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Foreword

The ultimate objective of the author of this work is to study nature and life. Without giving a definition
of this last, controversial word, limiting the concept to that for which humans are an example will
be enough for the purpose of this work. One of the motivations of this study is curiosity. However,
the main motivation comes from the author’s personal belief that the understanding of life in a wider
context than that given by the experiences we face everyday here on Earth, for example in the context
of other celestial bodies, may radically change the concepts and attitudes of many people in our society.

Of course any work is somehow related with nature and life, but a focus on a restricted subtopic is
mandatory. One of these subtopics is the building blocks of what we know today as examples of life.
Restricting the topic even more, the interests of this work are focused on basic organic compounds
that may give rise to more complex, prebiotic molecules. In particular, the interest is focused on their
identification, interrelation and their environmental conditions in the upper atmosphere of Titan. One
could wonder: why Titan?, why the thermosphere and not the stratosphere or even the surface?. The
answer to the first question is given in the Introduction. An ideal or logical development of motivation
to perform this work would maybe imply a study of Titan’s surface and atmosphere, the state of
knowledge about them and then, based on its importance, relevance, need and/or personal interest a
decision that a study of the upper atmosphere in the VUV domain was necessary. But the truth is that,
as in many other cases concerned with any other topic, there are other reasons which are rarely stated
although unavoidably present. The particular interest/focus in the thermosphere and particularly in
VUYV observations was influenced by practical and worldly events of the author’s personal life. This
changed a bit the order of things with respect to the ideal motivation development commented above
(change which is normal), without diminishing the interest or the relevance of this topic; relevance
which is going to be exposed mainly in the Introduction.

This final report describes the work done by the author as part of his doctorate in philosophy (PhD)
course, as student and employee during 3 years at the University Paris Est. The work was developed
in the Groupe de Physico-Chimie Organique Spatiale (GPCOS), at the Laboratoire Inter-Universitaire
des Systemes Atmosphériques (LISA), and combined with teaching activities in the Université Paris
Est Créteil (UPEC), in Créteil, France.

The document describes the analysis of Titan’s thermospheric composition and temperature, de-
rived from the analysis of data from the Ultraviolet Imaging Spectrograph (UVIS) on board the
Cassini orbiter. It comprises also laboratory measurements of absorption cross sections of the benzene
molecule.
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Abstract

The origin, distribution and evolution of organic molecules and life are the main subjects of a recent
scientific field known as astrobiology. One interesting subtopic is the identification of organic com-
pounds and the chemical and physical processes they are part of, in places other than Earth. One
particularly interesting object from this point of view is Titan, Saturn’s largest moon and the only
one in the Solar System known to have a thick N,/CH,, planet-like atmosphere. This atmosphere is
long ago known to be rich in organic compounds of high interest for astrobiology. The NASA-ESA-
AST mission Cassini-Huygens, was designed to explore the Saturnian system, with particular interest
in Titan. The instruments in Cassini provided large amounts of information about the atmosphere.
Data from the Ion Neutral Mass Spectrometer (INMS) and the Cassini Plasma Spectrometer showed
the existence of heavy organic neutrals (with up to 7 C atoms) and ions (bigger than 13000 Da) in
the thermosphere. Observations along the mission showed a complex atmospheric variability depend-
ing on many variables like solar activity or magnetospheric interactions, among others. The organic
molecules in the atmosphere give rise to a complex chemistry that leads to the formation of organic
aerosols in the lower stratospheric layers. These aerosols precipitate to the surface in Titan and con-
tinue their chemical evolution. This is one of the characteristics that makes Titan interesting from an
astrobiological perspective.

The Ultraviolet Imaging Spectrograph (UVIS) aboard Cassini is a valuable tool that allows study-
ing composition, species distribution and temperatures in Titan’s upper atmosphere. It can detect
molecules using their absorption features, in the region known as ignorosphere (500 - 950 km), be-
tween the ranges covered by the Composite InfraRed Spectrometer (CIRS) and INMS. The detection
is dependent on the absorption cross section of the molecules and aerosols, which are measured in
laboratory or calculated from theory. This PhD project focuses on the study of the upper atmosphere
of Titan from the analysis of Cassini-UVIS data and laboratory measurements of absorption cross
sections.

