using a second-order function. We consider the slope of the 
regression line at 0 minutes of irradiation time as an upper estimate for the growth rate. 
This upper estimate is almost identical when we assumed that the tholin thickness 
increased linearly to 210 nm until 1500 minutes of irradiation time (Figure 1.29). The 
lower estimate of the film growth rate was obtained by assuming that the film thickness 
increased linearly to 60 nm until t = 1500 minutes (Figure 1.29). 

Figure 1.30 shows the aerosol production rates as a function of initial CH4/CO2 
gas. Also shown are the results of Sasamori (2012), who performed the tholin formation 
experiments with the same hydrogen/helium lamp as the present study, and of Trainer et 
al. (2006), who performed the experiments using a deuterium lamp and 600 torr of gas 
mixtures of 0.1% of CH4 and 0.02–0.5% of CO2 balanced with N2. The tholin 
production rates obtained by these three studies are normalized to the results of the 
experiment using only CH4 as C-bearing reactant gas, i.e., the results of this study and 
Sasamori (2012) are normalized using the production rate obtained with 1 torr of CH4 
gas described in the section 1.3.2, while those of Trainer et al. (2006) are normalized 
using the production rate obtained with 600 torr of N2 including 0.1% of CH4. Sasamori 
(2012) measured the film thickness only once for each sample at the termination of the 
experiments so that they did not have to expose the sample to the air multiple times. 
However, they did not measure the tholin thickness as a function of irradiation time. 
They obtained the tholin production rate by calibration of the irradiation time by using 
time evolution of UV flux at 300 nm measured with a UV/VIS spectrometer. 

Our results are consistent with the results of Sasamori (2012). The results of 
the present study and Sasamori (2012) show the aerosol production rate decreases 
monotonically with a decrease of CH4/CO2 ratio for the CH4/CO2 ratio below 1. This 
behavior is consistent with previous experiments using an electric discharge (Trainer et 
al., 2004). On the other hand, the results of Trainer et al. (2006) are different with the 
results of the present study. They observed the optimum production rate around unity of 
the CH4/CO2 ratio, and the production rate at CH4/CO2 < 1 seems to be higher than 
those of the present study. They suggested that their high aerosol production rate may be 
caused by incorporation of aldehydes and/or carboxylic acids into aerosol particles 
(Trainer et al., 2006), based on their mass spectra measurement of aerosol particles. 
They observed peaks at m/z = 30 and 44 in the mass spectra obtained from chemical 
analysis of aerosol particles, which could be interpolated as oxygenated fragments 
CH2O+ and COO+. The primary differences between the present study and Trainer et al. 
(2006) are the total pressure of the reactant gases (This study: 5 torr, Trainer: 600 torr) 
and the type of spectra of UV lamps (i.e., the present study used a hydrogen/helium 



 

- 47 - 

lamp, whereas Trainer et al. used a deuterium lamp). The difference of the total pressure 
could change the chemical network for the production of hydrocarbons, because the rate 
coefficients of three-body reactions become greater at higher pressures. On the other 
hand, difference in the type of UV spectra of the lamps could affect the photolysis rates 
of reactant gas species, i.e., CH4 and CO2. We will investigate this discrepancy in the 
Section 1.4 by performing chemical network analysis using a one-box photochemical 
model. 

Applying the experimental results using the equation ( 1.6 ) along with 
(β ≈ 0.03), we obtain the aerosol production rate as 8×10-15 g cm-2 s-1, or 8×
1011 g year-1 on an early Earth with 0.001 of CH4 molar fraction in the atmosphere with 
1.4×1012 photon cm-2 s-1 of solar UV flux. The estimated organic aerosol flux on an 
early Earth is significantly smaller than CH4 loss rate (~4×1013 g year-1) calculated by a 
photochemical model (Pavlov et al., 2001), suggesting only a small fraction (i.e., ~ a 
few %) of CH4 injected in to the atmosphere would be converted into aerosol particles. 
This is contrast to the conclusions obtained by Trainer et al. (2006), which would reflect 
the difference between the experimental methods and conditions. 
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Figure 1.20. Measurement results of ellipsometry (thick lines) and model results (thin 
lines) of the sample produced in 5 torr of CH4/CO2 = 9 gas mixture and with a power of 
90 W. (a) Results after 60 minutes of total irradiation time. Film thickness is 
304.0 ± 0.2 nm and χ2 = 0.17. (b) Results after 90 minutes of total irradiation time. Film 
thickness is 437.6 ± 0.2 nm and χ2 = 0.13. (c) Results after 120 minutes of total 
irradiation time. Film thickness is 545.1 ± 0.4 nm and χ2 = 0.80. 
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Figure 1.21. Measurement results of ellipsometry (thick lines) and model results (thin 
lines) of the sample produced in 5 torr of CH4/CO2 = 2.6 gas mixture and with a power 
of 90 W. (a) Results after 60 minutes of total irradiation time. Film thickness is 
136.9 ± 0.3 nm and χ2 = 0.047. (b) Results after 90 minutes of total irradiation time. 
Film thickness is 166.0 ± 0.3 nm and χ2 = 0.45. (c) Results after 120 minutes of total 
irradiation time. Film thickness is 218.9 ± 0.3 nm and χ2 = 0.75. 
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Figure 1.22. Measurement results of ellipsometry (thick lines) and model results (thin 
lines) of the sample produced in 5 torr of CH4/CO2 = 1.9 gas mixture and with a power 
of 90 W. (a) Results after 60 minutes of total irradiation time. Film thickness is 
95.1 ± 3 nm and χ2 = 0.038. (b) Results after 90 minutes of total irradiation time. Film 
thickness is 136.9 ± 1.7 nm and χ2 = 0.055. (c) Results after 120 minutes of total 
irradiation time. Film thickness is 149.7 ± 2.5 nm and χ2 = 0.049. 
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Figure 1.23. Measurement results of ellipsometry (thick lines) and model results (thin 
lines) of the sample produced in 5 torr of CH4/CO2 = 1 gas mixture and with a power of 
90 W. (a) Results after 420 minutes of total irradiation time. Film thickness is 
49.7 ± 21 nm and χ2 = 0.25. (b) Results after 660 minutes of total irradiation time. Film 
thickness is 60.7 ± 16 nm and χ2 = 0.21. 
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Figure 1.24. Measurement results of ellipsometry (thick lines) and model results (thin 
lines) of the sample produced in 5 torr of CH4/CO2 = 0.4 gas mixture and with a power 
of 90 W. (a) Results after 1500 minutes of total irradiation time. Film thickness is 
138 ± 90 nm and χ2 = 0.098. (b) Results after 2451 minutes of total irradiation time. 
Film thickness is 189 ± 120 nm and χ2 = 0.11. (c) Results after 2926 minutes of total 
irradiation time. Film thickness is 174 ± 110 nm and χ2 = 0.078. 

 
 
 



 

- 57 - 

 

Figure 1.25. Time evolution of organic film thickness produced with 5 torr of CH4/CO2 
gas mixture (CH4/CO2 = 9). The slope of the regression line at t = 0 is 5.7 [nm min-1], 
which is interpreted as the aerosol production rate for this run. 

 

 

Figure 1.26. Time evolution of organic film thickness produced with 5 torr of CH4/CO2 
gas mixture (CH4/CO2 = 2.6). The slope of the regression line at t = 0 is 2.6 [nm min-1]. 
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Figure 1.27. Time evolution of organic film thickness produced with 5 torr of CH4/CO2 
gas mixture (CH4/CO2 = 1.9). The slope of the regression line at t = 0 is 2.5 [nm min-1]. 

 
 

 

Figure 1.28. Time evolution of organic film thickness produced with 5 torr of CH4/CO2 
gas mixture (CH4/CO2 = 1). 
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Figure 1.29. Time evolution of organic film thickness produced with 5 torr of CH4/CO2 
gas mixture (CH4/CO2 = 0.4). The dashed line represents a lower estimate for the film 
growth rate, while the dash-dotted line represents an upper estimate. 

 
 

 

Figure 1.30. Aerosol production rate as a function of the initial CH4/CO2 gas ratio. The 
results of this study are shown by red boxes. Our results were obtained using CH4/CO2 



 

- 60 - 

gas mixture with 5 torr of total pressure and using a H2/He lamp with a power of 90 W. 
Also shown are the results of Sasamori (2012), who used the same experimental 
apparatus with this study, and Trainer et al. (2006) who performed the experiments 
using a deuterium lamp and 600 torr of N2 including 0.1% of CH4 and 0.02 – 0.5% of 
CO2. All of the production rates are normalized to that of experiment using only CH4 as 
reactant gas. 

 
 

1.3.4  Intermediate gas products 
 
 

In order to investigate the chemical pathways in the reaction cell, we measured 
the abundances of intermediate gas products in the gas phase. We conducted 
deconvolution analysis of the mass spectra obtained by the QMS (Figure 1.1). In the 
section 1.4, we will perform calculations of photochemical reactions to investigate the 
chemical pathways in the reaction cell. The gas abundance data obtained here will also 
serve for validity check of the photochemical model. Previous studies have tried to 
explain the experimental results of gas products by CH4 photolysis using photochemical 
models (Smith and Raulin, 1999; Vuitton et al., 2006), however, these studies are not 
capable of reproducing the experimental results (Smith and Raulin, 1999; Vuitton et al., 
2006). This may be because of contamination of reactant gas by the ambient air, wall 
effects, or just simply uncertainty in reaction rate and/or quantum yield (Smith and 
Raulin, 1999; Vuitton et al., 2006). In addition, as shown in Figure 1.1, photolysis rates 
in the reaction cell should have a gradient along with the direction of the tube. Thus, we 
need to check whether the one-box photochemical model can adequately reproduce the 
photochemical reactions in the reaction cell, by comparing between the calculation 
results and measurements for intermediate gas products. 

In the analyses of the QMS spectra, we performed mass deconvolution of the 
obtained spectra. The QMS ionizes a gas molecule with a high-temperature filament, 
which results in their fragmentations into gases with different m/z ratios (e.g., 
Adamkovics and Boerning, 2003). Also, a QMS signature at a given m/z ratio could be 
overlapped by fragments of multiple molecules. Thus, fragmentation patterns of each 
molecule must be taken into account when one needs to convert QMS intensity into the 
partial pressures of each molecule. Since the fragmentation pattern depends on the 
experimental conditions (e.g., total pressure) and on ionization efficiency of instruments, 
they should be experimentally determined under the relevant laboratory conditions. 
Figure 1.31 shows the mass spectra of standard gas species of CH4, C2H2, C2H4, C2H6, 
CO and CO2 measured with the QMS. All of the gas species considered in the 
deconvolution analyses are listed in Table 1.1. For the species whose fragmentation 
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patterns are not shown in Figure 1.31, their fragmentation patterns were obtained from 
the NIST database (http://webbook.nist.gov/chemistry/). The QMS spectrum H (m/z = 1 
to m) is connected with the fragmentation pattern R (m/z = 1 to m and 1 to n species) 
and partial pressure P for n species, by the following equation (Adamkovics and 
Boering, 2003): 
 

 𝑯 = 𝑹 ∙ 𝑷 ( 1.17 ) 

 
where 
 

 𝑯 = �
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Thus, 
 

 �

ℎ1
ℎ2
⋮
ℎ𝑚

� = �

𝑟11𝑝1 + 𝑟12𝑝2 + ⋯𝑟1𝑛𝑝𝑛
𝑟21𝑝1 + 𝑟22𝑝2 + ⋯𝑟2𝑛𝑝𝑛

⋮
𝑟𝑚1𝑝1 + 𝑟𝑚2𝑝2 + ⋯𝑟𝑚𝑛𝑝𝑛

� ( 1.20 ) 

 
In the above equations, we assumed that the sensitivity factors (i.e., ionization 
efficiency) are the same among the species (CH4, C2H2, C2H4, C2H6, CO and CO2). This 
is based on our experimental results (not shown) that measured peak QMS signals as a 
function of partial pressures of each gas (CH4, C2H2, C2H4, C2H6, CO and CO2), 
showing a similar behavior on the partial pressures. 

Figure 1.32 – Figure 1.37 show the mass spectra of gas species contained in the 
reaction cell in the experiments for different CH4/CO2 ratios. In the experiments at 
higher CH4/CO2 ratios (CH4/CO2 = 9 – 1.9), various high-order hydrocarbons were 
produced due to the UV irradiations. Their mass peaks are separated by intervals of 12, 
13 and 14 amu, consistent with (-C-), (-CH-) and (-CH2-) groups, respectively. The 
mass peaks at m/z = 78 and 91 are consistent with the presence of benzene and fragment 
ion for toluene, respectively. The remarkable detection of benzene is consistent with the 
previous experiments using UV light as an energy source (Trainer et al., 2006; Imanaka 
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and Smith, 2007) and measurements of Titan’s upper atmosphere by the Cassini 
spacecraft (Waite et al., 2007). Figure 1.32 also shows that there is the remnant of air, 
which was not evacuated by the pump. We took into consideration this remnant of air in 
the following analysis and photochemical modeling. In the experiment at CH4/CO2 of 1 
(Figure 1.36), the peak intensities of hydrocarbons become significantly small 
compared with those at higher CH4/CO2 ratios. In the experiment at CH4/CO2 of 0.4, the 
peaks of hydrocarbons seem to disappear, whereas the peak at m/z 30, which is 
probably due to the presence of H2CO, appears in Figure 1.36. 
 Figure 1.38–Figure 1.43 show the results of mass deconvolution analysis (i.e., 
comparison of the obtained mass spectra with the synthesized spectra). These figures 
indicate that the obtained mass spectra for the range < 32 amu are in good agreement 
with the synthesized mass spectra. In the mass range from 36 to 46 amu, the spectra are 
mainly explained by CO and CO2. In the mass range > 46 amu, the fitting seems to be 
poor because we used the fragmentation patterns from the NIST dataset. 

Figure 1.44 shows the molar mixing rations of CH4, C2H2, C2H4, C2H6, CO 
and CO2 gases obtained by mass deconvolution. The concentrations of C2 hydrocarbons 
increase with the CH4/CO2 ratio for the ratio less than unity, and remain almost constant 
for the ratio > 1 (Fig. 2.44). On the other hand, the CO concentration decreases with the 
CH4/CO2 ratio. These data will be compared with photochemical calculations in the 
section 1.4 to understand the formation processes of tholin in our experiments. 
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Figure 1.31. Fragmentation patterns of CH4, C2H2, C2H4, C2H6, CO and CO2 gases 
measured with a quadruple mass spectrometer. They were measured in 1.4 torr of total 
pressure in the reaction cell and in 10-5 mbar of the QMS pressure. C2H4, C2H6 and CO 
have their largest peaks at m/z = 28. 

 
 

Table 1.1. Species considered in the deconvolution analysis of mass spectra. The 
fragmentation pattern of the species in bold were obtained experimentally under our 
relevant laboratory conditions, while the others were obtained from the NIST database 
(http://webbook.nist.gov/chemistry/) 

H2, CH4, C2H2, C2H4, C2H6, C3H4, C3H6, C3H8, C4H2, C4H10, CO, CO2, H2O, H2CO, 
CH3OH, CH3CHO, N2 
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Figure 1.32. Averaged mass spectra of gases in the reaction cell using 5 torr of pure CH4 
gas measured with the QMS. The black line is background signal of QMS, the blue line 
is the spectra for the reactant gas before the UV irradiation. The red line is the mass 
spectra during the UV irradiation, showing high-order hydrocarbons are produced. 

 

Figure 1.33. Averaged mass spectra of gases in the reaction cell using 5 torr of CH4/CO2 
gas mixture with CH4/CO2 ratio of 9. 
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Figure 1.34. Averaged mass spectra of gases in the reaction cell using 5 torr of CH4/CO2 
gas mixture with CH4/CO2 ratio of 2.6. 

 

Figure 1.35. Averaged mass spectra of gases in the reaction cell using 5 torr of CH4/CO2 
gas mixture with CH4/CO2 ratio of 1.9. 
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Figure 1.36. Averaged mass spectra of gases in the reaction cell using 5 torr of CH4/CO2 
gas mixture with CH4/CO2 ratio of 1. 

 

Figure 1.37. Averaged mass spectra of gases in the reaction cell using 5 torr of CH4/CO2 
gas mixture with CH4/CO2 ratio of 0.4. 
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Figure 1.38. Averaged mass spectrum and its deconvolution result for the experiments 
with pure CH4 gas. The synthesized spectrum includes the contribution from all of the 
gases considered in the analysis. 

 

Figure 1.39. Averaged mass spectrum and its deconvolution result for the experiments 
with CH4/CO2 ratio of 9. 
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Figure 1.40. Averaged mass spectrum and its deconvolution result for the experiments 
with CH4/CO2 ratio of 2.6. 

 

 

Figure 1.41. Averaged mass spectrum and its deconvolution result for the experiments 
with CH4/CO2 ratio of 1.9. 
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Figure 1.42. Averaged mass spectrum and its deconvolution result for the experiments 
with CH4/CO2 ratio of 1. 

 

 

Figure 1.43. Averaged mass spectrum and its deconvolution result for the experiments 
with CH4/CO2 ratio of 0.4. 
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Figure 1.44. Molar mixing ratios for major gas species retrieved by deconvolution 
analysis of mass spectra. 

 
 
 
 

1.4 Discussion: parent molecules for the formation of tholin 
 
 
 We compare the experimental results of the concentrations of gas molecules 
obtained in the section 1.3.4 with photochemical calculations in order to constrain the 
formation mechanism of tholin. First of all, we developed a one-box photochemical 
model that includes 134 species up to C8 hydrocarbons and 791 chemical reactions. In 
compiling the reaction list, we used the reaction constants of hydrocarbon, nitrile, and 
ammonium chemistry used in the atmosphere of Titan (Hebrard et al., 2006). We also 
used the reaction rates of O-bearing species, such as oxides and aldehydes, based on a 
photochemical model about early Earth (Pavlov et al., 2001). The complete lists of 
species, photolysis and chemical reactions are shown in the Appendix A. The 
photochemical scheme contains only neutral chemistry. The basic equations and 
numerical procedures are described in the section 2.2. To compare our experimental 
results of gas species, we consider a one-box open system with a coinstantaneous inflow 
and outflow, similar to the experimental system. Using the equation ( 1.7 ) derived in 
the actinometry, the pumping efficiency of our experiments is calculated to be 0.113 s-1 
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for fin = 1.5 ml min-1 and 327 cm3 of the total volume of the reaction cell. With the 
pumping efficiency, a typical residence time of gas species in the reaction cell is 
estimated as ~90 seconds. For the UV source in the one-box photochemical model, we 
use a total actinic flux of 2×1014 photon cm-2 s-1 (a RF power of 90 W at 13.56 MHz) 
with a UV spectrum similar to that of sun (Figure 1.3). We fixed the total pressure in the 
reaction cell as 5 torr and performed photochemical calculations with different initial 
CH4/CO2 gas ratio from 0.2 to 1000. 

Figure 1.45 shows the calculation results of the time evolutions of CH4, C2H2, 
C2H4, C2H6, CO and CO2 after the start of UV irradiation. Significant changes of 
methane abundances can be observed 1 to 100 seconds after the UV irradiation (Fig. 
1.45), which correspond to the typical residence time of gas species in the reaction cell 
(i.e., 90 seconds). In 100 seconds after the UV irradiation, the abundances of gas species 
achieve steady-states, determined by the balance between the photochemical reactions 
and inflow. This behavior is consistent with the experimental results of time evolutions 
of each species obtained by the QMS (Figure 1.7). Figure 1.46 shows the comparisons 
of molar mixing ratios for these gas species retrieved by mass deconvolution analysis in 
the experiments (see the section 1.3.4) and the calculation results obtained by the 
one-box photochemical model as a function of the CH4/CO2 ratio. The abundances 
calculated by the one-box photochemical model represent steady-state abundances,  
i.e., 10 hours after the UV irradiations. The calculation results show a good agreement 
with the experimental results within the error range, indicating that the chemical scheme 
and other model assumptions (e.g., one-box assumption without UV shielding) 
employed here are sufficient to simulate the photochemical reactions occurred in the 
reaction cell. Compared with the previous studies that compared the gas abundances 
between those obtained by experiments and those calculated with photochemical 
models (Smith and Raulin, 1999; Vuitton et al., 2006), our photochemical calculations 
reproduce the experiments much better than those previous studies. The previous studies 
suggest that H loss due to both the wall effect (Smith and Raulin, 1999) and from the 
contamination by O2 inflow (Vuitton et al., 2006) brought large uncertainties to their 
photochemical calculations. The consistency in the experiments and calculations in the 
present study may suggest that these would not have occurred in our experiments. 

We then investigate the parent molecules and its reactions that control the 
tholin production rates. Table 1.2 summarizes the polymerization reactions, which are 
assumed to produce aerosol monomers in previous photochemical models (Yung et al., 
1994; Toublanc et al., 1995; Pavlov et al., 2001; Wilson and Atreya, 2003; Hebrard et al., 
2006; Lavvas et al., 2008a, b; Krasnopolsky, 2009). These reactions are included in our 
one-box photochemical model. Figure 1.47 shows the steady-state molar mixing ratios 
of gas species as functions of initial CH4/CO2 gas ratio. The abundances of aromatic 
hydrocarbons, such as C6H6 and C6H5, and C3H5 decline dramatically, when the 
CH4/CO2 ratio becomes less than unity, This behavior as a function of the CH4/CO2 
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ratio are similar to those of the tholin production rate observed by the experiments. In 
contrary to the tholin production rate, the abundances of polyynes, such as C4H2, C6H2, 
C2H, C4H and C6H, increase where CH4/CO2 < 1. Figure 1.48 shows the calculation 
results of the steady-state rates of the reactions listed in Table 1.2 as functions of initial 
CH4/CO2 ratio. Only reactions involving benzene, R515, R516 and R517 in Table 2.2, 
show similar dependences on the CH4/CO2 ratio with the tholin production rates 
experimentally measured. These results suggest that the polymerization reactions of 
benzene and its radicals are the limiting reactions for tholin production in our 
experimental condition. On the other hand, the steady-state rates of the other reactions 
in Table 1.2 are not in agreement with the experimental results of the tholin production 
rate. In particular, our calculation results show that the reactions involving polyynes, 
C2H, C4H, C4H2, C6H2, proceed efficiently even at low CH4/CO2 rations (e.g., < 1). The 
polymerization of polyynes is considered to be one of the major processes for the 
formation of organic aerosols in Titan’s atmosphere. Thus, these results indicate that the 
polymerization of polyynes would not limit the formation of tholin in our experiments. 
This further implies that the production rate of monomers in planetary atmospheres 
would significantly be overestimated when the polymerization of polyynes are included 
the formation of monomers in the atmosphere with the CH4/CO2 ratio less than unity. 

Figure 1.49 shows the schematic diagram of primary chemical reactions in 
gas mixtures at high CH4/CO2 ratios toward the formation of tholin. Photolysis of CH4 
produces two major radicals, CH3 and 1CH2. The former further produces C2H6. 
Photolysis of C2H6 accounts for about 40% of C2H2 production. Although most of the 
C2H2 produced is lost to form C3 species, a small fraction (~ 1%) of C2H2 is transformed 
into C4H2 through the reaction with C2H. The production of C4H2 is an important step to 
produce benzene under our experimental conditions because most of the C6H4, a 
precursor molecule of benzene, is produced from C4H2 via the reaction with C2H3. C6H4 
produces phenyl radical, C6H5, which combines with H to form benzene. Aerosol 
monomers are considered to be produced from further polymerization of C6H6 and C6H5. 
The other hydrocarbons that do not form C6H6 or C6H5 become C3 species or C4H10 and 
are finally removed from the reaction cell in our experiments. Wilson and Atreya (2004) 
suggest that a termolecular reaction (R413: C3H3 + C3H3 + M → C6H6 + M) plays a 
major role to produce benzene, however, the termolecular reaction is not important 
under our experimental conditions, accounting for only 0.1% of the total benzene 
production, because of the low abundance of C3H3. Wilson and Atreya (2004) also 
suggested a minor chemical path for benzene (R506: C4H5 + C2H2 → C6H6 + H). This 
reaction accounts for about 4% of the total benzene production based on our 
calculations. 

Figure 1.50 shows the tholin production rates obtained in our experiments and 
the calculation results of the steady-state rates of some key reactions for the formation 
of tholin. “Benzene” in this figure shows the sum of reaction rates of R515, 516 and 
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R517, showing a good agreement with the experimental results of tholin production rate. 
On the other hand, the reaction rates of polymerization of polyynes, R314 and R468, 
show poor agreements with the experimental results. In the section 1.3.2, we found that 
the aerosol production rate is a linear function of irradiated UV flux, which could be 
explained by the mechanism II proposed by Trainer et al. (2006) (see the section 1.1). 
By combining the knowledge obtained by the experiments of tholin production rate as 
functions of UV flux and CH4/CO2 ratio, tholin production mechanism can be described 
as the following simple mechanism: 
 

 CH4 + hν → C6H6 or C6H5 ( 1.21 ) 

 C6H6 or C6H5 + C6H6 or C2H2 → aerosol particles ( 1.22 ) 

 C6H6 or C6H5 + CH4 → nonaerosol particles ( 1.23 ) 

 
The equation ( 1.21 ) shows that the photolysis of CH4 and subsequent photochemical 
reactions produce benzene and its radical C6H5 which act as intermediate species for the 
aerosol production. C6H5 is produced by the photolysis of benzene or by polymerization 
of light-molecular-weight hydrocarbons. The equation ( 1.22 ) represents that the 
polymerization reactions of benzene with C6H5 or the other hydrocarbon species C2H2 
produce aerosol particles. Under the conditions of very high CH4 concentrations, the 
tholin production is suppressed, as shown in the equation ( 1.23 ). This is probably due 
to the presence of excess H2 gas in the reaction system, since the removal of H2 is 
necessary for the hydrocarbon polymerization reactions (e.g., Trainer et al., 2006; 
Sekine et al., 2008a, b; DeWitt et al., 2009). In this case, the hydrocarbon products 
would recycle back to CH4 or other saturated hydrocarbons, such as C2H6 and C3H8, 
which are relatively stable in the gas phase and do not contribute to aerosol production. 

We also performed photochemical calculations simulating the experimental 
conditions of Trainer et al. (2006) in order to investigate the cause of discrepancy 
between our results and theirs. We used the same photochemical reaction scheme 
described above and changed some of the model parameters, such as UV spectrum and 
pressure. For the UV source, we used the deuterium lamp spectrum shown in Figure 2.4. 
The pumping efficiency of their experiments is set to be 3.2 × 10-3 s-1 for 
fin = 60 ml min-1 and 416 cm3 of the total volume of the reaction cell (S.M. Horst, 
private communication, 2012). With the pumping efficiency, a typical residence time of 
gas species in the reaction cell is estimated as ~320 seconds. 

Figure 1.51 shows the comparison of the tholin production rates obtained by 
the experiments of Trainer et al. (2006) and calculation results of reaction rates 
calculated by our one-box photochemical model simulating their experimental 
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conditions. We found that, contrary to their experimental results, the abundances of 
hydrocarbons and hydrocarbon reaction rates decrease drastically below unity of the 
CH4/CO2 ratio. Their decrease rates are much steeper than those of the present study. 
This is because, in their experiments, oxidative photochemical reactions dominate the 
chemical network at the CH4/CO2 ratio less than unity. Table 1.5 is a comparison of the 
photochemical calculation results of the ratio of oxidants to reductants at CH4/CO2 = 0.2. 
These results show that the ratios of oxidants to reductants under the experimental 
conditions of Trainer et al. (2006) are about one order of magnitude higher than those 
under our experimental conditions. This would significantly affect the chemical network, 
such as the increase of oxidation rate of C2H2. Nevertheless, Trainer et al. (2006) 
observed high levels of tholin production rate below unity of CH4/CO2. At this stage, we 
cannot conclude the photochemical reactions that are responsible for the formation of 
tholin in the experiments performed by Trainer et al. (2006). 

There are two possible causes to explain the discrepancy between 
experimental results and photochemical calculations under the experimental conditions 
of Trainer et al. (2006). The first explanation is that oxygen species were incorporated to 
aerosol production below unity of CH4/CO2. As they observed possible peaks of 
oxygenated fragments of CH2O+ and COO+ in the mass spectra of aerosol particles, 
incorporation of O-bearing species into the tholin would increase the tholin production 
rate at lower CH4/CO2 ratios. The other explanation is that nitrogen was incorporated 
into aerosol production in the experiments by Trainer et al. (2006). Since they have used 
a deuterium lamp which is not supposed to dissociate N2 molecule, nitrogen chemistry 
has not been thought to participate in the tholin production. However, their more recent 
study observed a significant amount of nitrogen was incorporated in the aerosol 
particles (Trainer et al., 2012). Although they suggested that reaction of N2 with CH 
radicals may be responsible for the production of CN, the formation rate and 
mechanism of this reaction remains uncertain. If this was the case, their chemical 
reactions would be very different with ours, because our photochemical model does not 
include such a reaction. 
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Figure 1.45. One-box photochemical calculation results for the time evolutions of major 
gas species. The model simulates the aerosol experiments using the H2/He lamp with 
90 W. The total pressures are fixed to be 5 torr. The pumping efficiency is set to be 
0.011 s-1, resulting in a typical residence time of 90 seconds. (a) CH4/CO2 = 1000, (b) 
CH4/CO2 = 10, (c) CH4/CO2 = 1, (d) CH4/CO2 = 0.2. 
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Figure 1.46. Molar mixing ratios for major gas species retrieved by deconvolution 
analysis of mass spectra and calculated by the one-box photochemical model. The 
abundances calculated by the one-box photochemical model represent steady-state 
abundances 10 hours after the UV irradiation. The model calculations agree well with 
the experimental results within the error range, indicating that the chemical scheme and 
other model assumptions (e.g., one-box assumption without UV shielding) employed in 
the one-box photochemical model are sufficient to simulate the photochemical reactions 
in the reaction cell. 
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Table 1.2. Hydrocarbon reactions assumed to produce aerosol monomers. These 
reactions are included in our one-box photochemical model. Also shown are the 
previous photochemical models which assumed these reactions for the calculation of 
aerosol production. See appendix A for the reaction rates. 

Reaction Previous models 
R205 C + C4H6 → C3H3 + C2H3 Lavvas et al. (2008a,b) 
R219 CH + C4H8 → C5H8 + H Lavvas et al. (2008a,b), Wilson and 

Atreya (2004) 
R310 C2 + C6H6 → SOOT Hebrard et al. (2006) 
R314 C2H + C2H2 → C4H2 + H Pavlov et al. (2001) 
R322 C2H + CH2CCH2 → C5H4 Pavlov et al. (2001) 
R337 C2H + C6H6 → SOOT Wilson and Atreya (2004), Hebrard et al. 

(2006) 
R338 C2H + C8H2 → SOOT + H Yung et al. (1984), Toublanc et al. 

(1995), Wilson and Atreya (2004), 
Hebrard et al. (2006) , Krasnopolsky 
(2009, 2010) 

R468 C4H + C6H2 → SOOT + H Yung et al. (1984), Toublanc et al. 
(1995), Wilson and Atreya (2004), 
Hebrard et al. (2006), Lavvas et al. 
(2008a,b), Krasnopolsky (2009, 2010) 

R469 C4H + C8H2 → SOOT + H Yung et al. (1984), Toublanc et al. 
(1995), Wilson and Atreya (2004), 
Hebrard et al. (2006) , Krasnopolsky 
(2009, 2010) 

R511 C6H + C4H2 → SOOT + H Yung et al. (1984), Toublanc et al. 
(1995), Wilson and Atreya (2004), 
Hebrard et al. (2006) , Lavvas et al. 
(2008a,b) 

R512 C6H + C6H2 → SOOT + H Yung et al. (1984), Toublanc et al. 
(1995), Wilson and Atreya (2004), 
Hebrard et al. (2006) , Lavvas et al. 
(2008a,b) , Krasnopolsky (2009, 2010) 

R513 C6H + C8H2 → SOOT + H Yung et al. (1984), Toublanc et al. 
(1995), Wilson and Atreya (2004), 
Hebrard et al. (2006) , Krasnopolsky 
(2009, 2010) 

R515 C6H5 + C2H2 → SOOT + H Wilson and Atreya (2004), Hebrard et al. 
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(2006) , Lavvas et al. (2008a,b) , 
Krasnopolsky (2009, 2010) 

R516 C6H5 + C2H2 → SOOT Wilson and Atreya (2004), Hebrard et al. 
(2006) , Lavvas et al. (2008a,b) , 
Krasnopolsky (2009, 2010) 

R517 C6H5 + C6H6 → SOOT + H Wilson and Atreya (2004), Hebrard et al. 
(2006) , Krasnopolsky (2009, 2010) 

R661 O(3P) + C3H3 → SOOT + H Wilson and Atreya (2004), Hebrard et al. 
(2006) 

R662 O(3P) + C3H5 → SOOT + H Hebrard et al. (2006) 
R783 CH2OH + C2H4 → SOOT Hebrard et al. (2006) 
R814 CH3CO + C2H3 → SOOT + CH3 Hebrard et al. (2006) 
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Figure 1.47. Steady-state molar mixing ratios of gas species as functions of initial 
CH4/CO2 gas ratio. The abundances of C6H6, C6H5 and C3H5 drop quickly where 
CH4/CO2 < 1, showing similar behavior with the aerosol production rate obtained by the 
experiments. On the other hand, the abundances of C4H2, C6H2, C2H, C4H and C6H 
increase where CH4/CO2 < 1, contrary to the aerosol production rates. 
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Figure 1.48. Reaction rates as functions of initial CH4/CO2 ratio 10 hours after the UV 
irradiation, calculated with the one-box photochemical model. (a) Polymerization 
reactions of CH, C2H and C4H. (b) Polymerization reactions of C, C4H2, C6H2 and C8H2. 
(c) Polymerization reactions of C6H5 and C6H6, showing similar dependence on 
CH4/CO2 ratio with the aerosol production rate obtained by the experiments. (d) 
Reactions involving oxygen species. 
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Table 1.3. Reaction rates of the primary reactions in molecule cm-3 s-1. 

CH4/CO2 ratio  1000 1 0.2 
R3 CH4 + hν → CH3 + H 7.15×1014 3.68×1014 1.34×1014 
R4 CH4 + hν → 1CH2 + H + H 9.60×1013 4.94×1013 1.79×1013 
R5 CH4 + hν → 1CH2 + H2 9.30×1014 4.77×1014 1.73×1014 
R12 C2H6 + hν → C2H4 + H2 1.62×1014 8.75×1013 3.05×1013 
R13 C2H6 + hν → C2H4 + H + H 2.31×1014 1.25×1014 4.36×1013 
R14 C2H6 + hν → C2H2 + H2 + H2 2.13×1014 1.16×1014 4.03×1013 
R29 C3H8 + hν → C3H6 + H2 1.39×1014 6.00×1013 7.80×1012 
R31 C3H8 + hν → C2H5 + CH3 1.26×1014 5.45×1013 7.05×1012 
R32 C3H8 + hν → C2H4 + CH4 7.85×1013 3.40×1013 4.43×1012 
R46 C6H6 + hν → C6H5 + H 4.06×1013 2.43×1013 3.46×1012 
R47 C6H6 + hν → C6H4 + H2 9.20×1012 5.50×1012 7.85×1011 
R160 H + C2H2 + M → C2H3 2.04×1014 1.21×1014 4.47×1013 
R163 H + C2H4 + M → C2H5 6.65×1014 3.38×1014 1.05×1014 
R164 H + C2H5 → CH3 + CH3 4.86×1014 2.96×1014 1.22×1014 
R172 H + CH3C2H + M → C3H5 3.04×1014 1.27×1014 2.21×1013 
R173 H + CH2CCH2 → CH3C2H + H 1.53×1014 5.60×1013 7.50×1012 
R177 H + C3H5 → CH3C2H + H2 1.69×1014 7.50×1013 1.37×1013 
R179 H + C3H5 + M → C3H6 1.45×1014 6.45×1013 1.18×1013 
R180 H + C3H6 → CH3 + C2H4 2.16×1014 9.85×1013 1.87×1013 
R182 H + C3H6 + M → C3H7 1.40×1014 6.40×1013 1.17×1013 
R195 H + C6H4 + M → C6H5 1.54×1013 9.90×1012 1.72×1012 
R196 H + C6H5 + M → C6H6 5.55×1013 3.41×1013 5.20×1012 
R221 1CH2 + H2 → CH3 + H 8.25×1014 4.26×1014 4.61×1014 
R238 1CH2 + C2H6 → C2H5 + CH3 1.75×1014 9.15×1013 2.92×1013 
R260 3CH2 + C2H2 → CH2CCH2 1.45×1014 4.80×1013 4.88×1012 
R279 CH3 + CH3 + M → C2H6 1.19×1015 6.50×1014 2.31×1014 
R283 CH3 + C2H3 → C3H5 + H 6.10×1013 3.10×1013 6.20×1012 
R284 CH3 + C2H3 + M → C3H6 5.75×1013 2.94×1013 5.85×1012 
R288 CH3 + C2H5 + M → C3H8 4.45×1014 1.93×1014 2.50×1013 
R299 CH3 + C3H7 + M → C4H10 7.10×1013 3.00×1013 2.95×1012 
R314 C2H + C2H2 → C4H2 + H 6.85×1012 5.00×1012 1.30×1012 
R365 C2H3 + C4H2 → C6H4 + H 6.20×1012 4.35×1012 8.80×1011 
R515 C6H5 + C2H2 → SOOT + H 1.69×1011 5.55×1010 9.95×108 
R516 C6H5 + C2H2 + M → SOOT 1.91×1011 6.30×1010 1.13×109 
R517 C6H5 + C6H5 → SOOT + H 6.65×109 2.35×109 2.69×107 
R652 O(3P) + C2H3 → CH2CO + H 2.10×108 4.10×1011 9.95×1011 
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Table 1.4. Production or loss rates for some species in molecule cm-3 s-1. These reaction 
rates are for pure photochemical production and loss rates, not including the influx and 
loss rate by pump. The species without “loss” or “production” are in equilibrium 
between photochemical production and loss and the contributions of the loss by pump 
are less than 1% to the total loss rate. 

CH4/CO2 ratio  1000 1 0.2 
1CH2 1.24×1015 6.35×1014 2.27×1014 
CH3 3.31×1015 1.79×1015 6.55×1014 
CH4 loss 1.93×1015 1.01×1015 3.69×1014 
C2H2 loss 4.98×1014 2.69×1014 8.15×1013 
C2H3 2.52×1014 1.41×1014 4.78×1013 
C2H4 8.40×1014 4.50×1014 1.43×1014 
C2H5 1.09×1015 5.60×1014 1.64×1014 
C2H6 loss 1.08×1015 6.00×1014 2.11×1014 
CH2CCH2 1.92×1014 7.05×1013 9.35×1012 
CH3C2H loss 3.48×1014 1.46×1014 2.43×1013 
C3H5 4.09×1014 1.75×1014 3.04×1013 
C3H6 3.77×1014 1.72×1014 3.13×1013 
C3H7 1.47×1014 6.80×1013 1.23×1013 
C3H8 loss 4.20×1014 1.83×1014 2.40×1013 
C4H2 7.20×1012 5.40×1012 1.59×1012 
C4H10 loss 2.66×1013 1.28×1013 1.22×1012 
C4H10 production 9.75×1013 3.91×1013 3.39×1012 
C6H4 1.54×1013 9.90×1012 1.72×1012 
C6H5 5.60×1013 3.43×1013 5.20×1012 
C6H6 5.75×1013 3.48×1013 5.20×1012 
SOOT production 3.66×1011 1.21×1011 2.15×109 
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Figure 1.50. Aerosol production rates obtained by the experiments and reaction rates 
calculated by the one-box photochemical model. Experimental results are normalized to 
those using only CH4 as reactant gas, while calculation results are normalized to the 
results at CH4/CO2 = 1000. “Benzene” is the sum of reaction rates of R515, 516 and 
R517. “Benzene + CH4” is the product of “Benzene” and the methane mixing ratio. On 
the other hand, R314 and R468 are the typical reactions assumed to contribute aerosol 
production in previous photochemical models, showing poor agreement with the 
experimental results. Also shown is the QMS signal intensity at m/z = 78 when the 
steady-state normalized to the pure CH4 experiment, which shows good agreement with 
the aerosol production rate observed in this experiment. Since the molecular mass of 
benzene is 78, QMS signal at m/z = 78 may represent the abundance of benzene gas. 
The black arrow at CH4/CO2 = 0.4 stands for the upper limit of the QMS signal at 
m/z = 78. 
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Figure 1.51. Aerosol production rates obtained by Trainer et al. (2006) and reaction 
rates calculated by our one-box photochemical model simulating their experimental 
conditions. Experimental results are normalized to those using only CH4 as reactant gas, 
while calculation results are normalized to the results at CH4/CO2 = 1000. “Benzene” is 
the sum of reaction rates of R515, 516 and R517. Also shown is a scaled abundance of 
CH3CO ([CH3CO] in molecule cm-3 divided by 3 × 1010). 