A characterization of the UVIS instrument and observations was necessary. Data from the Far
UltraViolet (FUV) and Extreme UltraViolet (EUV) channels of UVIS were analyzed and corrected
for instrument effects. From the analysis of 8 solar occultations in EUV, N, and CH, number density
profiles were derived with an inversion regularization method. Temperatures were obtained from the
N, profiles assuming an isothermal upper atmosphere. Stellar occultations in FUV were modeled and
a density retrieval technique characterized. The possibility of detection for different molecules (some
of them not detected by this technique before) was analyzed. Then, using a Levenberg-Marquardt
minimization algorithm, column density profiles for different hydrocarbons and nitriles, and optical
depth of aerosols were obtained from simulated data. The column densities and optical depth were
inverted with a regularization method to obtain number density profiles for the molecules and extinc-
tion profiles for the aerosols. The procedure was finally applied to 2 stellar occultations measured by
UVIS. The species studied are CH,, C,H,, HCN, C,H,, C,H,, C;H;, HC;N, CH;, and aerosols. The
profiles from the stellar and solar occultations were obtained for different times and locations. The
temperatures derived were analyzed as a function of geographical and temporal variables—latitude,
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longitude, date of observation, etc.—without a clear correlation with any of them, although a trend
of decreasing temperature towards the poles could be observed. The globally averaged temperature
obtained is (144 + 2) K. Atmospheric variability was discussed on the light of these results.

Benzene (CiHg) is an important molecule detected in Titan’s atmosphere because it is thought
to be intermediate between the gas and solid particle formation. Measurements of absorption in the
ultraviolet by benzene gas, at temperatures covering the range from room temperature to 215 K, were
performed in different international facilities. From them, benzene absorption cross sections were
derived and analyzed in terms on the transitions observed. No significant variation with measurement
temperature was observed. Implications of this results for the identification of benzene in Titan’s
thermosphere by UVIS were discussed. The absorption cross sections were used in the derivation of
CegHg abundances in Titan’s thermosphere commented above.

In summary the analysis of UVIS observations presented contribute to the characterization of the
upper atmosphere through N, density profiles, thermospheric temperatures, density profiles of minor
species and extinction profiles of aerosols. This observational data will help to constrain and contrast
photochemical models. The abundance profiles and temperatures given for different geographical and
temporal coordinates can be used to further study the atmospheric variability. As a whole, the results
of this work are expected to help in the understanding of Titan’s upper atmospheric composition and
dynamics. This knowledge, combined with information about Titan’s lower atmosphere and surface,
will help to understand the evolution of organic molecules in this neighboring abiotic celestial body.
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2 CHAPTER 1. INTRODUCTION

The origin, evolution and distribution of life in the universe, including Earth, are the focus of a
research field known as astrobiology. This wide field of study requires an interdisciplinary approach
to get a global picture and understand the interrelations of the complex processes involved. Any
contribution to this field will focus on a sub-topic, studied from a particular point of view, framed
by a particular discipline, but without disregarding the interrelations with the others. One of these
subtopics is the ‘building blocks’ of what we know today as examples of life, organic molecules. It is
believed that these carbon-containing molecules, taking part in increasingly complex organic chemistry,
under particular conditions, can lead to matter that is alive. Organic molecules are the very basic
constituents of living organisms here on Earth, where their presence and interactions can be readily
studied. But a comprehensive study of the role of this molecules in the development of life cannot
be limited to Earth or a present state. These molecules are distributed across the universe, under
different environments, changing in different time scales, without the influence of human activity. In
spite of their relevance to the origin of life, our knowledge about the distribution, interactions and
the conditions this molecules are subject to in extraterrestrial environments is limited. Increasing this
knowledge is the objective of this work. To help us to get a wider picture of nature and make a modest
contribution to astrobiology that, together with the results from other studies and disciplines, could
shed light over the processes that led to life here on Earth.

Among the organic molecules of interest for astrobiology there are those that take place in prebiotic
chemistry. This is an organic chemistry (chemistry involving organic molecules) in liquid water that
produces what can be called prebiotic molecules (e.g. sugar, amino acid, and nitrogenous base),
sensible to form compounds of biological interests (Raulin, 2005,b). Organic molecules include volatiles
like hydrogen cyanide (HCN), formaldehyde (HCHO), cyanoacetylene (HC;N) and their oligomers.
A next step in prebiotic chemistry is the formation of organic macromolecular products. These are
formed systematically in laboratory simulations of atmospheric gas mixtures leading to the formation
of organic products. The exact composition of these muddy compounds depends on the formation
conditions. Interestingly, when hydrolyzed they are capable of letting out a wide variety of organics
and oxygenated compounds, including many of biological interest, such as amino acids. On certain
celestial bodies (as the case of Titan as explained below) macromolecular material created in the
atmosphere can precipitate to the surface and further evolve. Therefore, prebiotic molecules and
the organic compounds obtained from them are primordial to be characterized in extraterrestrial
environments.