 
 

Table 1.5. Photochemical calculation results at CH4/CO2 = 0.2, using the experimental 
conditions of this study and those of Trainer et al. (2006). 

 This study Trainer et al. (2006) 
O2/CH4 a 2.77×10-5 6.58×10-4 
O(3P)/CH3 b 0.538 6.16 
C2H2 oxidation by O and OH c 35.3% 68.1% 
a Ratio of O2 abundance to CH4 abundance after 10 hours UV irradiation. This 
represents a typical ratio between a major oxidizing gas and a major reducing gas. 
b Ratio of O(3P) abundance to CH3 abundance after 10 hours UV irradiation. This 
represents a typical ratio between a oxidizing radical and a reducing radical. 
c Percentage of the C2H2 oxidation rate by O and OH radicals as compared to the total 
loss rate of C2H2. 
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1.5 Future work 
 
Our results of photochemical calculations and gas analysis of the experiments 

show that benzene is the key parent molecule for the formation of aerosol particles 
(Figure 1.50). Although our results of mass spectra of the gas-phase products show the 
amount of benzene decreases with CH4/CO2 ratio of the initial gas mixture (Figure 1.50), 
its quantitative amount of production is not obtained in the present study. Furthermore, 
our results predict that the produced aerosols consist of polyaromatic hydrocarbons, 
given that benzene is the major building materials. The chemical structure of the 
aerosols, however, is not investigated. 

In order to provide a further constraint of the aerosol production mechanism, 
gas chromatography-mass spectrometry (GC-MS) would be required to quantify the 
production of benzene in the gas-phase product (Thompson et al., 1991; Imanaka et al., 
2004). Our results suggest that addition of gaseous benzene to the reactant gas mixture 
would yield higher aerosol production rate. In fact, Trainer et al. (2013) report that by 
adding 10 ppmv of benzene to 0.1% CH4 in N2, the aerosol production rate due to FUV 
irradiations is more than 100-fold compared with the same experiment without benzene 
in the initial gas mixture. These results strongly support our conclusions that benzene is 
the predominant parent molecule for aerosol formation. More systematic laboratory 
experiments and comparison with photochemical calculations are required to investigate 
the sensitivity of benzene concentration to aerosol, which is important to create a clearer 
view of the organic aerosol production by FUV irradiation. 

It would be necessary to conduct infrared and Raman spectroscopy, which can 
identify the presence of aromatic rings and other functional groups, to investigate the 
chemical structure of the produced aerosols (Khare et al., 2002; Tran et al., 2003; 
Imanaka et al., 2004; Sekine et al., 2008a). Pyrolysis GCMS of aerosols would also 
provide information on the chemical structure of aerosols (Khare et al., 1984b; 
Ehrenfreund et al., 1995; Coll et al., 1999; Imanaka et al., 2004). Moreover, efficiency 
of incorporation of benzene into aerosols can be investigated quantitatively by a 
combination of isotopic labeling technique for benzene, i.e., 13C6H6, and isotopic 
analysis of carbon (13C/12C) in the produced aerosols. Elemental analyses of aerosol 
particles, including pyrolysis (Khare et al., 1984b; Ehrenfreund et al., 1995; Coll et al., 
1999; Imanaka et al., 2004), X-ray photoelectron spectroscopy (XPS) (Tran et al., 2003) 
and secondary ion mass spectrometry (SIMS) (Imanaka et al., 2004; Sekine et al., 
2008a), to investigate the C/H ratio, as well as C/O and C/N ratios, would be useful to 
provide further constraints on the aerosol production mechanism. 
 
  



 

- 89 - 

 
1.6 Conclusions 

 
 
 We have conducted laboratory experiments and photochemical calculations in 
order to discuss the parent molecules and chemical reactions that control the tholin 
production rate. We measured the dependences of tholin production rate on actinic UV 
flux and CH4/CO2 ratio. We found that the tholin production rate is a linear function of 
irradiated UV flux, which suggests that the tholin production is limited by 
polymerization reactions between intermediate products produced from the 
photochemistry of CH4 (i.e., mechanism II), not by photolysis of the intermediate 
products (i.e., mechanism I). We also found that the tholin production rate decreases 
gradually with a decrease of CH4/CO2 ratio where CH4/CO2 ratio is greater than unity. 
On the other hand, the production rate decline dramatically as a decrease in CH4/CO2 
ratio when the CH4/CO2 ratio become lower than unity. Our photochemical calculations 
show that the behavior of tholin production rate as a function of CH4/CO2 ratio is in a 
good agreement with those of polymerization of benzene. These results suggest that 
benzene is the key parent molecule that controls the tholin production. On the other 
hand, polymerization reactions of polyynes do not contribute remarkably to the tholin 
production, contrary to the assumptions of previous studies. 
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Chapter 2. Organic aerosol layers on Titan and early 

Earth: Influence on the radiation fields. 
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2.1 Introduction 
 
 
 Physical processes, the radiative transfer and microphysical processes, and 
chemical processes, photochemical and ion reactions, in planetary atmospheres are 
mutually dependent on each other. In particular, organic aerosols would be formed in 
CH4-containing, reducing atmospheres via photochemical reactions (e.g., Yung et al, 
1984; Wilson and Atreya, 2004; Lavvas et al., 2008a, b; Krasnopolsky 2009; Trainer et 
al., 2006; Pavlov et al., 2001), and would determine the atmospheric structure and 
surface temperature through the radiative transfer processes (e.g., McKay et al., 1989; 
Toon et al., 1992; Pavlov et al., 2001; Wolf and Toon, 2010). The atmospheric structure 
and radiative processes in turn would affect the efficiency of photochemical reactions. 
Thus, self-consistent coupling of the photochemistry, microphysics, and radiative 
transfer processes could provide significant implications to the climatic stability and 
evolution of both planets and satellites that have reducing atmospheres, such as Titan, 
early Earth and exoplanets (e.g., Pavlov et al., 2001; Lavvas et al., 2008a, b; 
Miller-Ricci Kempton et al., 2012). Many of the previous studies, however, discuss the 
physical and chemical processes independently due to a large uncertainty in the 
formation mechanism and parent molecules of organic aerosols in the atmospheres. 

In Chapter 1, we investigate the formation mechanism and parent molecules 
of organic aerosol analogues, called tholin, based on both laboratory experiments and 
photochemical reaction models. We found that polymerization of aromatic 
hydrocarbons, benzene, is the reactions that control the formation of tholin under our 
experimental conditions. In this chapter, we calculate the formation of monomers of 
organic aerosols using a one-dimensional photochemical model based on the above 
experimental results. Then, the growth and coagulation of monomers in the atmosphere 
is calculated with a microphysical model. Finally, the self-consistent atmospheric 
composition and structure are obtained by coupling photochemical, microphysical, and 
radiative transfer models. Based on the results, we discuss the primary energy source for 
the formation organic aerosol layers in Titan’s atmosphere. Furthermore, the climatic 
stability and the role of organic aerosols in early Earth’s atmosphere are examined. 

In Titan’s atmosphere, the primary energy source for the formation organic 
aerosols remains poorly understood (see General Introduction). It has been suggested 
that the organic aerosols are produced by irradiations of solar UV light and high-energy 
electrons from Saturn’s magnetosphere (e.g., Yung et al., 1984; Khare et al., 1984a; 
Wilson and Atreya, 2003; 2004; Lavvas et al., 2008a, b; Krasnopolsky 2009). Given that 
the aerosols formed by different energy sources would have different optical properties, 
determining the primary energy source is important for understanding not only the 
organic chemistry occurred in Titan’s atmosphere but also the long term evolution and 
stability of the atmosphere and surface environments (see General Introduction). We 
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performed laboratory experiments using a UV lamp to determine the parent molecules 
and reactions that control tholin production by far UV (FUV) irradiations. In this 
chapter, we calculate the number density and profile of organic aerosol layers formed by 
solar FUV irradiations, using the self-consistent coupling model of photochemistry, 
microphysics, and radiative transfer processes. By comparing the obtained aerosol 
profiles formed by EUV with the observations of aerosols in Titan’s atmosphere, we 
discuss whether solar EUV can account for the observations. 

Why early Earth was habitable remains debated for many years (Pollack, 
1979; 1991; Crowley, 1983; Barron, 1984; Kasting and Grinspoon, 1991; Kasting 1993; 
Rampino and Caldeira, 1994; Nisbet and Sleep, 2001; Kasting and Catling, 2003; 
Zahnle et al., 2007; Güdel, 2007; Shaw, 2008; Nisbet and Fowler, 2011; Feulner et al., 
2012). In order to account for, so called, the early faint Sun paradox (see General 
Introduction), an enhanced greenhouse effect would be needed (e.g., Sagan and Mullen, 
1972; Owen et al., 1979; Haqq-Misra et al., 2008). Ammonia has been suggested as a 
solution to the early faint Sun paradox (Sagan and Mullen, 1972). Adding only a trace 
level of ammonia (~10 ppmv) to the atmosphere could have kept an early Earth from 
freezing (Sagan and Mullen, 1972; Kuhn and Atreya, 1979). On early Earth, ammonia 
could be supplied into the atmosphere by the hydrolysis of HCN produced by 
photochemical reactions of N2 and CH4 (Zahnle, 1986; Tian et al., 2011). Photochemical 
models, however, suggest that ammonia is easily dissociated by solar UV light. Without 
shielding of UV light, ammonia supply rates could not have supported an ammonia 
mixing ratio above 10−8 (Kasting, 1982). A thick CO2 atmosphere has been suggested to 
solve the early faint sun paradox (Owen et al., 1979). The previous studies suggest that 
at least 0.1 bar of CO2 partial pressures are necessary to keep the surface temperature 
from freezing at >2.5 Gyr ago (Owen et al., 1979; Kasting et al., 1984; Kiehl and 
Dickinson, 1987; von Paris et al., 2008). Geochemical records, however, suggest that 
the CO2 partial pressures would have been low (i.e., ~0.003–0.03 bar), insufficient to 
support warm environments on early Earth at ~3.5–2.5 Gyr ago (Rye et al., 1995; 
Sheldon, 2006; Driese et al., 2011). 

In order to account for the early faint Sun paradox, Sagan and Chyba (1997) 
propose that optically thick organic haze layers yield a strong indirect greenhouse effect 
on an early Earth by protecting ammonia. Before the rise of atmospheric O2 at ~2.5 Gyr 
ago, biological supply of CH4 would have resulted in high CH4 mixing ratio (e.g., the 
order of 10-3 bar) in the atmosphere (Hunten, 1973b; Walker, 1977; Holland 1978; 
Kasting and Brown, 1998). On the other hand, atmospheric CO2 levels would have been 
comparable to that of CH4 (on the order of 10-3–10-2 bar) (Rye et al., 1995; Sheldon, 
2006; Driese et al., 2011). In such an atmosphere, organic aerosol production would 
have been driven by solar FUV irradiations (Sagan and Chyba, 1997; Pavlov et al., 
2001; Trainer et al., 2006; Wolf and Toon, 2010). The organic aerosol layers could have 
possessed an UV shielding effect of organic aerosol layers which protects 
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ultraviolet-labile greenhouse gases, such as ammonia, from UV photolysis (Sagan and 
Chyba, 1997). On the other hand, the other radiative transfer model shows that, the 
organic aerosol layer also has a strong anti-greenhouse effect due to its optical thickness 
at the visible wavelengths (Pavlov et al., 2001), offsetting the greenhouse effects of 
methane, ethane and carbon dioxide (Haqq-Misra et al., 2008). As described in General 
Introduction, the production rates of organic aerosols in a CH4-CO2-containing 
atmosphere are largely uncertain. This results in a large uncertainty to estimate the 
indirect greenhouse and anti-greenhouse effect of organic aerosol layers. 

In Chapter 1, we measured the tholin production rate for a wide range of 
CH4/CO2 ratio in the laboratory experiments. Our results show that the tholin 
production rate drastically decreases at CH4/CO2 < 1 with increasing CO2 concentration. 
We found that the behavior of tholin production as a function of CH4/CO2 ratio is good 
agreement with the polymerization rates of benzene in the gas phase, suggesting that 
these reactions control the tholin production in gas mixtures of CH4 and CO2. In this 
chapter, we calculate the vertical profile of production of monomers for wide range of 
CH4/CO2 ratio of the atmosphere based on our findings that polymerization of benzene 
results in the formation of aerosol monomers. Then, we evaluate the indirect greenhouse 
and anti-greenhouse effect for a given atmospheric composition by calculating both the 
growth and coagulation of monomers and radiative transfer of solar light. 

In the section 2.2, we describe numerical scheme and validation of a 
one-dimensional photochemical model developed by the present study. In the section 
2.3, the microphysical and radiative transfer models used in the present study are 
described. Finally, we investigate the influence of organic aerosols on the radiative 
transfer process in Titan and early Earth using the coupled photochemical/ 
microphysical/radiative transfer model in the section 2.4. 
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2.2 Development of a one dimensional photochemical model 

 
 

2.2.1 General equations of a photochemical model 
 
 We have developed a one-dimensional photochemical model of planetary 
atmospheres (e.g., Toublanc et al., 1995; Wilson and Atreya, 2004; Lavvas et al., 2008a, 
b). Our photochemical model describes the time evolution of number density of gas 
specie as well as its equilibrium abundance. The model includes, eddy and molecular 
diffusion, condensation of gas, escape or influx from the top of atmosphere, degassing 
from the surface and deposition to the surface. The one-dimensional time dependent 
continuity equation in spherical geometry for atmospheric constituent i at altitude j is 
described as (e.g., Toublanc et al., 1995; Wilson and Atreya, 2004; Lavvas et al., 2008a, 
b), 
 

 𝜕𝑛𝑖,𝑗
𝜕𝑑

= −
1
𝑟2
𝜕�𝑟2Φ𝑖,𝑗�

𝜕𝑟
+ 𝑃𝑖,𝑗 − 𝐿𝑖,𝑗 − 𝐿𝑖,𝑗𝑐  ( 2.1 ) 

 
where ni,j is the number density of specie i at altitude j, Φi,j is the vertical diffusive flux, 
Pi,j and Li,j are production (photochemistry) and loss (photochemistry, surface deposition, 
escape) term, respectively. 𝐿𝑖,𝑗𝑐  is the condensation loss term. The vertical flux can be 
written as (Banks and Kockarts, 1973), 
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( 2.2 ) 

 
where Di,j and Kj are the molecular and eddy diffusion coefficient, respectively. Hj is the 
mean atmospheric scale height at altitude j, and Hi,j is also the atmospheric scale height 
at each altitude j but for each specie i. aT,i is the thermal diffusion coefficient for specie i 
and Tj is the temperature at altitude j. This system of equations is finite differenced and 
solved as described in the section 2.2.2. As well as many previous photochemical 
models, our model contains several physical and chemical processes in the planetary 
atmosphere that is photodissociation, chemical production and loss, vertical transport by 
eddy and molecular diffusion, loss due to condensation, surface deposition and escape at 
the top of atmosphere. A photolysis rate Ji for ith specie at altitude z is calculated as 
follows (e.g., Jacob, 1999): 
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 𝐽𝑖(𝑧) = � 𝑞𝑖(𝜆)𝑞𝑖(𝜆)
𝜆

𝐼(𝜆, 𝑧)𝑑𝜆 ( 2.3 ) 

 
where qi is the quantum yield, σi is the absorption cross section and I is the actinic flux, 
which is the number of photons crossing the unit horizontal area per unit time from any 
direction. The actinic flux I(λ, z) at altitude z is absorbed by gas species as follows (e.g., 
Jacob, 1999), 
 

 𝐼(𝜆, 𝑧) = 𝐼(𝜆, 𝑧TOA)exp�−
𝛿(𝜆, 𝑧)
cos 𝜃

� ( 2.4 ) 

 
where θ is the solar zenith angle. δ(λ, z) is the optical depth of the atmosphere above 
altitude z calculated by 
 

 δ(𝜆, 𝑧) = � �𝑞𝑖(𝜆)𝑛𝑖(𝑧′)𝑑𝑧′
𝑃

𝑖=1

𝑧TOA

𝑧

 ( 2.5 ) 

 
where p indicates the number of gas species that influence the intensity of UV light. 
 In a low-temperature region in the atmosphere, some gases may condense 
when their number densities ni,j exceed their saturated number densities, ns

i,j at the 
corresponding altitude j. There are a few expressions to describe the removal rate by the 
condensation process. Yung et al. (1984) and Wilson and Atreya (2004) used a simple 
scheme when the saturation ratio, Si,j = ni,j / ns

i,j, exceeds unity. 
 

 𝐿𝑖,𝑗𝑐 = 𝐴
𝑆𝑖,𝑗

1 + 𝑆𝑖,𝑗
,    𝑆𝑖,𝑗 > 1 ( 2.6 ) 

 
where A is a constant in units of s-1. Lavvas et al. (2008a,b) suggest the following 
expression for the condensation loss term in order to avoid oscillations of the solution, 
and to account for the heterogeneous nucleation process which could lead to rapid loss 
of the condensing species. 
 

 𝐿𝑖,𝑗𝑐 = A�𝑆𝑖,𝑗 − 1�
exp �−0.5 �ln�𝑆𝑖,𝑗 + 1��

2
� �

�ln�𝑆𝑖,𝑗 + 1��
2 ,   𝑆𝑖,𝑗 > 1 ( 2.7 ) 
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Krasnopolsky (2009) found that the loss term of Lavvas et al. (2008a,b) gives a similar 
result with the following expression. 
 

 𝐿𝑖,𝑗𝑐 = A ln𝑆𝑖,𝑗,    𝑆𝑖,𝑗 > 1 ( 2.8 ) 

 
We used the equation ( 2.8 ) for the condensation term in ( 2.1 ) because of its 
mathematical simplicity, although we have found that the use of the other two 
expressions, ( 2.6 ) and ( 2.7 ), does not change the results significantly by comparing 
the results using those of ( 2.8 ). We chose A = 10-7 s-1 according to Krasnopolsky 
(2009), however, the choice of coefficient A does not affect the results, or equilibrium 
abundances of gas species significantly. For early Earth calculations in section 2.2.4 and 
section 2.4.3, A is set to be 10-4 s-1. 
 
 

2.2.2 Finite differencing and matrix solver 
 

The vertical flux in ( 2.1 ) can be written as, 
 

 Φ𝑖,𝑗 = 𝐶1,𝑖,𝑗𝑛𝑖,𝑗 + 𝐶2,𝑖,𝑗
𝜕𝑛𝑖,𝑗
𝜕𝑟

 ( 2.9 ) 

 
where C1,i,j and C2,i,j can be written as follows: 
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 𝐶2,𝑖,𝑗 = −�𝐷𝑖,𝑗 + 𝐾𝑗� ( 2.11 ) 

 
The divergence of the diffusion flux in ( 2.1 ) can be discretized using ( 2.9 ). Thus, the 
time evolution of the number density is described as, 
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where 
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2
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Equation ( 2.14 ) denotes the upper and lower boundary fluxes of the jth layer. Applying 
( 2.9 ) to ( 2.12 ), we can obtain as follows; 
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The central difference method is used to spatially discretize the above quantities. The 
atmosphere is divided into J layers of equal thickness ∆rj. 
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Applying ( 2.18 ) - ( 2.20 ) to the equation ( 2.15 ), we can obtain a compact form of 
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( 2.15 ) as, 
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 At the upper and lower boundaries, we can obtain general forms for the 
continuity equation including inward/outward flux as follows; 
At the top of atmosphere for j = J, the equation ( 2.12 ) is written as, 
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where Φi,J+1/2 is the boundary flux for the ith specie at the top of atmosphere. The above 
equation can be written in a similar form with ( 2.21 ) as, 
 



 

- 99 - 

 

∆𝑛𝑖,𝐽
∆𝑑

= �
𝑟𝐽+1 2⁄

𝑟𝐽
�
2 1
∆𝑟𝐽

�𝐶1,𝑖,𝐽−1 2⁄  𝑛𝑖,𝐽−1 2⁄

+ 𝐶2,𝑖,𝐽−1 2⁄
𝜕𝑛𝑖,𝐽−1 2⁄

𝜕𝑟
� − �

𝑟𝐽+1 2⁄

𝑟𝐽
�
2 1
∆𝑟𝐽

Φ𝑖,𝐽+1 2⁄

+ 𝑃𝑖,𝐽 − 𝐿𝑖,𝐽 − 𝐿𝑖,𝐽𝑐

= �
𝑟𝐽+1 2⁄

𝑟𝐽
�
2 1
∆𝑟𝐽

�𝐶1,𝑖,𝐽−1 2⁄
𝑛𝑖,𝐽−1 + 𝑛𝑖,𝐽

2

+ 𝐶2,𝑖,𝐽−1 2⁄
𝑛𝑖,𝐽 − 𝑛𝑖,𝐽−1

∆𝑟𝐽
� − �

𝑟𝐽+1 2⁄

𝑟𝐽
�
2 1
∆𝑟𝐽

Φ𝑖,𝐽+1 2⁄

+ 𝑃𝑖,𝐽 − 𝐿𝑖,𝐽 − 𝐿𝑖,𝐽𝑐

= 𝛼𝑖,𝐽𝑛𝑖,𝐽−1 + 𝛽𝑖,𝐽𝑛𝑖,𝐽 − �
𝑟𝐽+1 2⁄

𝑟𝐽
�
2 1
∆𝑟𝐽

Φ𝑖,𝐽+1 2⁄

+ 𝑃𝑖,𝐽 − 𝐿𝑖,𝐽 − 𝐿𝑖,𝐽𝑐  

( 2.26 ) 

 
where 
 

 𝛼𝑖,𝐽 = �
𝑟𝐽−1 2⁄

𝑟𝐽
�
2 1
∆𝑟𝐽

�
C1,𝑖,𝐽−1 2⁄

2
−

C2,𝑖,𝐽−1 2⁄

∆𝑟𝐽
� ( 2.27 ) 

 

 𝛽𝑖,𝐽 = �
𝑟𝐽−1 2⁄

𝑟𝐽
�
2 1
∆𝑟𝑗

�
C1,𝑖,𝐽−1 2⁄

2
+

C2,𝑖,𝐽−1 2⁄

∆𝑟𝐽
� ( 2.28 ) 

 
If there is no boundary flux, the equation ( 2.26 ) becomes as follows, 
 

 
∆𝑛𝑖,𝐽
∆𝑑

= 𝛼𝑖,𝐽𝑛𝑖,𝐽−1 + 𝛽𝑖,𝐽𝑛𝑖,𝐽 + 𝑃𝑖,𝐽 − 𝐿𝑖,𝐽 − 𝐿𝑖,𝐽𝑐  ( 2.29 ) 

 
Continuity equations at the surface can be obtained by the similar derivation to that of 
the top of atmosphere, that is, 
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∆𝑛𝑖,1
∆𝑑

= 𝛽𝑖,1𝑛𝑖,1 + 𝛾𝑖,1𝑛𝑖,2 − �
𝑟1 2⁄

𝑟1
�
2 1
∆𝑟1

Φ𝑖,1 2⁄

+ 𝑃𝑖,1 − 𝐿𝑖,1 − 𝐿𝑖,1𝑐  
( 2.30 ) 

 
where 
 

 𝛽𝑖,1 = −�
𝑟3 2⁄

𝑟1
�
2 1
∆𝑟1

�
C1,𝑖,3 2⁄

2
−

C2,𝑖,3 2⁄

∆𝑟1
� ( 2.31 ) 

 

 𝛾𝑖,1 = −�
𝑟3 2⁄

𝑟1
�
2 1
∆𝑟1

�
C1,𝑖,3 2⁄

2
+

C2,𝑖,3 2⁄

∆𝑟1
� ( 2.32 ) 

 
 The differential equations ( 2.21 ) contain IJ = I × J nonlinear equations. 
These nonlinear equations are stiff because of the great variety of the characteristic time 
scale of the number densities of each species (e.g., Toublanc et al., 1995). To solve this 
set of nonlinear equations, the set is calculated as following procedure: 
First, the continuity equations ( 2.21 ) are written as, 
 

 𝜕𝑛𝑖,𝑗
𝜕𝑑

= 𝐻�𝑛1,𝑗 ,𝑛2,𝑗, 𝑛3,𝑗, … ,𝑛𝑖,𝑗, … , 𝑛𝐼,𝑗;  𝑛𝑖,𝑗−1 ;  𝑛𝑖,𝑗+1; 𝑑 � ( 2.33 ) 

 
with 
 

 𝐻 = 𝛼𝑖,𝑗𝑛𝑖,𝑗−1 + 𝛽𝑖,𝑗𝑛𝑖,𝑗 + 𝛾𝑖,𝑗𝑛𝑖,𝑗+1 + 𝑃𝑖,𝑗 − 𝐿𝑖,𝑗 − 𝐿𝑖,𝑗𝑐  ( 2.34 ) 

 
Then all the number density ni,j is compiled into a vector n of which dimension is 
IJ = I × J and the species are numbered from the surface to the top of atmosphere as, 
 

 
𝒏(𝑑)

= �𝑛1,1,𝑛1,2, … ,𝑛1,𝐽,𝑛2,1,𝑛2,2 … ,𝑛2,𝐽, … ,𝑛𝐼,1,
𝑛𝐼,2, … , 𝑛𝐼,𝐽� 

( 2.35 ) 

 
Since each number density is a function of time, the vector n is also a function of time. 
The set of continuity equations are written as follows. 
 

 𝜕𝒏(𝑑)
𝜕𝑑

= 𝐻�𝒏(𝑑)� ( 2.36 ) 

 
In order to solve the set of equations, we used the Crank-Nicholson method, which is a 
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useful implicit method for solving stiff equations and gives second-order convergence in 
time (e.g., Toublanc et al., 1995). Applying the Crank-Nicholson method to equation 
( 2.36 ), we obtain, 
 

 𝒏(𝑑𝑚+1) − 𝒏(𝑑𝑚)
∆𝑑𝑚

=
𝐻�𝒏(𝑑𝑚+1)� + 𝐻�𝒏(𝑑𝑚)�

2
 ( 2.37 ) 

 
where m is the time step at a time tm and m + 1 is the next time step. Equation ( 2.37 ) 
can be linearized as, 
 

 
𝐹�𝒏(𝑑𝑚+1)�

=
𝒏(𝑑𝑚+1) − 𝒏(𝑑𝑚)

∆𝑑𝑚
−
𝐻�𝒏(𝑑𝑚+1)� + 𝐻�𝒏(𝑑𝑚)�

2
= 0 

( 2.38 ) 

 
In order to calculate n(tm+1), the Newton-Raphson method was used as follows: 
First, we consider a certain number density n1(tm+1) as an approximate solution of the 
equation ( 2.38 ). Then, the equation was approximated by first-order Taylor series in a 
neighborhood of n1(tm+1) as, 
 

 
𝐹�𝒏(𝑑𝑚+1)� = 𝐹�𝒏1(𝑑𝑚+1)�

+
𝜕𝐹�𝒏1(𝑑𝑚+1)�
𝜕𝒏1(𝑑𝑚+1) 𝑑𝒏1(𝑑𝑚+1) = 0 

( 2.39 ) 

 
where 𝜕𝐹�𝒏1(𝑑𝑚+1)� 𝜕𝒏1(𝑑𝑚+1)⁄  is the jacobian matrix and 𝑑𝒏1(𝑑𝑚+1) is calculated 
by solving the following system of linear equations. 
 

 
𝜕𝐹�𝒏1(𝑑𝑚+1)�
𝜕𝒏1(𝑑𝑚+1) 𝑑𝒏1(𝑑𝑚+1) = −𝐹�𝒏1(𝑑𝑚+1)� ( 2.40 ) 

 
By substituting ( 2.38 ) into ( 2.40 ), we obtain a detailed description of the equation 
( 2.40 ), 
 

 
�

1
∆𝑑𝑚

−
1
2
𝜕𝐻�𝒏1(𝑑𝑚+1)�
𝜕𝒏1(𝑑𝑚+1) � 𝑑𝒏1(𝑑𝑚+1)

= −
𝒏(𝑑𝑚+1) − 𝒏(𝑑𝑚)

∆𝑑𝑚
+
𝐻�𝒏1(𝑑𝑚+1)� + 𝐻�𝒏(𝑑𝑚)�

2
 

( 2.41 ) 

 
This system of IJ linear equations becomes a band matrix and we solve the matrix by 
LU decomposition method with partial pivoting. 𝑑𝒏1(𝑑𝑚+1) is calculated as, 
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 𝑑𝒏1(𝑑𝑚+1) = 𝒏2(𝑑𝑚+1) − 𝒏1(𝑑𝑚+1) ( 2.42 ) 

 
where 𝒏2(𝑑𝑚+1)  is the solution after one iteration. Thus, we can obtain the 
approximate solution after one iteration as, 
 

 𝒏2(𝑑𝑚+1) = 𝒏1(𝑑𝑚+1) + 𝑑𝒏1(𝑑𝑚+1) ( 2.43 ) 

 
By replacing 𝒏1(𝑑𝑚+1) with 𝒏2(𝑑𝑚+1) and repeating the above iteration process, the 
approximate solution 𝒏𝑘(𝑑𝑚+1) after k iterations approaches the true solution. We 
repeat these iteration calculations until the solution converge and the errors are 
negligible. The convergence condition is satisfied when the following inequalities are 
hold for all species and all altitudes. 
 

 �
𝑑𝒏𝑘(𝑑𝑚+1)
𝒏𝑘(𝑑𝑚+1) � < 𝜀 ( 2.44 ) 

 
We set ε to be 10-4 in our model. 

The photochemical model we developed can be basically applied to a wide variety 
of neutral photochemistry in planetary atmospheres by considering a proper chemical 
reaction set. We have applied our model to Titan’s atmosphere on present-day and an 
early Earth atmosphere in order to check the validity of the photochemical model by 
comparing with results of previous studies (Toublanc et al., 1995; Krasnopolsky, 2009; 
Pavlov et al., 2001). 
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2.2.3 Validation of the photochemical model based on Titan’s atmosphere 

 
 

There are several one-dimensional photochemical models for the current 
Titan’s atmosphere (Yung et al., 1984; Yung 1987; Toublanc et al., 1995; Lara et al., 
1996; Wilson and Atreya, 2004; Lavvas et al., 2008a, b; Krasnopolsky, 2009; 2010). 
Although the neutral photochemistry in Titan’s atmosphere was studied before the 
arrival of Voyager I and II (Strobel, 1974; Allen et al., 1980), the first detailed 
photochemical model was developed by Yung et al. (1984) with further improvements 
by Yung (1987) to account for the gas abundances observed by the Voyagers. Their 
model described the basic photochemical processes of simple hydrocarbons and nitriles 
occurring in Titan’s lower and middle atmosphere. Toublanc et al. (1995) developed a 
photochemical model based on more recent experimental data and analysis of 
observations provided by the Voyager spacecraft and ground-based observations. Their 
model used a Monte Carlo calculation for the attenuation of solar radiation through the 
stratospheric atmospheric layer, although their results of the attenuation of solar 
radiation were significantly different with those of other later photochemical models 
(Wilson and Atreya, 2004; Krasnopolsky, 2009). Lara et al. (1996) included water influx 
from the top of atmosphere due to ablation of microcomets and also considered the 
dissociation of molecular nitrogen in the lower atmosphere by galactic cosmic ray. 
Wilson and Atreya (2004), which is the last model developed before the arrival of 
Cassini to Titan, includes ionospheric chemistry in Titan’s upper atmosphere. After the 
arrival of Cassini, Lavvas et al. (2008a, 2008b) coupled Titan’s neutral photochemical 
model with radiative transfer model and microphysical model of organic haze. However, 
their photochemical scheme does not include oxygen species, and there are significant 
uncertainty in aerosol production processes (see General Introduction). Krasnopolsky 
(2009, 2010) developed a coupled neutral and ion chemistry for Titan’s atmosphere in 
order to account for the significant production of high-molecular-weight hydrocarbons 
in the upper atmosphere, observed by the Cassini spacecraft. 
 We have developed a one dimensional photochemical model for current 
Titan’s atmosphere. Our chemical scheme is identical to that of Toublanc et al. (1995). 
We chose their chemical scheme because they did not group the reactive species 
together (i.e., the family method) but solve for each species individually. The family 
method generally improves the numerical stability and results faster computation time. 
It needs, however, more complex calculation code and elaborate treatment of the choice 
of species and chemical reactions considered. Our model contains H, C, N and O 
chemistry with 249 reactions and 62 species. The chemical species calculated are listed 
in Table 2.1. We consider both ground-state and excited-state for some of the important 
radicals: 3CH2, C4H2, N(4S), O(3P) are the ground-state species, while 1CH2, C4H2

*, 
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N(2D), O(1D) are the excited-state species. Condensable species are bold in Table 2.1. 
Most of the saturated vapor pressures are from Krasnopolsky (2009), while the saturated 
vapor pressure of CH3C2H is from Lara et al. (1996) and those of CH2CCH2, CH3OH, 
H2CO and CH2CO are from NIST Chemistry Webbook (CH2CCH2, allene: Stull (1947), 
CH3OH, methyl alcohol: Ambrose and Sprake (1970), H2CO, formaldehyde: Spence 
and Wild (1935), CH2CO, ketene: Reuben (1969)). Based on Toublanc et al. (1995), the 
model atmosphere extends from the surface to 1250 km with equally divided 126 layers, 
thus each atmospheric layer has a thickness of 10 km. The altitude profiles of pressure 
and temperature used are shown in Figure 2.1 and Figure 2.2, respectively. The pressure 
profile was that of the recommended model of Yelle et al. (1997) at the beginning of the 
calculation and then calculated based on hydrostatic equilibrium. The eddy diffusion 
coefficient determines the vertical transport in the lower and middle atmosphere. There 
is a wide variety of eddy diffusion profiles used among previous photochemical models. 
We used the eddy diffusion coefficient profile given by Yelle et al. (2008), which is 
based upon recent Cassini’s observation of vertical profiles of CH4 and 40Ar abundances 
in the upper atmosphere, although the tropospheric value was fixed according to the 
previous photochemical models (Yung et al., 1984; Toublanc et al., 1995; Wilson and 
Atreya, 2004; Lavvas et al., 2008a, 2008b; Krasnopolsky, 2009) (Figure 2.3). The 
molecular diffusion coefficients for some of the species were calculated with their 
binary diffusion coefficients experimentally measured. Their calculations are based on 
Lavvas et al. (2008a): 
 

 𝐷𝑖,𝑗 = 𝐴𝑖
𝑅𝑠

𝑀𝑗
 ( 2.45 ) 

 
where Ai and s are parameters given in Table 2.2 and Mj is the total number density at 
altitude j. The altitude profiles of molecular diffusion coefficients calculated are shown 
in Figure 2.3. For the rest of the species whose binary coefficients are unknown, the 
molecular diffusion coefficients are calculated based on Banks and Kockarts (1973): 
 

 𝐷𝑖,𝑗 = 1.52 × 1818 �
1
𝑚𝑖

+
1
𝑚𝑗
�

1 2⁄ 𝑅1 2⁄

𝑀𝑗
    cm2s−1 ( 2.46 ) 

 
where mi is the molecular weight of ith specie and mj is the mean molecular weight at 
altitude j. With the above eddy and molecular eddy diffusion coefficients, the 
homopause which is the boundary between homosphere and heterosphere locates 
around 750 km in height as shown in Figure 2.3. Below the homopause (i.e., 
homosphere), vertical transport is governed by eddy diffusion and the gas species are 
homogeneously mixed regardless of their molecular weights. On the other hand, above 
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the homopause (i.e., heterosphere), molecular diffusion dominates the vertical transport 
and each gas specie obey its hydrostatic equilibrium profile depending on the scale 
height (i.e., molecular weight). Thus diffusive equilibrium or gravity separation will 
occur in the heterosphere. Figure 2.4 shows the unattenuated solar ultraviolet flux used 
in our photochemical model. The data are from Mount and Rottman (1983), suitable for 
moderate solar activity, and rescaled to the Sun-Titan distance in the photochemical 
model. The solar zenith angle is set to be 30°, which is equivalent to a global daytime 
average condition for optically thick absorption. The wavelength range of UV radiation 
field is from 115 to 315 nm with a wavelength resolution of 1 nm. Photodissociation is 
included for 28 species, i.e., CH3, CH4, C2H2, C2H4, C2H6, C3H3, CH2CCH2, CH3C2H, 
C3H6, C3H8, C4H2, C4H4, C4H6, C6H2, C8H2, HCN, HC3N, C2N2, C4N2, H2O, CO, HCO, 
H2CO, CH2CO, CO2, CH3CN, C2H3CN and N2. Their references of the absorption cross 
sections are shown in Table 2.3. The absorption cross sections shown in the references 
are interpolated or extrapolated to suite for the wavelength resolution we used. When 
there are a few cross sections available at different temperatures, we used the ones 
obtained at the lowest temperature, in order to simulate low-temperature conditions in 
Titan’s atmosphere. In the lower atmosphere, the solar UV radiation field is attenuated 
by aerosol absorption in addition to molecular absorption. In order to include the 
attenuation effect by aerosols, we used the transmission factor given by Yung et al. 
(1984) as follows; 
 

 𝑅𝑚(𝑧) = 𝑒−(240−𝑧) 𝐻𝐻⁄ ,   45 < 𝑧 < 240 km 
𝑅𝑚(𝑧) = 1                     ,              𝑧 > 240 km 

( 2.47 ) 

 
where Ha = 50 km is the scale height for aerosol absorption. The transmission factor is 
consistent with a previous observation (Caldwell et al., 1981) and an aerosol model for 
Titan (Pollack et al., 1980). The haze transmission factor given by Yung et al. (1984) is 
a crude approximation. Nevertheless, it is consistent with a recent model including more 
elaborate Mie scattering calculation due to aggregates or organic aerosols 
(Krasnopolsky, 2009). Initial gas mixing ratios are assigned for some of the species as 
shown in Table 2.4, which are based on observational data (Coustenis et al., 1989; 1991). 
They have homogeneous altitude profile at any altitude at the beginning of the 
calculation. 
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Table 2.1. Species calculated in the Titan model.a, b 

H, H2, 3CH2, 1CH2, CH3, CH4, C2, C2H, C2H2, C2H3, C2H4, C2H5, C2H6, C3H2, C3H3, 
CH2CCH2, CH3C2H, C3H5, C3H6, C3H7, C3H8, C4H, C4H2, C4H2

*, C4H3, C4H4, C4H6, 
C4H10, C6H, C6H2, C8H2, N(4S), N(2D), N2, NH, CN, C3N, HCN, H2CN, CHCN, 
CH3CN, HC3N, C2H3CN, C2N2, C4N2, O(3P), O(1D), OH, CO, H2O, HCO, CO2, 
H2CO, CH3O, CH3OH, CH2CO, CH2OH, HC2N2, H2C3N, SOOT 
a 3CH2, C4H2, N(4S), O(3P) are the ground-state species, while 1CH2, C4H2

*, N(2D), 
O(1D) are the excited-state species. 
b Condensable species are bold. Most of the saturated vapor pressures are from 
Krasnopolsky (2009). The saturated vapor pressure of CH3C2H is from Lara et al. 
(1996), while those of CH2CCH2, CH3OH, H2CO and CH2CO are from NIST Chemistry 
Webbook (CH2CCH2, allene: Stull (1947), CH3OH, methyl alcohol: Ambrose and 
Sprake (1970), H2CO, formaldehyde: Spence and Wild (1935), CH2CO, ketene: Reuben 
(1969)). 
 