Atmospheres are an important target in the study of organic chemistry. Old theories considered
the possibility that prebiotic compounds were formed in a primitive reducing Earth atmosphere, and
that prebiotic chemistry took place with the precipitated compounds in the surface oceans (Miller,
1953). Although nowadays this idea has been abandoned, the early Earth atmosphere probably not
being reducing enough for atmospheric organic synthesis to take place; atmospheric organic chemistry
is still of interest, as it can take place in many extraterrestrial environments, mainly in atmospheres
of giant planets'. It takes place in atmospheres in our Solar System and allows us to test theories
about this type of chemistry ‘in the field’. Moreover, atmospheric composition is fundamental for the
adaptation of living organisms on the surface. In this context the study of any atmosphere is relevant,
and particularly one rich in organic compounds. Organic compounds in atmospheres (like methane
(CH,), acetylene (C,H,), to mention some) and nitrogenated compounds (like molecular nitrogen (N,),
ammonia (NHj), etc.) could lead to the formation of more complex molecules, including prebiotic ones.
All this makes the identification and characterization of organic compounds in the universe, and in
planetary atmospheres in particular, a very interesting topic, and the focus of this work.

IFor a discussion about early Earth atmosphere and a comparison with Titan’s see for example Selsis and Parisot
(2005) and Reisse (2005).



Table 1.1: Titan characteristics. Most of the values are taken from Coustenis and Taylor (2008). Third column is
expressed in Earth units.

Mass 1.346x10% kg 0.0226
Equatorial radius 2575 km 0.202
Mean distance from Saturn 1,221,850 km -
Mean distance from Sun 1.422x10% km 9.55
Solar Flux 15.1 W m? 0.01
Orbital period 15.95 Earth days 15.95
Rotaional Period 15.95 Earth days 15.95
Month duration (period around Saturn) 0.58 Earth months 0.58
Titan year (period around Sun) 29.5 Earth Years  29.5
Orbital eccentricity 0.029 1.74
Orbital inclination to Saturn’s Equator  0.33° -
Orbital inclination to Ecliptic 29.6° 1.3
Axial Tilt 0° 0
Mean surface Temperature 94 K 0.33
Surface pressure 1.5 bar 1.5
Surface gravity 1.35m s 2 0.14

One of the bodies in our Solar System is particularly relevant to the interests outlined in the
previous paragraphs. Titan, Saturn’s biggest satellite, is similar to some models of the early Earth and
its characteristics can teach us about our home world and other celestial bodies in general. Some orbital
and physical characteristics of Titan are given in Table 1.1. Titan’s bulk composition is mainly water
ice and rocky material (ESA, 2005). It has a rocky center and several layers of ice at different pressures,
with a possible liquid layer of water and ammonia between low and high pressure ice layers (Tobie et al.,
2005). In this sub-surface ocean, chemical evolution may also occur and early conditions inside Titan
could have fostered the development of prebiotic chemistry and the possible emergence of life (Raulin
et al., 2009). The surface is composed mainly of water ice and organics (Soderblom et al., 2009a).
It is smooth, with few impact craters. It presents low height variation with the exception of some
mountains of several hundred meters and several possible cryovolcanoes (Jaumann et al., 2009).
Radar experiments about Titan’s surface revealed signs of land-like surfaces spattered with lakes, the
only large, stable bodies of surface liquid known to exist anywhere other than on Earth. The lakes
are made of liquid hydrocarbons (Stofan et al., 2007), which are an interesting environment from the
astrobiological point of view, due to their potential to concentrate macromolecular species. Although
the surface temperature (94 K, Fulchignoni et al., 2005) is too low for prebiotic chemistry to take place
in Titan’s surface, the possibility of being warmed up by cometary impacts or internal heating during
periods long enough to allow some kind of chemical evolution (Raulin, 2005), as well as the possible
presence of sub-surface liquid water-ammonia solution, are thrilling. Additionally, Titan is the only
satellite in the Solar System known to have a thick, planet-like atmosphere. Even in the absence of
life, the prebiotic conditions of the Titanian environment and the associated organic chemistry are
of great interest. Complex and still not fully understood chemical reactions among a whole ‘zoo’ of
organic molecules higher in the atmosphere produce organic aerosols, that precipitate to the surface.
The formation of a UV-protective aerosol layer would protect eventual organics in the surface, the
possibility of this mechanism taking place in a body with more life-friendly surface conditions, like
a prebiotic Earth, adds relevance to the study of these processes. The production, evolution and
delivery of these ‘basic blocks’ for life in the atmosphere is one of the main motivations of the studies
of Titan from the astrobiological point of view. Titan can be considered as a frozen planetary-scale
chemical reactor, some of the processes taking place in it having maybe taken place in early Earth
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(in the atmosphere or other places, like oceanic hydrothermal vents (Reisse, 2005)). Consequently,
characterizing and understanding Titan, and particularly its atmosphere, might help understand the
processes that can lead to prebiotic chemistry in a planet.