 

 
Figure 2.1. Pressure profile of the standard Titan model. This profile was calculated 
based on hydrostatic equilibrium, although the initial profile at the beginning of the 
calculation was assumed to be that of the recommended model of Yelle et al. (1997). 
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Figure 2.2. Temperature profile of the standard Titan model, which is based on the 
recommended model of Yelle et al. (1997). 

 

 

Figure 2.3. Eddy and molecular diffusion coefficients of the standard Titan model. The 
eddy diffusion coefficient above the troposphere is from Yelle et al. (2008), while that in 
the troposphere is fixed similarly to previous photochemical models (Yung et al., 1984; 
Toublanc et al., 1995; Wilson and Atreya, 2004; Lavvas et al., 2008a, 2008b; 
Krasnopolsky, 2009). The molecular diffusion coefficients are calculated based on 
Lavvas et al. (2008a). The equations are given in ( 2.45 ) and ( 2.46 ) and their 
parameters are given in Table 2.2. 
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Table 2.2. Binary diffusion coefficients used in the photochemical model. 

Pair A × 1017 cm2s-1 s References 
H – N2 4.87 0.698 Banks and Kockarts (1973) 
H2 – N2 2.80 0.740 Banks and Kockarts (1973) 
N – N2 0.969 0.770 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) 
 
 
 
 

 
Figure 2.4. Solar ultraviolet spectrum used in the photochemical model. The data are 
from a rocket observation on May 17, 1982 by Mount and Rottman (1983), suitable for 
moderate solar activity. 
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Table 2.3. References of the absorption cross sections used in the photochemical 
model.a 

Species References 
CH3 Parks et al. (1973) 
CH4 Ditchburn (1955), Sun and Weissler (1955), Mount and Moos 

(1978) 
C2H2 Benilan et al. (2000), Wu et al. (2001) 
C2H4 Zelikoff and Watanabe (1953), Schoen (1962) 
C2H6 Okabe and Becker (1963), Lombos et al. (1967), Mount and Moos 

(1978) 
C3H3 Estimated by Toublanc et al. (1995) 
CH2CCH2 Estimated by Toublanc et al. (1995) 
CH3C2H Ho et al. (1998), Fahr and Nayak (1996) 
C3H6 Samson et al. (1962), Fahr and Nayak (1996) 
C3H8 Au et al. (1993) 
C4H2 Kloster-Jensen et al. (1974), Okabe (1981), Fahr and Nayak (1994) 
C4H4 Estimated to be the same as C4H6 by Toublanc et al. (1995) 
C4H6 Fahr and Nayak (1996) 
C6H2 Kloster-Jensen et al. (1974), Benilan et al. (1995) 
C8H2 Estimated to be the same as C6H2 by Toublanc et al. (1995) 
N2 Bertrand et al. (1975) 
HCN West and Berry (1974), SwRIb 
HC3N Ferradaz et al. (2009) 
C2N2 Nuth and Glicker (1982), LISA-unpubl (1999)c 
C4N2 Connors et al. (1974), Benilan et al. (1996) 
H2O Watanabe and Zelikoff (1953) 
CO Chan et al. (1993) 
HCO Estimated to be the same as σH2O×104 by Toublanc et al. (1995) 
H2CO Estimated to be the same as σH2O×10 by Toublanc et al. (1995) 
CH2CO Estimated to be the same as σH2O×102 by Toublanc et al. (1995) 
CO2 Nakata et al. (1965) 
CH3CN Eden et al. (2003) 
C2H3CN Estimated to be the same as CH3CN by Toublanc et al. (1995) 
a When there are a few cross sections available at different temperatures, the ones 

obtained at the lowest temperature are used, in order to simulate Titan’s cold 
atmosphere. 

b Data from the Southwest Research Institute (http://phidrates.space.swri.edu/). 
c Unpublished data from the Laboratoire Interuniversitaire des Systèmes 

Atmosphériques (Paris). http://losno.lisa.univ-paris-diderot.fr/services/DiffuseUVdata/ 
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Table 2.4. Initial mixing ratios used in the standard Titan model. 

Species Molar mixing ratios 
CH4 4.4 × 10-2 
C2H2 2.2 × 10-6 
C2H4 9.0 × 10-8 
C2H6 1.3 × 10-5 
CH2CCH2 4.4 × 10-9 
CH3C2H 3.0 × 10-8 
C3H8 7.0 × 10-7 
C4H2 1.4 × 10-9 
C2N2 1.5 × 10-9 
H2 2.0 × 10-3 
N2 0.95 
HCN 1.6 × 10-7 
HC3N 1.5 × 10-9 
H2O 1.0 × 10-10 
CO 4.5 × 10-5 
CO2 1.4 × 10-8 
 
 
 
 Boundary conditions used in our Titan’s photochemical model are shown in 
Table 2.5. N(4S) and N(2D) atoms flow from the top of atmosphere as a result of 
dissociation of molecular nitrogen by energetic particles or extreme ultraviolet radiation 
(e.g., Wilson and Atreya, 2004; Krasnopolsky, 2009). 
 

 N2 + e- → N(4S) + N(2D) + e-  

 
The N(4S) influx in the present study is based on Toublanc et al. (1995), but the N(2D) 
influx used is significantly lower than that of Toublanc et al. (1995). This is because, as 
argued in Krasnopolsky (2009), Toublanc et al. (1995) erroneously overestimated the 
production of atomic nitrogen by extreme ultraviolet. Toublanc et al. (1995) assumed 
that the dissociation of molecular nitrogen occurs by extreme ultraviolet radiation for 
wavelengths less than 80 nm: 
 

 N2 + hν (λ < 80 nm) → 2N(2D)  

 
However, the actual processes are 
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 N2 + hν (λ < 80 nm) → N2
+ + e-  

 N2
+ + CH4 → CH3

+ + H + N2  

 
with no production of atomic nitrogen (Krasnopolsky, 2009). The H2O influx from the 
top of atmosphere is based on an estimate of the mass of infalling micrometeorites 
proposed by Samuelson et al. (1983), which assumed that Titan’s flux of 
micrometeorites is the same as that of Earth. Unlike Toublanc et al. (1995), we 
introduced an escape flux of CH4 from the top of atmosphere, because they 
overestimated the mixing ratio of methane in the heterosphere (z > 900 km). The escape 
flux of CH4 used in our model is close to recent estimates considering slow 
hydrodynamic escape (e.g., Yelle et al., 2008; Lavvas et al., 2008a; 2008b; Strobel 
2008; 2009; Krasnopolsky 2009). We chose the escape velocities of H and H2 in order 
to fit the observational data. The choice of the escape velocities of H and H2 will be 
discussed in the section 2.2.3. The surface mixing ratios of N2, CH4 and CO are fixed, 
while the fluxes of the other species are assumed to be zero both at the surface and at 
the top of atmosphere as Toublanc et al. (1995). Our photochemical calculation was 
initiated with a time step of 10-7 sec, and the time step was automatically adjusted after 
each calculation. The calculation was done at least 106 years to achieve photochemical 
equilibrium at each altitude. 
 
 

Table 2.5. Boundary conditions assumed in the standard Titan model. 

Influx at the top of atmosphere 
N(4S) 7.0×107 molecule cm-2 s-1 
N(2D) 1.4×108 molecule cm-2 s-1 
H2O 1.5×106 molecule cm-2 s-1 

Escape at the top of atmosphere 
H 1.25×104 cm s-1 
H2 5.00×102 cm s-1 
CH4 2.2×109 molecule cm-2 s-1 

Fixed surface mixing ratio 
N2 0.95 
CH4 4.4 × 10-2 
CO 4.5 × 10-5 

Zero fluxes at the surface and top of atmosphere for the other species 
 



 

- 112 - 

 
Since our chemical scheme is identical to that of Toublanc et al. (1995), we 

compare our results with those of Toublanc et al. (1995). The major differences between 
our model and that of Toublanc et al. (1995) are the absorption cross sections, UV 
attenuation by aerosols layers, eddy diffusion coefficient profile and the boundary 
conditions (N(2D) influx, H and H2 escape velocity and introduction of CH4 escape). We 
also compare our results with the vertical profiles of some gas species given by a recent 
photochemical model (Krasnopolsky, 2009), which includes ion chemistry in the upper 
atmosphere, to discuss how the ionosphere affect the neutral chemistry in current Titan’s 
atmosphere. The altitude profiles of the mixing ratios calculated by the photochemical 
models are also compared with various observation data. In the following figures (from 
Figure 2.5 to Figure 2.9), Cassini Ion and Neutral Mass Spectrometer (INMS) data are 
from Waite et al. (2005; 2007), Yelle et al. (2008) and Cui et al. (2008). For the rest of 
the observation data, the references are shown in the figures or in the captions. 

In summary, despite some differences among the models, our photochemical 
model basically can reproduce the observations and the results of the previous models. 
The differences in the profiles of gas species caused mainly by (1) the absence of ion 
chemistry in the ionosphere in our model and (2) less absorption of UV light by organic 
aerosols in Toublanc et al. (1995). The followings are the detailed comparisons of our 
model results with the observations and those of the previous models. 

Figure 2.5 shows the calculation results of profiles CH4 and H2 mixing ratios 
compared with the observational data and the results of the previous studies (Toublanc 
et al., 1995; Krasnopolsky, 2009; Samuelson et al., 1981; Courtin et al., 1995; Waite et 
al., 2005; 2007, Yelle et al., 2008; Cui et al., 2008). Our CH4 profile is close to the 
observations and the calculation by Krasnopolsky (2009). Our CH4 mixing ratio is 
lower than those of Toublanc et al. (1995) in the heterosphere (z > 900 km) and 
Krasnopolsky (2009). This is because of the methane escape from the top of atmosphere, 
which was not considered in Toublanc et al. (1995). A slow escape of methane from 
Titan has been suggested by Cassini’s observations, and our escape flux of methane is 
consistent with the recent studies, which include escape of methane (Yelle et al., 2008; 
Lavvas et al., 2008a; 2008b; Strobel 2008; 2009; Krasnopolsky 2009). The H2 mixing 
ratio calculated by our model seems to be consistent with the observations (Figure 2.5). 
The escape flux of H2 (2.8×109 cm-2 s-1) in our model is about ~3–4 times lower than 
those of Toublanc et al. (1995), 1.0×1010 cm-2 s-1, and of Krasnopolsky (2009), 1.2×
1010 cm-2 s-1. This is because we used relatively low H2 escape velocity, assuming Jeans 
escape of H2. The use of Jeans escape flux for H2 escape would result in an 
underestimate of H2 mixing ratio similar to Toublanc et al. (1995). Krasnopolsky (2009) 
obtains a H2 profile and escape flux consistent with the observations, even though they 
assumed a similar escape velocity with the present study and Toublanc et al. (1995). 
This discrepancy is probably because Krasnopolsky (2009) takes into account the 
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ionospheric chemistry, i.e., CH4 is destroyed by energetic particles or ions in the upper 
atmosphere, yielding a significant amount of H2 and hydrocarbons. The H2 produced by 
ion chemistry contributes to the influx of H2 that compensates the H2 loss by escape. 

Figure 2.6 shows the calculation results of altitude profile of C2H2 compared 
with the observations and previous models (Toublanc et al., 1995; Krasnopolosky, 2009). 
Our results are consistent with the observation at altitude of ~400–800 km, but are 
lower than the observations at altitude of >800 km (Fig. 2.6). The discrepancy in C2H2 
production at higher altitudes is occurred probably because we do not take into account 
ion chemistry occurred at altitude >800 km. Our results are also significantly lower than 
the results of the previous models (Toublanc et al., 1995; Krasnopolsky, 2009). The 
production of C2H2 is mainly caused by both the photolysis of C2H4 and reaction 
between 3CH2 radicals. 
 

 3CH2 + 3CH2 → C2H2 + H2  

 
As shown in Figure 2.13 below, our 3CH2 mixing ratio is significantly lower than that of 
Toublanc et al. (1995) below the altitude of 600 km, which results in a lower production 
of C2H2 in the middle atmosphere. In addition, as shown in Figure 2.7, Toublanc et al. 
(1995) overestimated the C2H4 mixing ratio above 800 km compared with the results of 
the present study and of Krasnopolsky (2009). The discrepancy of 3CH2 abundance 
below altitude of 600 km between our results and that of Toublanc et al. (1995) 
probably originates from the UV transmission factor by organic aerosol layers. Since 
more photons can penetrate to the lower atmosphere in Toublanc et al. (1995) compared 
with our model and Krasnopolsky (2009), they can contribute to a more efficient 
photolysis of CH4 and other hydrocarbons, yielding a more efficient production of 3CH2. 
The discrepancy between our results and that of Krasnopolsky (2009) could originate 
from the ionospheric chemistry, since Krasnopolsky (2009) showed that about 15% out 
of the total C2H2 production is driven by nitrile plus ion reactions above 1000 km, 
which are not considered in our model. 

Our C2H4 and C2H6 profiles, shown in Figure 2.7 and Figure 2.8 respectively, 
are consistent with the observations and the calculation results by Krasnopolsky (2009), 
whereas Toublanc et al. (1995) underestimated C2H6 mixing ratio significantly in the 
upper atmosphere. The reason of this discrepancy is not clear, because their altitude 
profile of CH3 radical, which are the main source of C2H6, is close to ours (Figure 2.13). 
 

 CH3 + CH3 + M → C2H6 + M  

 
However, since they did not mention C2H6 cross section used in their paper, the 
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difference in the cross section possibly causes the discrepancy in photolysis rate of 
C2H6. 

Figure 2.9 shows the results of altitude profiles of CH3C2H and C3H8 
compared with the observations and the previous model results (Toublanc et al., 1995; 
Krasnopolsky, 2009). Our CH3C2H profile is close to that of Toublanc et al. (1995). 
Although our C3H8 profile in the lower atmosphere is consistent with the observations, 
the profile in the upper atmosphere is about one order of magnitude lower than those of 
Toublanc et al. (1995) and Krasnopolsky (2009), and the observations. This may be 
caused by the overestimated the photolysis rate of C2H6 by Toublanc et al. (1995) 
mentioned above. Since C3H8 is primary produced by the reaction between C2H5 and 
CH3 in the chemical scheme of Toublanc et al. (1995), 
 

 C2H5 + CH3 + M → C3H8 + M  

 
Enhanced photolysis rate of C2H6 could result in an increased mixing ratio of C2H5, 
which results in an increased mixing ratio of C3H8 in Toublanc’s model. 

Figure 2.10 and Figure 2.11 show the altitude profiles of HCN and HC3N, 
respectively, compared with the observations and the previous models (Toublanc et al., 
1995; Krasnopolsky, 2009). Our HCN profile shows good agreement with the previous 
model results and the observations (Figure 2.10). HC3N profile by our model shown in 
Figure 2.11 is also consistent with the previous models and the observations. However, 
its mixing ratio is underestimated in the upper atmosphere probably due to the lack of 
ionospheric chemistry. In addition, we consider smaller N(2D) influx at the top of 
atmosphere than that of Toublanc et al. (1995). 

Figure 2.12 shows the mixing ratios of oxygen species obtained by our 
models with those of the previous models and the observations. Our CO abundance at 
the surface was fixed to the observed mixing ratio by the Cassini Composite Infrared 
Spectrometer (Flasar et al., 2005; de Kok et al., 2007). Toublanc et al. (1995) fixed their 
CO mixing ratio at the surface to the observations in the stratosphere by Marten et al. 
(1988) using a ground-based radiotelescope, but this value is now considered to be too 
low because the telescope parameters were not well understood at the time of their 
analysis (Hidayat et al., 1998). Furthermore, the low CO mixing ratio in the stratosphere 
observed by Marten et al. (1988) contradicts with the recent Cassini observations 
(Flasar et al., 2005; de Kok et al., 2007). The low CO mixing ratio in Toublanc et al. 
(1995) results in significantly low levels of CO2 mixing ratio compared with the 
observations (The CO2 mixing ratio calculated by Toublanc et al. (1995) is <10-9). In the 
chemical scheme of Toublanc et al. (1995), CO2 is produced via the following reactions 
involving the reaction between OH and CO: 
 



 

- 115 - 

 H2O + hν → OH + H  

 OH + CH3 → CO + 2H2  

 OH + CO → CO2 + H  

 
Our CO2 mixing ratio agrees well with that of Krasnopolsky et al. (2009) and Cassini’s 
observations (Coustenis et al., 2007) in the lower atmosphere. Above altitude of 300 km, 
our CO2 mixing ratio is about one order of magnitude lower than that of Krasnopolsky 
et al. (2009), although there is no observational data to compare. The altitude profile of 
H2O mixing ratio is largely dependent on the H2O influx from the top of atmosphere. 
Our H2O profile agrees with the observation by Coustenis et al. (1998) and is close to 
those of Toublanc et al. (1995) and Krasnopolsky (2009), since these three 
photochemical models used similar H2O influx. 

Figure 2.13 shows the comparisons of profiles of some major radical species 
among the models. Our results are generally consistent with those of Toublanc et al. 
(1995) except for the mixing ratio of 3CH2 in the lower atmosphere. The larger mixing 
ratio of 3CH2 of Toublanc et al. (1995) in the lower atmosphere is probably due to less 
UV absorption by organic aerosols in Toublanc et al. (1995). Toublanc et al. (1995) 
calculated the transfer of solar radiation using a Monte Carlo scheme; however, their 
attenuation effect by organic aerosols in the lower atmosphere is much less than other 
models (Yung et al., 1984; Wilson and Atreya, 2004; Krasnopolsky, 2009). The less UV 
absorption could increase photolysis rate of methane, resulting in a increasesd mixing 
ratio of 3CH2 in Toublanc et al. (1995). 
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Figure 2.5. Mixing ratios of CH4 and H2 calculated by our standard Titan model, 
Krasnopolsky (2009) and Toublanc et al. (1995). The rectangle shows the H2 mixing 
ratio observed by the Voyager IRIS (Samuelson et al., 1981; Courtin et al., 1995). 

 

 
Figure 2.6. Mixing ratio of C2H2 calculated by our standard Titan model, Krasnopolsky 
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(2009) and Toublanc et al. (1995). Observation data by Cassini UVIS Occultations 
(Shemansky et al., 2005) and Voyager Occultations (Vervack et al., 2004) are also 
shown. 

 
 

 
Figure 2.7. Mixing ratio of C2H4 calculated by our standard Titan model, Krasnopolsky 
(2009) and Toublanc et al. (1995). Cassini Nadir stands for the observation data by 
Coustenis et al. (2007). Observation data by Cassini UVIS Occultations (Shemansky et 
al., 2005) and Voyager Occultations (Vervack et al., 2004) are also shown. 
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Figure 2.8. Mixing ratio of C2H6 calculated by our standard Titan model, Krasnopolsky 
(2009) and Toublanc et al. (1995). The observation data of Cassini UVIS Occultations 
are from Shemansky et al. (2005). 

 
 

 

Figure 2.9. Mixing ratios of CH3C2H and C3H8 calculated by our standard Titan model, 
Krasnopolsky (2009) and Toublanc et al. (1995). CIRS Limb and CIRS Nadir stand for 
the observation data by Vinatier et al. (2007) and Coustenis et al. (2007), respectively. 
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Figure 2.10. Mixing ratios of HCN, calculated by our standard Titan model, 
Krasnopolsky (2009) and Toublanc et al. (1995). The observation data of UVIS 
Occultations are from Shemansky et al. (2005). 

 

 

Figure 2.11. Mixing ratios of HC3N, calculated by our standard Titan model, 
Krasnopolsky (2009) and Toublanc et al. (1995). 
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Figure 2.12. Mixing ratios of oxygen species calculated by our standard Titan model, 
Krasnopolsky (2009) and Toublanc et al. (1995). The CO2 mixing ratio calculated by 
Toublanc et al. (1995) is below 10-9 at all altitudes thus beyond the range of this figure. 

 
 

 
Figure 2.13. Mixing ratios of radicals calculated by our standard Titan model and 
Toublanc et al. (1995). 
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2.2.4 Validation of the photochemical model based on an Early Earth 

atmosphere 
 

A number of photochemical models have been developed to study the 
atmospheric composition of early Earth (e.g., Kasting et al., 1979; Kasting and Donahue, 
1980; Kasting and Walker, 1981; Kasting, 1982; Kasting et al., 1983; Zahnle, 1986; 
Kasting, 1990; Pavlov et al., 2001; Tian et al., 2011). Pavlov et al. (2001) first 
investigate the organic aerosol production and its influence on the radiative transfer on 
an early Earth, by using a microphysical, photochemical and radiative transfer models. 
Those three models are, however, not coupled each other but independently calculated 
(Pavlov et al., 2001). Since the chemical scheme of Pavlov et al. (2001) is 
comprehensive enough to calculate oxygen, ammonia, HOx, NOx, sulfur and low-order 
hydrocarbon families (up to C4), we adopted their chemical scheme to check the validity 
of our photochemical model. 

The photochemical model contains H, C, N, O, and S chemistry (337 reactions 
and 69 species), which is identical with Pavlov et al. (2001). The model atmosphere 
extends from the surface to 100 km altitude with equally divided 51 layers. Thus, each 
atmospheric layer has a thickness of 2 km. The time dependent one dimensional 
continuity equation was solved for each reactive species including condensation of H2O 
and transport by eddy and molecular diffusion. The details of finite differencing and 
matrix solver for the continuity-diffusion equation in spherical coordinates are shown in 
the section 2.2.2. Calculations were carried out at 1 bar of surface pressure and 275 K of 
surface temperature. Figure 2.14a shows the altitude profile of temperature and initial 
pressure profile. The temperature is fixed throughout the calculation, while the pressure 
is calculated based on hydrostatic equilibrium. The temperature profile was taken from 
Tian et al. (2011), which corresponds to a simplified temperature profile for a weakly 
reducing Archean atmosphere, in which a temperature increase does not occur above the 
tropopause due to the lack of ozone layer. The troposphere was fixed to saturate with 
H2O vapor. Above the tropopause, water vapor is calculated by solving the combined 
equations of photochemistry and transport. Eddy coefficients were obtained from the 
current terrestrial values (Massie and Hunten, 1981), shown in Figure 2.14b. Our model 
calculates the UV radiation field considering molecular absorption via photolysis 
reactions. The wavelength range of UV radiation field is from 115 to 315 nm with a 
wavelength resolution of 1 nm. Because our model does not calculate Rayleigh 
scattering at the present time, and because the optical depth of Earth’s atmosphere due 
to Rayleigh scattering at 310 nm is about unity (Yung and DeMore, 1999), photolysis 
rates near the surface could be overestimated by a factor of ~3. This will give us upper 
estimates of the destruction rates of photolytic species and lower estimates of the 
abundances near the surface for photolytic species. For the spectrum of the incoming 
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UV flux from the sun, the current solar UV spectrum (Mount and Rottman, 1983: 
Figure 2.4) was used but the solar luminosity was set to 80% of its present value to 
account for a young Sun at ~2.8 billion years ago (Gough, 1981). The solar zenith angle 
was set to 30° and the solar UV flux at the top of atmosphere was halved to account for 
mid-latitude daily average. 

Boundary conditions in photochemical calculations are one of the important 
factors to determine atmospheric compositions. At the top of atmosphere, escape of H 
and H2 was simulated by assuming a diffusion-limited escape (Hunten, 1973a; 1973b). 
The diffusion-limited escape flux 𝜙𝑖𝑙 for specie i at the top of atmosphere is expressed 
as follows; 

 

 𝜙𝑖𝑙 = 𝐷𝑖 �
1
𝐻avg

−
1
𝐻𝑖
� 𝑛𝑖 ( 2.48 ) 

 
where Di is the diffusion coefficient, Hi is the scale height, ni is the number density of 
specie i and Havg is the mean scale height. Since the diffusion-limited escape provides 
only an upper limit on the escape rate, the mixing ratios of H and H2 could be 
underestimated, especially for a low-temperature exosphere. The low-temperature 
exosphere is likely under low-O2 and high-CO2 conditions, such as current Mars and 
Venus (e.g., Yung and DeMore, 1999). The lower boundary conditions used are 
tabulated in Table 2.6. The lower boundary conditions are adopted from the previous 
photochemical models of early Earth’s atmosphere (Pavlov et al., 2001; Zerkle et al., 
2012). These values are based on the deposition and rain out velocity from Slinn et al. 
(1978) and Lee and Schwartz (1981), respectively. Mixing ratios of five major species 
(N2, H2O, SO2, NH3, CO2) at the surface are fixed, in which that of CO2 was chosen as a 
free parameter. This procedure, fixing the surface mixing ratios and calculating their 
corresponding degassing fluxes, speeds up model convergence (e.g., Kasting, 1990). 
NO is deposited slowly to the surface but also produced by lightning production of 
oxidants (Kasting, 1990). The deposition velocity of CO was chosen to be 
2.0 × 10-7 cm s-1, which is close to an upper estimate of abiotic uptake of atmospheric 
CO by the ocean (Kasting, 1990; Kharecha et al., 2005). The deposition velocity of H2 
was chosen in order to preserve the atmospheric hydrogen budget, which physically 
represents the flow of electrons (or protons) of the system (See the appendix 1 of 
Kharecha et al., 2005). 

The calculation was carried out at least for 2 × 107 years to achieve chemical 
equilibrium. It was initiated with a time step of 1 × 10-7 second, and an automatic 
adjustment of the time step was done after each calculation. 

Figure 2.15 shows the mixing ratio profiles of some major gas species for the 
calculation with 𝑓CH4 = 1000 ppmv,𝑓CO2 = 2500 ppmv, which is the same as Pavlov 
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et al. (2001). Pavlov et al. (2001) argue that CH4 mixing ratios of the order of 10-3 
would be possible if CH4 outgassing rate by methanogens (the reaction is ( 2.49 )) 
exceed the burial rate of organic carbon. 
 

 CO2 + 4H2 → CH4 + 2H2O ( 2.49 ) 

 
The mixing ratio profiles of our model are generally consistent with those 

of Pavlov et al. (2001). CO is the second most abundant gas as the primary byproduct of 
the methane oxidation in the atmosphere by OH and other oxidants. The mixing ratio of 
CO2 in our model decreases with an increase in altitude due to the photolysis of CO2, 
whereas Pavlov et al. (2001) fixed the CO2 mixing ratio at all altitudes. The photolysis 
of methane occurs above ~60 km altitude, resulting in increases in H2, C2H2, C2H4 
mixing ratios at these altitudes. The mixing ratio of H2 in the lower atmosphere is 
decreased because of the H2 deposition at the surface as the conservation of the 
hydrogen budget, which is physically caused by the consumption of H2 by methanogens 
as described in the equation ( 2.49 ). Without such biological consumptions, the 
hydrogen mixing ratio would be as high as 10-3, which is determined by the balance 
between volcanic outgassing and the diffusion-limited escape (Kasting and Brown, 
1998). Our mixing ratio of H2O at the tropopause is about one order of magnitude lower 
than that of Pavlov et al. (2001) because the H2O mixing ratio below the tropopause is 
very sensitive to the tropopause temperature, which in our model is lower than that of 
Pavlov et al. (2001). Because a later radiative transfer model revealed that Pavlov et al. 
(2001) erroneously overestimated the greenhouse effect of methane, resulting in a high 
tropospheric temperature (Haqq-Misra et al., 2008), it may be appropriate to use our 
value for the tropopause temperature. O2 is produced abiotically by the photolysis of 
carbon dioxide and water vapor through the following reactions (Kasting et al., 1979): 
 

 CO2 + hν → CO + O  

 H2O + hν → OH + O  

 CO + OH → CO2 + H↑  

 O + O → O2  

 (Net) CO2 + 2H2O → CO2 + O2 + 4H↑  

 
In the troposphere, atomic oxygen is removed by other reducing gases thus the O2 
mixing ratio is maintained as significantly low values at the surface. 
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Figure 2.16 shows the altitude profiles of two aerosol monomer production 
reactions assumed in the chemical scheme of Pavlov et al. (2001); that is formation of 
C4H2 and C5H4. The monomer production rate reaches its greatest value at around 
altitude of 70 km corresponding to the peak of methane photolysis. Since Pavlov et al. 
(2001) provide neither the production rates of those two chemical reactions nor 
monomer production rate, we cannot directly compare our results with their results. 
However, our peak altitude of the reaction rate is consistent with the peak altitude of 
particle number density of Pavlov et al. (2001). The column monomer production rate is 
1 × 109 cm-2 s-1, or 8 × 10-14 g cm-2 s-1, indicating that the production of C4H2 and C5H4 
accounts for only 5% of the methane loss (Figure 2.17) (CH4 + CH: ~2 × 109 cm-2 s-1 for 
𝑓CH4=10-3). The column monomer production rate calculated is one order of magnitude 
larger than the experimentally estimated rate, 8×10-15 g cm-2 s-1, in the section 1.3.3 of 
this thesis. These results suggest that Pavlov et al. (2001) overestimates the monomer 
production rate in early Earth’s atmosphere. This is because we show that the monomer 
production would be controlled by polymerization of aromatic hydrocarbons, such as 
benzene, not polyynes and other hydrocarbons. Overall, our photochemical model can 
satisfactory reproduce the profiles of simple organic and inorganic gas species obtained 
by the previous calculations (Pavlov et al., 2001). 
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Figure 2.14. (a) Temperature and pressure profiles used in the photochemical model for 
an early Earth. Temperature profile is based on Tian et al. (2011) which corresponds to a 
simplified temperature profile for a weakly reducing Archean atmosphere that does not 
have a temperature increase above the tropopause due to the lack of ozone layer. (b) 
Eddy diffusion coefficient adopted from the current terrestrial value (Massie and Hunten, 
1981) 
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Table 2.6. Lower boundary conditions for the early Earth model a. 

Fixed mixing ratios 
N2: 1.0 bar, H2O: 1.0 × 10-8, SO2: 1.0 × 10-11, NH3: 1.0 × 10-10, 
CO2, 2.5 × 10-3 

0.2 cm s-1 H2O2, H2CO, HNO3 
1.0 cm s-1 H, O(3P), OH, HCO, CH3, HNO, HO2, HSO, H2SO4 

No flux 

N, H2, O(1D), O2, O3, C, C2, CH, 1CH2, 3CH2, C2H, C2H2, C2H3, 
C2H4, C2H5, C2H6, C3H2, C3H3, C3H5, C3H6, C3H7, C3H8, 
CH2CCH2, CH3C2H, CH2CO, CH3CHO, CH3CO, CH3O, 
C2H2OH, C2H4OH, C2H5CHO, NH, NH2

*, HNO2, S2, 1SO2, 3SO2, 
HSO3, SO3, S3, S4 

Others 

NO2: 3.0 × 10-3 cm s-1, CO: 2.0 × 10-7 cm s-1, 
NO: 3.0 × 10-4 cm s-1 (deposition), 1.0 × 109 molecules cm-2 s-1 
(lightning production) 
CH4: 6.0 × 1010 cm-3 s-1 (outgassing) 
H2: deposition velocity based on the atmospheric hydrogen 
budget (Kharecha et al., 2005) 

a Most of the deposition velocities are similar with previous early Earth model (Pavlov 
et al., 2001; Zerkle et al., 2012) which adopted deposition and rain out velocity from 
Slinn et al. (1978) and Lee and Schwartz (1981), respectively. 
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Figure 2.15. (a) Altitude profiles for major gas species calculated by our early Earth 
model and Pavlov et al. (2001) with 𝑓CH4 = 1000 ppmv,𝑓CO2 = 2500 ppmv. Note that 
CO2 profile of Pavlov et al. (2001) is not calculated but fixed. (b) Altitude profiles of 
C2H2 and C2H6. 
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Figure 2.16. Reaction rates of aerosol monomer production reactions assumed in the 
chemical scheme of Pavlov et al. (2001), calculated by our photochemical model. The 
column monomer production rate is 1 × 109 cm-2 s-1, or 8 × 10-14 g cm-2 s-1. 

 
 

 
Figure 2.17. Photochemical processes contributing to the methane loss calculated by our 
model and Pavlov et al. (2001). 



 

- 129 - 

 
2.3 Microphysical/Radiative transfer model 

 
 
 To investigate the microphysical and radiative transfer processes, we use the 
Community Aerosol and Radiation Model for Atmospheres (CARMA), which has been 
developed previously (e.g., Turco et al., 1979; Toon et al., 1979; 1980; 1988; 1992; 
Barth and Toon, 2003; 2004). The model is briefly described in the subsection. The 
validation of the model was conducted by comparing with the previous results of the 
organic aerosol profile in Titan’s atmosphere. 
 
 

2.3.1 Model description 
 

The microphysical model solves one dimensional continuity equations (e.g., 
Seinfeld and Pandis, 2006; Pruppacher and Klett, 2010). The equation ( 2.50 ) states that 
the time evolution of the number density of particles having volume v, at altitude z, at 
time t is equal to the sum of the gradient of the sedimentation flux using fall velocity 
Vfall; the gradient of the diffusion flux with diffusion coefficient Kdiff; the production rate 
of particles of volume v by the coagulation of smaller particles at a rate determined by 
the coagulation kernel Kcoag; the loss rate of particles of volume v by coagulation with 
all the other particles; the aerosol monomer production rate P, which should be 
determined by photochemistry, and the loss rate due rainfall at a rate given by Lrain. ngas 
is the number density of gas species. 
 

 

𝜕𝑛(𝑣)
𝜕𝑑

= −
𝜕
𝜕𝑧

(𝑛𝑉fall) − 𝑛gas𝐾diff
𝜕�𝑛(𝑣) 𝑛gas⁄ �

𝜕𝑧

+
1
2
� 𝐾coag(𝑣′,  𝑣 − 𝑣′)𝑛(𝑣′)𝑛(𝑣 − 𝑣′)𝑑𝑣′
𝑣

0

− � 𝐾coag(𝑣′,  𝑣)𝑛(𝑣′)𝑑𝑣′ +
∞

0
𝑃(𝑣) − 𝐿rain(𝑣) 

( 2.50 ) 

 
Aerosol particles coagulate because of their Brownian motion or as result of their 
motion produced by hydrodynamic, electrical, gravitational, or other forces (e.g., 
Seinfeld and Pandis, 2006; Pruppacher and Klett, 2010). The coagulation kernel by 
Brownian motion is given by 
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 𝐾coag, Br = 2𝜋�𝐷p1 + 𝐷p2�(𝐷1 + 𝐷2)β ( 2.51 ) 

 
where Dpi is the diameter of the ith particle and Di is the diffusivity. The factor β is a 
correction factor suggested by Fuchs (1964) for when the mean free path of the aerosol 
particle is comparable to the radius of the absorbing particle. Toon et al. (1980) found 
that Brownian coagulation is the dominant coagulation process for organic aerosols in 
Titan’s atmosphere. On the other hand, for Titan’s cloud particles, Brownian coagulation 
is not important due to their low number density and large size (Barth and Toon, 2003). 
The Brownian coagulation, often referred to as thermal coagulation, would produce 
various particles with different diameters. Coagulation from gravitational settling then 
takes place when larger particles fall faster than smaller particles, catching up with the 
smaller particles, and collide with them (Seinfeld and Pandis, 2006). The coagulation 
kernel by the gravitational settling is given by (e.g., Seinfeld and Pandis, 2006; 
Pruppacher and Klett, 2010) 
 

 𝐾coag, GS =
4
𝜋
�𝐷p1 + 𝐷p2�

2(𝑣t1 − 𝑣t2)𝐸�𝐷p1,𝐷p2� ( 2.52 ) 

 
where vt1 and vt2 are the terminal settling velocities for the large and small particles, 
respectively. E is the collision efficiency as a function of particle sizes. Gravitational 
coagulation can be neglected for submicrometer particles but becomes significant for 
particle diameters larger than a few micrometers (Seinfeld and Pandis, 2006). The 
coagulation processes can be affected by external forces, such as Coulomb forces. This 
effect can be described by adding a correction factor W: 
 

 𝐾′coag =
𝐾coag

𝑊
 ( 2.53 ) 

 
where the correction factor is a result of the interparticle force as a function of the 
potential of external force Φ: 
 

 𝑊 = �𝑅p1 + 𝑅p2��
1
𝑥2

exp�
Φ(𝑥)
𝑘𝑅

�𝑑𝑥
∞

𝑅p1+𝑅p2

 ( 2.54 ) 

 
in which Rpi is the radii of ith particle, k is the Boltzmann constant and T is the 
temperature. The Coulomb potential is given by 
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 ΦC =
𝑧1𝑧2𝑒2

4𝜋ε0ε𝑟
 ( 2.55 ) 

 
where zi is the electric charge of ith particle including sign, e is the elementary charge, 
ε0 is the permittivity of vacuum, ε the dielectric constant of the medium and r the 
distance between the two particles. By substituting ( 2.55 ) into ( 2.54 ), the correction 
factor by Coulomb forces can be obtained by the following equations: 
 

 𝑊C =
exp(𝜅) − 1

𝜅
 ( 2.56 ) 

 
where 
 

 κ =
𝑧1𝑧2𝑒2

4𝜋ε0ε�𝑅p1 + 𝑅p2�𝑘𝑅
 ( 2.57 ) 

 
The constant κ can be interpreted as the ratio of the electrostatic potential energy to 
thermal energy kT. Toon et al. (1992) found that the aerosol’s electrical charge in Titan’s 
atmosphere is critical for limiting the particle size thus affecting the optical depth of 
organic aerosol layer. More detailed formulation regarding the coagulation kernels can 
be found in other literatures (e.g., Seinfeld and Pandis, 2006). The numerical algorithm 
of our microphysical model is described in Toon et al. (1988). 

A one-dimensional radiative transfer model was used to calculate the radiation 
field of solar visible light. The model uses a two-stream approximation scheme for 
radiative transfer in inhomogeneous multiple scattering atmospheres, described in Toon 
et al. (1989), along with the delta-Eddington approximation (Joseph et al., 1976; 
Meador and Weaver, 1980). Radiative properties of aerosol layers (optical depth, single 
scattering albedo, asymmetry parameter) were calculated using Mie theory and 
incorporated into radiative transfer calculation (e.g., Liou, 2002). Therefore, the 
radiative transfer calculation includes absorption and scattering by aerosol particles and 
radiatively active gases as well as Rayleigh scattering by background gases. 
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2.3.2 Organic aerosol layers in Titan’s atmosphere 
 

We applied CARMA to current Titan’s atmosphere for the validation of the 
numerical code. Most of the parameters are identical to the previous models (Toon et al., 
1992; Barth and Toon, 2003). Figure 2.18 shows the aerosol monomer production rate 
in the atmosphere assumed in the microphysical model. The altitude profile of the 
monomer production rate is based on Toon et al. (1992), having the peak production at 
altitude of ~260 km. Toon et al. (1992) at first adopted the monomer production rate by 
fitting the methane destruction rate calculated by Yung et al. (1984), then adjusted the 
profile in order to account for Titan’s geometric albedo. The total column production 
rate of monomer is set to be 1.22 × 10-14 g cm-2 s-1, based on the estimate by McKay et 
al. (1989). Temperature and atmospheric density profiles are from the model of 
Lellouch and Hunten (1987). Atmospheric viscosity and thermal conductivity are from 
Lorenz (1993) and Stephan et al. (1987), respectively. The coagulation parameters are 
the same with that of Toon et al. (1992), including particle charging by galactic cosmic 
rays below about 400 km (Borucki et al., 1987). Rainout is not included in the model. 
The altitude grid extends from 0 to 1000 km in 10-km increments. The eddy diffusion 
coefficient for aerosol particles is the same with the revised model of Toon et al. (1992), 
resulting in ~100 years for a typical diffusion time scale below 100 km. Generally, 
micrometer-sized large particles are removed more quickly by falling than diffusion, 
meanwhile submicrometer-sized small particles have longer residence time (e.g., 
Seinfeld and Pandis, 2006). Thus, they are removed by growth to larger particles 
through coagulation (Toon et al., 1992). Particles are calculated as spheres. The aerosol 
particles are segregated into 35 bins that double in volume. The bin-mean radii range 
from 1.3 nm (i.e., monomer size) to 3.35 µm. The particle density is assumed to be 
1 g cm-3. Cloud physics in Titan’s lower atmosphere (Barth and Toon, 2003; 2004) was 
not considered in the present calculation. 