1.1 Titan’s atmosphere

1.1.1 A short tale about an intriguing atmosphere

The interest about Titan’s atmosphere can be emphasized by a quick chronological review of some
discoveries, studies and experiments that contributed to the actual knowledge of it. This short review
focused on the upper atmosphere (although comments on lower layers will also be made) is intended
to provide an historical context, as well as a short tale of progressive discovery of this fascinating
atmosphere. Many important aspects will be omitted for simplicity and the reader is referred to the
existing bibliography for further information. For example, Coustenis et al. (2009b), on which this
section is largely based.

José Comas Sola claimed in 1908 to have observed limb darkening on Titan, and therefore an
atmosphere. A few decades later James Jeans concluded, from his analysis of escape processes in
atmospheres, that heavy gases could have been retained by Titan after its formation if temperatures
between 60 - 100 K prevailed (Jeans, 1931). These gases could be, among others, ammonia, argon
(Ar), neon (Ne), molecular nitrogen and methane. The presence of the atmosphere was confirmed by
Gerald Kuiper in 1944, who actually detected methane in it (Kuiper, 1944). The detection of methane
implied a chemically evolved atmosphere, as methane requires carbon (C) and hydrogen (H), and the
latter should have escaped from Titan long ago. The presence of the atmosphere was soon recognized
as a unique characteristic of Titan among the other satellites.

New information about Titan atmosphere had to wait till the 1970s, when the main components
of the atmosphere started to be elucidated. Trafton announced the detection of molecular hydrogen
through infrared spectroscopic studies (Trafton, 1972b), implying the presence of a molecular hydrogen
(H,) escape inhibiting gas. At the same time, Trafton (1972a) determined a higher absorption than
Kuiper in one of the IR bands of methane, meaning a higher abundance of CH, or, again, the pres-
ence of another undetected but abundant gas which would broaden CH, bands via collisions. Hunten
(1973b,a) considered N,, or CH, as the main constituent of the atmosphere, but the low abundances of
methane and high effective pressure estimates in Titan derived shortly afterwards (Lutz et al., 1976)
constrained methane to a minor component. Moreover, the absence of substantial quantities of NH,
led to the assumption that it could have been dissociated into N, and H,, supporting the idea of N, as
the main component of the atmosphere. Contemporaneously, low albedo (Danielson et al., 1973) and
polarization measurements of reflected radiation measured for Titan implied the presence of a visible-
ultraviolet (VIS-UV) absorbing haze, which turned to be distributed around Titan (Veverka, 1973).
Hypotheses on the composition of the haze pointed to complex organics. This ideas were supported by
experiments and identification via observations in the thermal range of not only CH, but also ethane
(CyHg), ethylene (C,H,), and CyH, (Gillett et al., 1973; Gillett, 1975). Thus the picture of condensed
CH, and a ’fog’ of polymers formed from the fragments of methane UV photolysis took form. The
properties of this haze not being well known, any attempt of interpretation of spectroscopic observa-
tions was (and still is) dependent on the assumptions about the haze particles. The *70s first models of
Titan’s atmosphere concentrated on CH, and hydrocarbons as main components (e.g. Strobel, 1974).
On the other hand, models about the formation of Titan including a N, atmosphere (Lewis, 1971) and
a high surface temperature derived from observations (Conklin et al., 1977), led Hunten and Morrison
(1978) to propose a model in which dissociation of NH,; would lead to Ny, with surface pressures of
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tenths of bars. Subsequently, it was Strobel in 1982 who first modeled Titan’s atmospheric chemistry
with N, as the main species. At the end of the '70s then, a few measurements and a lot of hypothesis
set the temperature and pressure spanning a few order of magnitudes around actual values. The
terrain was set, but new measurements were desperately needed.