For the radiative transfer calculation, the visible spectrum is divided into 24 
spectral regions, ranging from 325 nm to 2.4 µm (McKay et al., 1989). The complex 
refractive index for organic aerosol particles is taken from those of tholin produced by 
Khare et al. (1984a). Toon et al. (1992) multiplied the imaginary index of aerosol 
particles by 1.5 in order to reproduce Titan’s geometric albedo. We adopted the same 
methodology. We assumed that the surface of Titan has a Lambert scattering albedo of 
0.1 (McKay et al., 1989; Toon et al., 1992). Only methane absorption was considered 
for the gas absorption, and its absorption database is from McKay et al. (1989). We 
adopted the two-stream approximation method for the radiative transfer calculation. 
Nevertheless, this method cannot calculate the geometric albedo (Toon et al., 1977; 
1989). The previous models provided additional calculations for the geometric albedo 
by using other schemes (e.g., McKay et al., 1989; Toon et al., 1992). 

Figure 2.19 shows the altitude profile of aerosol particle density for various 
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particle radii calculated by our microphysical model, compared with those of the 
previous studies (Barth and Toon, 2003). The model was run for 500 years to achieve a 
steady-state distribution. The result is consistent with the previous microphysical 
models (e.g., Toon et al., 1992; Barth and Toon, 2003). The maximum number density 
locates at around 260 km altitude, corresponding to the peak of monomer production. 
Our model outputs a thin detached aerosol layer at around 350 km for large particles. At 
this altitude, the production of large particles by coagulation and the loss due to fall are 
almost balanced. Since the fall velocity decreases with a decrease in altitude (e.g. 
Hamill et al., 1977), the loss rate for large particles by particle falling exceeds the loss 
rate by coagulation at higher altitudes than 350 km. Thus at these altitudes, the particle 
densities for large particles are limited by the loss due to fall. On the other hand, at 
altitudes below 350 km, the loss of large particles is primary due to coagulation. Large 
particles are more quickly removed than particle falling at these altitudes. Then the 
produced large particles accumulate into lower altitudes, resulting in formation of a 
thick aerosol layer at around 100 km (Figure 2.19). The detached aerosol layers have 
been observed in Titan’s atmosphere, showing seasonal changes in altitude and 
thickness (Tomasko and West, 2009). The detached aerosol layer appeared in our model 
could be consistent with the observations. However, there are other hypotheses to form 
the detached aerosol layers, such as global-scale dynamical motion in the atmosphere 
(e.g., Rannou et al., 2002; 2004), which cannot be simulated by our one dimensional 
model. 

Figure 2.20 shows the cumulative optical depth due to aerosol layers and 
Rayleigh scattering calculated by our model. As discussed elsewhere (Wolf and Toon, 
2010), the optical depth due to aerosol layer depends critically on the shape of aerosol 
particles. The optical depth by spherical aerosols shows a gradual increase toward UV 
region (Figure 2.20). The wavelength dependence is weak and rather flat throughout the 
visible region for spherical aerosols (Figure 2.20). On the other hand, the descent 
imager/spectral radiometer (DISR) instrument aboard the Huygens probe observed 
strong forward scattering of Titan’s aerosol particles, resulting in a steep increase of 
visible optical depth toward UV region (Tomasko et al., 2008). These observations 
suggest Titan’s aerosol particles being fractal aggregates (Tomasko et al., 2008). The 
optical depth of aggregated aerosols shows stronger dependence as a function of 
wavelength (Wolf and Toon, 2010). Thus, the sphere assumption provides a lower 
estimate for the aerosol optical depth. 

Figure 2.21 shows the transmittance for solar FUV flux calculated in our 
radiative transfer model for aerosol profiles obtained by the microphysical model. The 
transmittance by our model is calculated by dividing the downward fluxes at 325 nm by 
the incident flux at 325 nm. The UV extinction effect by aerosol layers becomes evident 
below 200 km altitude where the thick aerosol layer starts to form, while the effect of 
Rayleigh scattering is weak above 100 km. 
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Figure 2.18. Aerosol monomer production rate based on Toon et al. (1992) and Barth 
and Toon (2003; 2004). Total column production rate is set to be 1.22 × 10-14 g cm-2 s-1, 
or 1.33 × 106 particle cm-2 s-1 for monomers with r = 1.3 nm and ρ = 1 g cm-3 (McKay et 
al., 1989). 

 

 
Figure 2.19. Altitude profile of aerosol particle density for various particle radii 
calculated by the microphysical model. The model was run for 500 years to achieve the 
steady-state distribution. 
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Figure 2.20. Cumulative optical depth of aerosol layer and Rayleigh scattering at Titan’s 
surface. 

 
 

 

Figure 2.21. Transmittance for solar FUV flux in Titan’s atmosphere. Black and red 
lines represent the results for the solar zenith angle (SZA) being 60° and 30°, 
respectively. The transmittance by our model is calculated by dividing the downward 
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fluxes at 325 nm by the incident flux at 325 nm. The result of Krasnopolsky (2009) is 
haze transmission plus reflection at 250 nm. The result of Toublanc et al. (1995) is 
average intensity (upward + downward) divided by the incident intensity at 300 nm. The 
result of Wilson and Atreya (2004) is calculated with the direct and scattered solar flux 
at 300 nm. The transmission factor due to aerosol absorption of Yung et al. (2004) was 
assumed for all UV wavelengths below 300 nm in their paper. 

 
 
 
 
 

2.4 Application to CH4-rich reducing atmospheres using coupled 
Photochemical/Microphysical/Radiative transfer model 

 
 

2.4.1 Coupling of photochemical model and microphysical radiative 
transfer model 

 
We couple a photochemical model to a microphysical/radiative transfer model 

using the monomer production reactions experimentally constrained. The chemical 
scheme is the same one used in the section 1.4. The monomer production reactions are 
the polymerization reactions of benzene (R515, R516 and R157 listed in Table 1.2). 
Aerosol productions by nitrile reactions, listed in Table 2.7, are also included into the 
model. Since the aerosol production rates calculated by photochemistry are given in 
molecule cm-3 s-1, the reaction rates are first converted into a mass production rate given 
in g cm-3 s-1 by using the molecular weights of products. For example, in R515 (C6H5 + 
C2H2 → SOOT + H), the product has C8H7 as the stoichiometric composition, 
103 g mol-1 was used as the molecular weight for the soot particle. The mass production 
rates are then converted into monomer production rates given in particle cm-3 s-1, by 
assuming that the radii and density of a monomer are 1.3 nm and 1 g cm-3, respectively. 
This procedure was done for all of the monomer production reactions at every altitude 
and at every time step. 

We introduced the UV extinction effect by aerosol layers and Rayleigh 
scattering when the photolysis rate calculation, by using the transmittance at 325 nm 
(Figure 2.21), which is the shortest wavelength considered in the radiative transfer 
module of CARMA. Because of lack of gas absorption at this wavelength in our model, 
we can estimate the UV extinction effect by aerosols and Rayleigh scattering. The 
transmittance was obtained with the downward flux profile at 325 nm as described 
above. In the photochemical calculation, the incident solar UV flux at the all 
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wavelength considered (115–315 nm) was reduced by this transmittance. Despite its 
crudeness, the photochemical models adopted this scheme show that this scheme can 
reproduce the atmospheric composition of Titan (e.g., Yung et al., 1984; Lara et al., 
1996). Although we believe this scheme is sufficient for the purpose of this study, a 
self-consistent radiative transfer calculation for the UV wavelength regions will be done 
in the future by the following two reasons. First, the above scheme neglects the 
wavelength-dependence of Rayleigh scattering and aerosol extinction. Generally, optical 
depths due to Rayleigh scattering and due to the extinction by fractal aerosol particles 
increase with a decrease in wavelength. Thus, the above scheme would underestimate 
the extinction by Rayleigh scattering and aerosols. This issue may not be significant at 
wavelengths below 200 nm, where various molecular absorptions dominate the UV 
attenuation (e.g., Krasnopolsky, 2009). On the other hand, at wavelengths from 200 nm 
to 300 nm, there are not so many absorbing gas species in this wavelength region. Thus, 
this issue might become important. For example, because the Rayleigh scattering 
cross-section is in inverse proportion to the fourth power of wavelength, we would 
underestimate the optical depth due to Rayleigh scattering at 200 nm by a factor of ~5. 
Second, the above scheme assumes that gas absorption is an independent process of the 
rest of the radiative transfer processes so that gas absorption does not affect scattering 
process. In reality, however, they interact with each other non-linearly and gas 
absorption does affect the scattering process. This can be understood by the following 
example: a single scattering albedo, 𝜛, of an atmospheric layer is given by 
 

 𝜛 =
𝜛RΔ𝜏R + 𝜛MΔ𝜏M + 𝜛GΔ𝜏G

Δ𝜏R + Δ𝜏M + Δ𝜏G =
Δ𝜏R + 𝜛MΔ𝜏M

Δ𝜏R + Δ𝜏M + Δ𝜏G ( 2.58 ) 

 
where Δ𝜏  is optical depth and the superscripts R, M and G stand for Rayleigh 
scattering by gas species, Mie scattering by particles and gas absorption, respectively. 
By definition, 𝜛R and 𝜛G are 1 and 0, respectively. From the equation ( 2.58 ), it is 
evident that the gas absorption does affect the single scattering albedo of the layer thus 
affect the subsequent radiative transfer calculation. This non-linear effect becomes most 
obvious when Δ𝜏R + Δ𝜏M ≈ Δ𝜏G , i.e., the optical depth by gas absorption is 
comparable to the sum of the optical depths by Rayleigh and Mie scattering. When 
Δ𝜏R + Δ𝜏M ≪ Δ𝜏G, radiative transfer is dictated by gas absorption thus this effect 
becomes negligible. This means that at shorter UV wavelengths, where the optical depth 
is dominated by gas absorption, the non-linear effect would be negligible. In summary, 
although there could be overestimation of the photolysis rate near 300 nm wavelength 
region, photolysis rate at wavelengths below 200 nm would not be affected significantly 
by the above assumption. 

The time scales of microphysical process and photochemical process differ 
significantly. This means a special treatment for time stepping is needed to couple these 
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processes. The physical time scales of microphysics are at most 100 years (Toon et al., 
1992) on Titan and a few years on early Earth (Wolf and Toon, 2010). Meanwhile, the 
time scale for achieving chemical equilibrium is 106–107 years on reducing atmospheres, 
which needs a very long time step contrary to a microphysical model. A long time step 
in a microphysical model would violate the mass conservation law given in ( 2.50 ). For 
example, particles could fall across multiple layers in a single time step. In order to 
avoid this problem, we limited the time step of microphysical model to be at most 
10 hours. For example, when the photochemical model is running with a very long time 
step like 100 years, the microphysical model runs for 1 year with a 10-hour time step, 
which is sufficient to adjust a change of atmospheric compositions. 
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Table 2.7. Nitrile reactions assumed to produce aerosol monomers. These reactions are 
included in our one-box photochemical model. Also shown are the previous 
photochemical models which assumed these reactions for the calculation of aerosol 
production. See appendix A for the reaction rates. 

Reaction Previous models 
R595 CN + C2H3CN → SOOT Hebrard et al. (2006), Lavvas et al. (2008a, 

b) , Krasnopolsky (2009, 2010) 
R596 CN + C2N2 → SOOT Wilson and Atreya (2004), Hebrard et al. 

(2006), Lavvas et al. (2008a, b) , 
Krasnopolsky (2009, 2010) 

R597 CN + C4N2 → SOOT Wilson and Atreya (2004), Hebrard et al. 
(2006), Lavvas et al. (2008a, b) , 
Krasnopolsky (2009, 2010) 

R610 H2CN + HCN → SOOT Wilson and Atreya (2004), Hebrard et al. 
(2006), Lavvas et al. (2008a, b), 
Krasnopolsky (2009, 2010) 

R636 HC3N + C6H5 → SOOT Wilson and Atreya (2004), Hebrard et al. 
(2006), Lavvas et al. (2008a, b) , 
Krasnopolsky (2009, 2010) 
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2.4.2 Application to Titan’s atmosphere 
 
 

In this section, we discuss the energy source for aerosol production in Titan’s 
atmosphere and its climatic stability, based on the developed atmosphere model. Figure 
2.22 shows our calculation results of the altitude profiles of reaction rate for the 
production of aerosol monomer. These results show that benzene polymerization 
reactions contribute only ~10% of the monomer production in the lower atmosphere. 
When aerosol monomers are produced by polymerization of benzene only, the column 
mass production of aerosols becomes 0.03×10-14 g cm-2 s-1, which is remarkably 
smaller than that proposed values in Titan’s atmosphere ((0.5 - 2)×10-14 g cm-2 s-1, 
McKay et al., 2001). These results suggest that solar EUV is not the primary energy 
source responsible for the formation of aerosols in Titan’s atmosphere. 

Another important reaction proposed for Titan’s aerosol formation is 
polymerization of nitriles (e.g., Imanaka and Smith, 2010), which is initialized by 
irradiations of high energy particles and solar EUV (e.g., Waite et al., 2007; 
Krasnopolsky 2009). When including monomer production through nitrile 
polymerization reactions, the column mass production rate increases to 0.4 ×

10-14 g cm-2 s-1, which is close to the values proposed by the previous study ((0.5 - 2)×
10-14 g cm-2 s-1, McKay et al., 2001). Our results show that nitrile polymerization 
reactions dominate the monomer production over all of the altitude (Figure 2.22). These 
results suggest that the aerosol production by nitrile polymerization reactions is 
essential to explain the observed Titan’s aerosol layers. These results may be consistent 
with the possible inclusions of nitrogen in organic aerosol suggested by the detection of 
HCN and NH3 in pyrolysis analysis of aerosols by the Huygens probe (Israel et al., 
2005). 

The reaction rates of nitrile polymerization reactions in the lower atmosphere, 
especially R610, are predominated by reactions induced by irradiations of galactic 
cosmic ray (GCR) (Lavvas et al., 2008b). Without the GCR flux, the reaction rates of 
the nitrile reactions in Figure 2.22 would decrease drastically. The reaction of R610 
dominates the monomer production in the lower atmosphere around the center altitude 
of main aerosol layer (~300 km), while the reaction of R595 dominates the aerosol 
production above 300 km. Our calculation results indicate that the monomer production 
rate of the present study in the middle to upper atmosphere (>400 km) is significantly 
lower than those of the previous photochemical models (Lavvas et al., 2008b; 
Krasnopolsky, 2009). The discrepancy between the present study and previous 
photochemical models is because the previous studies take into account the 
polymerization of polyynes for monomer production (Lavvas et al., 2008b), whereas the 
present study does not consider monomer production due to polymerization of polyynes 
based on the laboratory experiments (section 1.4). Thus, addition of these reactions in 
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the upper atmosphere would enhance the abundance of benzene and nitriles, which 
would result in efficient monomer production. Figure 2.23 shows the number density 
profiles of aerosol particles for various size ranges. When we include the monomer 
production rate calculated by the photochemical model, this affects the distributions of 
small particles (r < 10 nm). On the other hand, the distribution of middle size particles 
(10 nm < r < 100 nm) is not significantly influenced because electrical charging on 
particles limit the growth for this size range (Toon et al., 1992). 

Our results suggest that Titan’s aerosols are largely produced by nitrile 
polymerization, which are initialized with dissociation of N2 and CH4 by irradiations of 
high energy particles and solar EUV. There are two major implications of our results. 
First is the chemical lifetime of N2 in Titan’s atmosphere. The chemical life time of N2 
is estimated on the order of 108 years (Wilson and Atreya, 2004), which is consistent 
with our calculation because we adopted N2 destruction rate from previous estimates 
(Wilson and Atreya, 2004; Krasnopolsky, 2009). This implies that early Titan would 
have possessed abundant N2 on the surface (e.g., ~10 times that on present-day). 
Nevertheless, the formation mechanism of such amount of N2 on Titan is unclear. This 
is because all of the proposed mechanisms require formation of a thick 
proto-atmosphere associated with major rock-ice differentiation during accretion (e.g., 
Atreya et al., 1978; Kuramoto and Matsui, 1994), which seems to be inconsistent with a 
only partially differentiated interior of Titan (Iess et al., 2010). Alternatively, the rapid 
loss of N2 in the current atmosphere implies that the efficient aerosol formation has 
taken place only in geological recent time in Titan’s history. Our results show that the 
major fate of N2 in photochemical reactions is HCN (56%), H2CN (35%), HC3N (3.5%), 
CHCN (2.2%), CH3CN (3.0%) and organic aerosols (0.2%). Thus, if CH4 is not present 
in the atmosphere, the chemical loss of N2 would become very inefficient. In fact, an 
evolution model of Titan’s interior suggests that an outgassing of CH4 from the interior 
occurred only in 0.2 Gyrs ago due to initialization of crustal convection (Tobie et al., 
2006). 

The other implication of the present study is Titan’s climatic stability in 
response to a change in the flux of high energy particles. For instance, given the 
enhanced FUV flux from Sun in the early stages of its evolution (Zahnle and Walker, 
1982; Ribas et al., 2005), the aerosol production rates would have been much higher in 
the past than those of present-day. In addition, the flux of high energy particles depends 
on the magnetic field intensity of Saturn and its interactions with the solar wind. The 
flux of GCR also would have greatly influenced due to the solar activity and the 
occurrence of supernova of massive stars. 

Since Titan’s organic aerosol layers have an anti-greenhouse effect (McKay et 
al., 1989), such a variation in flux of the energy sources would have strongly influenced 
the surface temperature. For instance, when the flux of these energy sources increase, 
this would result in the formation of thick aerosol layers, which reduce the surface 
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temperature. This in turn would cause a decrease in the CH4 concentration in the 
atmosphere, leading to a further decline in the surface temperature due to a reduction of 
greenhouse effects. Such a positive feedback between climate and aerosol might be 
dampened if the atmospheric CH4 levels become too low to produce aerosols in the 
atmosphere. We suggest that Titan’s climate system is very sensitive to a small change 
in the flux of high energy particles and/or EUV. To study the climatic instability on 
Titan more quantitatively, it will be important to perform self-consistent modeling of 
nitrile chemistry, aerosol production, and radiative transfer. 
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Figure 2.22. Altitude profiles of reaction rate for the production of aerosol monomer for 
major reactions that contribute to the monomer production. R515 & R516: C6H5 + C2H2, 
R517: C6H5 + C6H6, R595: CN + C2H3CN, R610: H2CN + HCN. Nitrile reactions 
dominate the monomer production for all the altitude, although benzene polymerization 
reactions contribute about 10% of the monomer production in the lower atmosphere. 

 

 
Figure 2.23. Number density profiles for various aerosol particle radii by the coupled 
atmospheric model. 
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2.4.3 Application to early Earth atmosphere 

 
We here discuss the aerosol formation in early Earth’s atmosphere and its 

climatic influences, based on the coupled atmosphere model developed by the present 
study. The calculations were performed for atmospheres with the following CH4 and 
CO2 mixing ratios: Case 1 (CH4/CO2=0.1, 𝑓CH4 = 250 ppm, 𝑓CO2 = 2500 ppm), Case 
2 (CH4/CO2=0.4, 𝑓CH4 = 1000 ppm , 𝑓CO2 = 2500 ppm ), Case 3 (CH4/CO2=1, 
𝑓CH4 = 1000 ppm , 𝑓CO2 = 1000 ppm ), Case 4 (CH4/CO2=10, 𝑓CH4 = 3000 ppm , 
𝑓CO2 = 300 ppm). The rest of the parameters are same as those described in section 
2.2.4. We consider that aerosol monomer productions are limited by benzene 
polymerization in Cases 1–4, as suggested by our experiments (see section 1.4). In 
Cases 3 and 4, we performed additional calculations, in which aerosol production 
through nitrile polymerization were included in addition to benzene polymerization. 
Given the uncertainty in the shape of aerosol in early Earth’s atmosphere, the optical 
depth was calculated for two cases for a given atmospheric composition, that is, 
aerosols have spherical or fractal shape. The optical depth due to spherical particles is 
directly calculated in our radiative transfer model (see section 2.3.1); however our 
model cannot calculate the optical depth due to fractal particles. Thus, we used the 
results of Wolf and Toon (2010) to obtain the optical depth due to fractal aerosol 
particles (Figure 2.25). Wolf and Toon (2010) obtained a relationship of the optical 
depth between spherical particles and fractal particles, based on their calculation results 
from the microphysical model. Because the microphysical processes considered in our 
model are same as those of Wolf and Toon (2010), we applied this relationship given by 
Wolf and Toon (2010) to our calculations. 