The Voyager 1 flyby in 1980 shocked with an unpleasant surprise: the satellite was completely
shrouded by the thick (optical depth 5) atmosphere. Nevertheless, the observations helped in finding
some answers to the many questions about Titan’s atmosphere. Voyager images showed an hemispheric
asymmetry, explained at that time in terms of variations in haze density, particle size and composition,
as well as seasonal effects (Smith et al., 1982). A haze layer detached from the main haze was observed
at about 300 km, although the properties of the haze were minimally constrained, and no model could
reconcile the different measured properties of the haze. Analyses of the Voyager /Radio Science System
(RSS) and Voyager/Infrared Interferometer Spectrometer (IRIS) data in the '80s (e.g. Samuelson
et al.,, 1981; Lindal et al., 1983; Lellouch et al., 1989) allowed to derive a satellite radius, surface
pressure and temperature in close agreement with actual values. Combining different constraints
from the experiments in Voyager, N, was confirmed as the main constituent of the atmosphere. As
they provide a method to directly probe N, densities in the upper atmosphere, solar occultation
measurements performed with the Voyager/UltraViolet Spectrometer (UVS) instrument played an
important role in this determination (see e.g. Smith et al., 1982). Results from UVS also provided a
value of thermospheric temperature of 186 K at 1265 km and a CH, abundance of 8% at 1125 km.
CH, and other minor hydrocarbons were also confirmed from Voyager infrared data (e.g. Coustenis
et al., 1989a). The confirmation of the presence of complex organics motivated the generation of lab
experiments and of 1-D photochemical models. These models were also the basis of the knowledge of
the thermal structure of the middle and upper atmosphere, much less characterized than the lower
atmosphere. These new models (Strobel, 1982; Yung et al., 1984) were based on chemical reactions in
a N,-CH, atmosphere, vertical transport modeled with an eddy diffusion coefficient profile. The main
reactions were established and the results were the irreversible destruction of N, and CH, (the latter
should have been completely destroyed by photolysis in some 10° years time), the production of many
hydrocarbons and nitriles and H,, the latter escaping to space. The possible inventory of the chemical
constituents kept growing, and the ideas of molecular complexity leading to solid phase products gain
support, as more molecules and aerosols with properties similar to those of Titan were detected in new
laboratory experiments, trying to reproduce the conditions in Titan’s atmosphere (Raulin et al., 1982;
Khare et al., 1984, 1986; Mckay et al., 1989). One decade after the flyby, the molecules detected from
Voyager data seemed to fall short compared to the variety of organics and derived macromolecules
obtained in experiments and models, but this would not last for long.

By the end of the 20th century a more comprehensive picture and interpretation of the atmosphere
emerged, supported by new observations. The complex hydrocarbons predicted in models, observed in
laboratories or unexpected from these two sources started to be detected in the satellite. In addition
to the analysis of IRIS data (Coustenis et al., 1989a,b) the detections were achieved using ground or
Earth orbit observations, thanks to the development of high resolution capability instrumentation in
the last 20 years of the 20th century, especially in the thermal infrared and mm/sub-mm ranges (and
therefore limited to the lower atmospheric layers in Titan). This made it possible to obtain more
precise abundance and temperature profiles, to detect new molecules and to probe the atmosphere
at lower levels than Voyager. Examples of this detections are those of water (H,O) and benzene
(CgHg) (Coustenis et al., 1989a, 2003) from ISO observations. Nevertheless the Voyager 1 observa-
tions continued to be exploited for more than 2 decades after the flyby. From the analysis of IRIS data
recorded over the north (winter) pole, Coustenis et al. (1991) showed an abundance of hydrocarbons
increasing with altitude, consistent with species forming in the upper atmosphere and sinking in the
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lower stratosphere. Still from IRIS data, an enhance towards northern (winter) latitudes of most of
the minor hydrocarbons was observed (Coustenis and Bézard, 1995). The new molecules detected
motivated updates to the 1-D photochemical models in the '90s (e.g. Toublanc et al., 1995; Lara et al.,
1996) and the observed latitudinal variations and associated temperature differences originated differ-
ent explanations (Flasar and Conrath, 1990; Bézard et al., 1995). General circulation models (Hourdin
et al., 1995) attacked these topics and provided a picture of summer pole to winter pole circulation
above the stratosphere and opposite below it. During equinoxes this circulation would break into
two circulation cells with upwelling at the equator. At the same time new efforts in the study of the
haze lead to reconcile its properties measured by Voyager some 15 years before. This was achieved
thanks to models that treated the aerosols as conglomerates of small (hundredths of um) spherical
particles (West and Smith, 1991; Rannou et al., 1995). As for the upper atmosphere, temperature
profiles up to some 500 km altitude derived from a stellar occultation measured from the ground in
1998 (Sicardy et al., 1999) showed local structure with two inversion layers at 425 and 450 km. The
observed structure motivated an interpretation based on waves braking in the upper stratosphere.
Thus, when the 21st century started, thanks to Voyager and ground based measurements, main com-
position, trace gases, pressure and temperature were constrained, although with a large span of values.
But topics as the origin of N, and methane remained open, and a vertical profile of CH, uncertain.
Whereas the first close taste of the satellite had provided constrains and confirmations for some of the
old theories, the complex picture associated with Titan required more observations to understand it.

In the first years of the 2000s Titan was experiencing its northern winter solstice, two thirds
of a Titan year had passed from the Voyager 1 encounter and seasonal changes could be better
studied, giving rise to new interpretations. Ground and Earth orbit measurements had been performed
at different moments since the northern spring around 1980, when Voyager flew by the satellite.
The latitudinal asymmetry observed by Voyager reversed during this period (Caldwell et al., 1992;
Coustenis et al., 2001). The circulation in the atmosphere was interpreted to be coupled with the
distribution of haze and minor constituents (Rannou et al., 2002; Lebonnois et al., 2003), and better
explained by a global circulation model coupled with a haze microphysical model (Rannou et al.,
2004). More photochemical models contributed to the knowledge about the haze (Wilson et al.,
2003; Wilson and Atreya, 2003), explaining Titan’s haze as the result of coupled hydrocarbon-nitrile
polymers and Polycyclic Aromatic Hydrocarbons (PAH). This fact assigned particular importance to
benzene as link between the gas and the haze. But the pathways to haze formation were still missing.
The models kept updating with new constraints, like the new profiles for N, and other hydrocarbons
provided by Vervack et al. (2004) from a reanalysis of Voyager 1/UVS data, measured more than 20
years before. They derived thermospheric temperatures of ~ 155 K, more in agreement with current
values than the 186 K from Smith et al. (1982). Notwithstanding the better knowledge of the thermal
structure, the experiments simulating Titan’s atmosphere (e.g. Coll and Raulin, 1998; Coll et al., 1999;
Ramirez et al., 2001; Ramirez and Navarro Gonzalez, 2002; Imanaka et al., 2004) kept surprising due
to the high order hydrocarbons and nitriles obtained, compared to the inventory detected in Titan.
What is the degree of complexity achieved by the chemistry on Titan? What parameters dictate the
circulation of the atmosphere? How variable is it? What is the origin of Titan’s methane? What is
the nature of the surface, its composition and topography? These questions were still opened before
the Cassini/Huygens mission, which would provide new answers, and questions.