Figure 2.24 shows the cumulative optical depth of organic aerosol layers at a 
UV wavelength (325 nm) and a visible wavelength (575 nm). Without aerosol 
production through nitrile polymerization, both of the UV and visible optical depths of 
sphere particles are remarkably low, compared to those of the previous study (Pavlov et 
al., 2001). This is because the previous study includes all of polymerization reactions of 
hydrocarbons for aerosol monomer production (Pavlov et al., 2001); accordingly they 
overestimate the production rate of aerosol monomer. 

In order to protect NH3 from photolysis (i.e., to cause the indirect greenhouse 
effect) and to extend its chemical lifetime longer than the timescale of carbon cycle 
(~105 year: Kump, 1991), an UV optical depth due to aerosol layers is required to be in 
excess of ~3 (Sagan and Chyba, 1997). Our results show that UV shielding effect of 
fractal particles exceed unity at CH4/CO2 ratio > 2 (Figure 2.24). However, the organic 
aerosol layers, regardless of shape of aerosols, do not have sufficient UV optical depths 
(i.e., > 3) for CH4/CO2 ≤ 10. These results suggest that the organic aerosol layers are 
much more optically thin in the UV wavelength than the previous estimates (e.g., Sagan 
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and Chyba, 1997; Wolf and Toon, 2010). This is again because the previous studies 
overestimate the production rate of aerosol monomers. On the basis of these 
calculations, we conclude that the indirect greenhouse by organic aerosols formed by 
solar EUV would not be able to keep early Earth warm. 

It should be noted that our calculations for early Earth were performed for the 
modern solar FUV flux from 115 to 315 nm. The stellar evolution model and 
observations of young main-sequence stars, however, show that solar UV flux would 
have been higher in the past (e.g., Zahnle and Walker, 1982). In fact, during the first 
billion years of the solar system, the sun would have radiated an UV flux a few times 
stronger than the current UV flux (Zahnle and Walker, 1982). Given a strong UV flux 
from the early sun, aerosol production rate would have become high due to efficient 
photolysis of hydrocarbons, yielding optically thick aerosol layers. However, based on 
our experimental results described in section 1.3.2, aerosol production rate by FUV is 
only a linear function of the FUV flux. In addition, a microphysical model shows that 
optical depth of aerosol layers is not a linear function of the production rate but 0.6 – 
0.8th order function of the production rate (Wolf and Toon, 2010), which indicates the 
optical depth of aerosol layers is determined not only by production rate but also by 
other physical processes. Considering these relationships among UV flux, aerosol 
production rate and optical depth of aerosol layers, the optical depth of the aerosol 
layers formed by early sun would increase within a factor of ~2 from the results in 
Figure 2.24. Therefore, our conclusions of optically thin aerosol layers do not change 
significantly. A strong UV flux could also cause an intense heating in the upper 
atmosphere, where most of the photolysis reactions occur. This could enhance the 
chemical reaction rates. Modeling of such an Earth’s upper atmosphere for evolving sun 
by coupling with a hydrodynamic-thermospheric model (e.g., Tian et al., 2008a; 2008b) 
is of particular interest for future research, not only for Earth but also for exoplanets. 

 
 

Warming early Earth by greenhouse effect by H2O, CH4, CO2 and C2H6 
 
Our results show that the optical depth in the visible wavelength is also very 

low for CH4/CO2 ≤ 10 (Figure 2.24), suggesting little anti-greenhouse effect due to 
organic aerosols formed by solar EUV. The absence of a strong anti-greenhouse effect 
suggests that a combination of greenhouse effects due to gas molecules, such as CH4, 
C2H6, H2O, and CO2, would have played an important role to control the surface 
temperature. In particular, Haqq-Misra et al. (2008) proposed that C2H6 would be an 
important greenhouse gas. Nevertheless, the formation of abundance of C2H6 in highly 
CH4-rich atmospheres also implies efficient formation of organic aerosols, which could 
have possessed an anti-greenhouse effect. Haqq-Misra et al. (2008) infer that the strong 
anti-greenhouse effect by organic aerosols could have overwhelmed the greenhouse 
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effect by the gas species for the atmospheres with CH4/CO2 ratio of > 0.1. However, our 
results indicate that, regardless of the particle shapes, the aerosol layers produced would 
have been optically thin due to low production rate of aerosol monomer. Accordingly, 
the greenhouse effect by C2H6 would have been critical to determine the surface 
temperature even in CH4-rich atmospheres. The C2H6 mixing ratios in our model are 
generally consistent with those of Haqq-Misra et al. (2008). For example, Figure 2.26 
shows ~1 ppm of mixing ratio of C2H6 for Case 4 (CH4/CO2=10, 𝑓CH4 = 3000 ppm, 
𝑓CO2 = 300 ppm), which is comparable to 3.8 ppm of mixing ratio of C2H6 obtained by 
Haqq-Misra et al. (2008) (CH4/CO2=10, 𝑓CH4 = 1000 ppm, 𝑓CO2 = 100 ppm). Thus, 
we conclude that high abundance of C2H6 would have been important to keep early 
Earth warm, if early Earth had a CH4-rich atmosphere. 
 Based on these calculation results, we then discuss the stability of climate 
system on early Earth with a CH4-rich atmosphere. To discuss the climate system, 
understanding of feedback mechanisms in biogeochemical cycles is important. In fact, it 
has been poorly understood that how Earth’s climate had been stabilized in a CH4-rich 
atmosphere on early Earth (e.g., Pavlov et al., 2001; Kasting, 2005). For instance, 
Pavlov et al. (2003) proposed a possible positive feedback between CH4 and climate. If 
the surface temperature increased on early Earth, the CH4 flux injected into the 
atmosphere would also increase due to the enhanced methanogenic activity at higher 
surface temperatures (Cooney and Wise, 1975). The enhanced CH4 flux would result in 
higher mixing ratios of both CH4 and C2H6, leading to a further increase in surface 
temperature (e.g., Pavlov et al., 2003). If there were not any other competing 
mechanisms, this would have worked as a positive feedback, which destabilized the 
climate system. Pavlov et al. (2001) suggest that organic aerosol production in a 
CH4-rich atmosphere would have dampened the positive feedback. They propose that an 
increase in CH4 flux would have caused the formation of thick aerosol layers, which 
would decrease the surface temperature due to the anti-greenhouse effect. This in turn 
would have reduced methanogenic activity and stabilize the surface temperature (Pavlov 
et al., 2001). 

Our calculations, however, show that the negative feedback due to organic 
aerosol would have been minimal, as aerosol layers produced in early Earth’s 
atmosphere would be insufficient to cause the anti-greenhouse effect (Figure 2.24). 
Instead of the negative feedback due to aerosol, we propose that the silicate-carbonate 
feedback would have played a key role to stabilize the climate even in a CH4-rich 
atmosphere, as previously proposed to stabilize a CO2-rich early Earth (e.g., Walker et 
al., 1981). When the surface temperature increases, the chemical weathering rate of 
continents would also increase, which would decrease CO2 partial pressures (Walker et 
al., 1981). A decrease in CO2 levels would cool the surface and limit the biological 
activity of methanogens, which would have stabilized the climate for long-term periods. 

Above we discuss the effect of organic aerosols when considering benzene 
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polymerization limits its production rate. This implicitly assumes that solar FUV is the 
predominant energy source for formation of aerosol in early Earth’s atmosphere. 
However, as discussed below, nitrile polymerization could have occurred on early Earth 
as well as Titan, especially if early Earth had a weak geomagnetic field. In fact, some 
thermal evolution models suggest that an intensity of geomagnetic field in late Archean 
(3.0–2.5 Ga) could have been weaker than today (e.g., Stevenson et al., 1983), which 
may be consistent with paleomagnetic data (e.g., Hale, 1987; Morimoto et al., 1997; 
Selkin et al., 2000). In this case, efficient nitrile polymerization and aerosol formation 
could have caused by intense irradiations of high energy particles in the upper 
atmosphere. 

 
 

Influence of nitrile reactions induced by high-energy particle irradiation 
 
When including aerosol production through nitrile polymerization in our model, 

organic aerosol layers become optically thick (Figure 2.24). Our calculations show that 
UV and visible optical depths due to aerosol become moderate (~2) for spherical-shaped 
aerosol particles when including monomer formation by nitrile polymerization (Figure 
2.24). When considering fractal-shaped particles, the UV optical depths are greatly 
enhanced to become ~24, which is sufficient for UV shielding of NH3, whereas the 
optical depths at the visible wavelength remain moderate (Figure 2.24). These results 
suggest that a significant indirect greenhouse effect is caused by organic aerosol layers 
if nitrile polymerization leads to formation of monomers, whereas the anti-greenhouse 
effect by aerosol is relatively low. 

Our results indicate that the optical depths of aerosol layers including nitrile 
polymerization depend only weakly on CH4/CO2 ratio of the atmosphere (Figure 2.24). 
This is the case because nitrile formation is not directly relevant with hydrocarbon 
formation, which is very sensitive to CH4/CO2 ratio in the atmosphere. We show the 
atmospheric compositions and reaction rates of the monomer production for CH4/CO2 
of 10 in Figure 2.26–Figure 2.27. The efficient monomer production by nitrile 
polymerization (R595: CN + C2H3CN → SOOT, R610: H2CN + HCN → SOOT) is 
sustained by high abundances of HCN and C2H3CN in the atmosphere. The HCN 
abundances calculated by our model are consistent with the results of the previous 
photochemical models (Zahnle 1986; Tian et al., 2011). Nitrile formation is initiated by 
the dissociation of N2 in the upper atmosphere, whereas the photolysis of NH3 in the 
lower atmosphere provides an additional source for formation of nitriles. Although we 
did not consider rainout of HCN into the ocean, HCN is not a very soluble gas at low 
partial pressures (Cicerone and Zellner, 1983). Figure 2.28 shows the number density 
profiles for various aerosol particle radii for CH4/CO2 of 10 including aerosol 
production by nitrogen polymerization. Because of a shorter residence time of organic 
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aerosol in early Earth’s atmosphere than that in Titan’s atmosphere, aerosol layers on an 
early Earth are composed of smaller particles than those in Titan, as suggested by the 
previous study (Wolf and Toon, 2010). 

As similar to solar FUV flux, flux of high energy particles from young sun 
could have been significantly higher than that of today (Zahnle and Walker, 1982). The 
present calculations including nitrile reactions for the aerosol production assume a 
modern solar activity. This results in a globally averaged production of N atoms being 
1.0 × 1010 atoms cm-2 s-1, which is consistent with a previous estimate by Zahnle (1986) 
(4 × 109 to 1.5 × 1010 atoms cm-2 s-1). According to a stellar evolution model, during the 
first billion years of the solar system, the sun would have radiated a EUV/XUV flux 
more than 10 times the current value (Zahnle and Walker, 1982). Although the 
dependence of aerosol production rate on radiation dose is not clear, we can anticipate 
an efficient aerosol production via nitrile reactions in an Archean atmosphere due to the 
high levels of high-energy particle flux. Assuming that the aerosol production via nitrile 
reactions is a linear function of EUV/XUV flux, similar to our results of FUV 
experiments, the aerosol production rate with an enhanced EUV/XUV flux would be 10 
times the results for the modern solar activity. Thus, even though the optical depth of 
aerosol layers does not increase linearly with the production rate (Wolf and Toon, 2010), 
the produced optical depth for early active sun would be several times the values shown 
in Figure 2.24. 

If organic aerosols formed efficiently on early Earth through nitrile 
polymerization, this would strongly affect both the climate and nitrogen cycles. Our 
results indicate that aerosol layers formed by nitrile polymerization are optically thick in 
the UV wavelength sufficient to cause the indirect greenhouse (Figure 2.24). Thus, a 
rapid increase in intensity of the geomagnetic field would have induced a reduction of 
aerosol formation, leading to a dramatic decline in the surface temperature on early 
Earth. Indeed, the thermal evolution models show that a remarkable increase in the 
magnetic intensity could have occurred at ~3–2 Ga due to the formation of inner solid 
core and/or a change in the mantle convection style (e.g., Stevenson et al., 1983, Breuer 
and Spohn, 1995). We suggest that the evolution of solid Earth could have changed the 
atmospheric chemistry, which in turn triggered the first, large-scale glacial events in 
Earth’s history, recorded in the sediments deposited at around 2.5–2.2 Ga (e.g., 
Kirschvink et al., 2000; Young et al., 2001; Bekker et al., 2004). 

The nitrogen cycles under the presence of organic aerosol also have not been 
considered in the previous studies (e.g., Pavlov et al., 2001). As mentioned above, it has 
been suggested that UV shielding of NH3 resulted in high NH3 abundances in the 
troposphere (Sagan and Chyba, 1997), however the continuous source of NH3 into the 
atmosphere is unknown. Our results show that HCN is also efficiently produced in the 
upper atmosphere (Figure 2.26). We propose that hydrolysis of the produced HCN in the 
ocean would have been an abiotic source of NH3 (Zahnle 1986; Tian et al., 2011). 
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Therefore, nitriles might be able to have been responsible for both the source of a strong 
greenhouse gas (NH3) and its protector from UV photolysis (aerosol layers). To study 
aerosol production mechanism through nitrile polymerization and nitrogen-carbon 
cycles in the atmosphere-ocean system, further laboratory experiments using EUV light 
source would be important in future. 
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Figure 2.24. Cumulative optical depth of organic haze layers calculated for both sphere 
and fractal particles at a UV wavelength (325 nm) and a visible wavelength (575 nm). 
The total mixing ratios of CH4 and CO2 are from 2000 to 3500 ppm. Two aerosol 
production mechanisms are considered (production only by benzene pathways, or 
production by benzene and nitrile pathways). Also shown is the visible optical depth 
calculated by Pavlov et al. (2001). The optical depths of fractal particles are derived by 
interpolating the results of Wolf and Toon (2010) (See Figure 2.25). Only the cases 
using fractal particles and aerosol production with nitrile pathways show significant UV 
optical depths. 
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Figure 2.25. The ratio of cumulative optical depth of fractal particles to those of 
spherical particles as a function of the cumulative optical depth of spherical particles, 
calculated by Wolf and Toon (2010). The wavelengths are 197 nm and 564 nm for UV 
and visible, respectively. Also shown are the least square regression lines and their 
equations. 

 
 

 
Figure 2.26 – Continuted. 
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Figure 2.26. Altitude profiles of some major gases for the CH4/CO2 = 10 case including 
aerosol production by nitrogen chemistry. 

 

 
Figure 2.27. Production rate profiles for aerosol production mechanisms for the 
CH4/CO2 = 10 case including aerosol production by nitrogen chemistry. Nitrile 
reactions (R595 and R610) dominate the aerosol production at all altitudes. 
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Figure 2.28. Number density profiles for various aerosol particle radii for the 
CH4/CO2 = 10 case including aerosol production by nitrogen chemistry. 

 
 
 

2.5 Conclusions 
 
 
 We coupled a photochemical model to microphysical and radiative transfer 
models using the monomer production reactions experimentally constrained in the 
Chapter 1. Using the coupling model, we investigate the influence of organic aerosols 
on the radiative transfer process in reducing atmospheres. Polymerization reactions of 
benzene are incorporated as the monomer production reactions. We then investigate the 
influence of organic aerosols on the radiative transfer processes in the atmospheres of 
Titan and early Earth. Our results show that polymerization reactions of benzene 
contribute only ~10% of the total aerosol production and cannot explain the observed 
profile of organic aerosol layer in Titan’s atmosphere. In contrast, we found the aerosol 
production would be dominated by nitrile polymerization in Titan’s atmosphere, which 
requires high-energy particle irradiation to initiate the reactions. In early Earth’s 
atmosphere, our results suggest that the organic aerosol layers produced by benzene 
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pathways are optically thin. Neither indirect greenhouse nor anti-greenhouse effects of 
organic haze layer would have been efficient if organic aerosols are formed only by 
polymerization of benzene, contrary to the previous predictions. This is because the 
previous studies included all of polymerization reactions and overestimated the amount 
of the organic aerosols actually formed in the atmosphere. The absence of strong 
anti-greenhouse effect by organic aerosols suggests that a combination of greenhouse 
effects of ethane would have worked efficiently even under CH4-rich conditions to keep 
the Archean surface from freezing. We also suggest that if aerosol production occurs 
through nitrile polymerization, this would have resulted in thick aerosol layers. 
Assuming aggregate-shaped aerosol particles, such thick aerosols could have shielded 
NH3 from UV photolysis. Nitrile polymerization in early Earth’s atmosphere could have 
been important both for supporting the supply of NH3 and for shielding it from UV 
irradiation, keeping the surface temperature above the freezing point of H2O. 
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Summary 
 
 

To couple chemical and physical processes occurred in CH4-rich reducing 
atmospheres, we have conducted laboratory experiments of tholin formation and 
photochemical calculations to identify the parent molecules and chemical reactions that 
control the tholin production by irradiation of FUV light (120 < λ < 200 nm). Our 
results show that the tholin production rate is a linear function of actinic UV flux, which 
suggests that the aerosol production is limited by polymerization reactions between 
intermediate products produced from the photochemistry of methane. Our results also 
indicate that the tholin production rate remains almost constant as a function of 
CH4/CO2 ratio for higher CH4/CO2 (> 1), whereas the production rate drops remarkably 
with increasing CO2 concentration when CH4/CO2 ratio is less than unity. 
Photochemical calculations show that the behavior of tholin production as a function of 
CH4/CO2 ratio is in a good agreement with polymerization reaction rates involving 
benzene. These results suggest that benzene play the intermediate products that control 
the tholin production. On the other hand, polymerization reactions involving polyynes 
would not contribute to the tholin production, contrary to the assumptions of the 
previous studies. 

We then coupled a photochemical model to microphysical and radiative 
transfer models based on our experimental results that polymerization reactions of 
benzene control the production of aerosol monomers in CH4-rich atmosphere. Our 
results show that polymerization reactions of benzene cannot explain the proposed 
aerosol production rates in Titan’s atmosphere. In contrast, our results suggest that the 
organic aerosols in Titan’s atmosphere are largely produced by nitrile polymerization, 
which require high-energy particles to initiate the reactions. There results imply that 
Titan’s climate and surface environments would have been very sensitive to variations 
in the magnetic field of Saturn and solar wind flux in long-term evolution. 

In early Earth’s atmosphere, the organic aerosol layers produced by benzene 
polymerization would have been optically thin, insufficient to have both indirect 
greenhouse and anti-greenhouse effects. The absence of strong anti-greenhouse effect in 
turn suggests that the greenhouse effect of ethane would have worked efficiently to keep 
the Archean surface from freezing, especially under CH4-rich atmospheric conditions. 
The supply and loss of both CO2 and CH4 through biogeochemical processes are a 
function of surface temperature. Given that ethane concentration also varies as a 
function of CH4/CO2 ratio of the atmosphere, there would have been a feedback 
between surface temperature and ethane concentration. On the other hand, if aerosol 
production also proceeds through nitrile polymerization, thick aerosol layers would 
have been formed, sufficient for UV shielding of NH3 on early Earth. Further 
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investigation of nitrile polymerization by laboratory experiments will be important in 
future studies to evaluate the role of organic aerosols in early Earth’s atmosphere. 
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Appendices 
 
 

A. Photochemical scheme 
 
 Original No. denotes the reaction number for the appendix of Hebrard et al. 
(2006). Rate coefficients of first-order, second-order (two-body) and third-order 
(three-body) reactions are given in s-1, cm3 s-1 and cm6 s-1, respectively. 
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