The thirst for a new close look of Titan had to wait till the arrival to the Saturnian system of
Cassini/Huygens in the end of 2004. Measurements from the Cassini orbiter and the Huygens probe to
Titan have been analyzed since then, with new information becoming available after each Titan flyby,
which continue in the present days (September 2013). These analyses contributed to solve some of the
questions about Titan as well as to expand in location and time the measurements of the atmosphere.
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Long after N, was postulated as main atmosphere constituent, Cassini measurements support the idea
that N, was not primordial, but probably produced from photolyzed NH;. The Composite Infrared
Spectrometer (CIRS) instrument on Cassini, with improved spectral resolution with respect to IRIS on
Voyager, incremented our knowledge of the composition and temperature structure in the stratosphere.
The trends observed in the stratosphere from Voyager data, with abundance of some hydrocarbons
increasing with height and with an enrichment towards the north (winter) pole, were confirmed and
the studies extended (see for example Vinatier et al., 2007, 2010). Neutral and ionic composition
and temperature in the thermosphere above some 900 km were measured with unprecedented spatial
resolution and frequency by the Ion and Neutral Mass Spectrometer (INMS). The Ultraviolet Imag-
ing Spectrograph (UVIS) experiment complemented the mentioned instruments in altitude coverage,
providing composition and temperature measurements of the thermosphere (Shemansky et al., 2005;
Koskinen et al., 2011; Capalbo et al., 2013), although published results derived from UVIS are fewer
than those derived from CIRS and INMS. But new puzzling measurements arrived also with Cassini.
Since 2005 INMS and the Cassini Plasma Spectrometer (CAPS) measured heavy organic neutrals
(with up to 7 C atoms, including C4Hg, e.g. Magee et al., 2009) and ions (of more than 13000 Da, e.g.
Coates et al., 2009) in the atmosphere, above 900 km. This led to a re-formulation of thermospheric
chemistry and photochemical models, which started to include ion chemistry (Vuitton et al., 2007,
2008) and to re-analyze the paths to macromolecule formation (Lavvas et al., 2008a,b). Models before
Cassini included hydrocarbons and nitriles, a few included thermosphere minor neutral. After Cassini,
new species and reactions were included, particularly in the thermosphere. Observations along the
Cassini mission showed interesting temporal and geographical /horizontal variability in the upper at-
mosphere. The dependence of this variability on parameters like solar activity or magnetospheric
interactions is still under study. Miiller-Wodarg et al. (2008) suggest that Titan’s thermosphere is
highly variable and dominated by strong dynamics, which are accompanied by an oblate shape of
the atmosphere at those thermospheric heights. This picture diverges considerably from the global
structure predicted in the pre-Cassini era by general circulation models which considered solar heating
alone (like Muller-Wodarg et al., 2000). Magnetospheric influence on thermospheric temperatures was
also suggested (Westlake et al., 2011). The efforts to reconcile the measurements and understand the
atmosphere continue till the present day, with new information arriving from Cassini and lab experi-
ments, and new interpretation and models that let us layout a picture of the atmosphere in general,
and the thermosphere particularly.

1.1.2 General description - state of knowledge
Composition

From all the experimental evidence and studies developed in the last century we can have a good
idea about Titan’s atmosphere. In what follows, this text will focus on composition, temperature
structure and variability of the upper atmosphere (above ~500 km), referring to lower layers when
suitable to underline a possible connection or explanation. The surface gravity of about 0.14 g makes
Titan’s atmosphere much more extended than in the case of Earth, with an exobase around 1500 km
(e.g. Westlake et al., 2011). It is composed mainly of N,, the main trace gas being CH,, followed
by H,. Dissociation and ionization of N, and CH, in the upper atmosphere by UV radiation from
the Sun and precipitating electrons, following by recombination of the products, give rise to different
hydrocarbons (which in turn can give rise to polycyclic aromatic hydrocarbons) and nitriles (including
the prebiotic HCN). Oxygenated species like H,O and carbon monoxide (CO) are also present, though
less abundant than the species previously mentioned. Just as an example of the complexity of the
composition, a table comparing some measurements and models from the bibliography is shown in
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Figure 1.1.

Species Lebonnais ‘Wilson and Atreya INMSTa INMSWOT INMSglob—Cui-unc INMSglob—Cui-comr INMSglob-Magee UVISTh Vuitton
CH, 7.100% 9.400% 2.19 £ 0.0002% 1.550% 2.20 £ 0.01% 220+001% 2,45+ .366% 5.700%

H, 0.270% 0.220% 0410 £0005%  0400% 0.390 £ 0.01% 0.390 = 0.01% 0,409 + 03405

CH, 0.039% 0,063% 0.019 +0.005% 0.025% 0.012 £0.01%" 0.0310% +0.01%" 0.037T8-0571% 0.340%

CH, 0.080% 0.110% 0.053 £ 0.008% 0.072% E i 0.007-0.065% 0.430%

CHr L1 ppm 18 ppm 39+ 0.22 ppm 11 ppm 6.3 ppm 1460 + 90 ppm 10.7-13.0 ppm

HCN Q00 ppm 192-561 ppm 5520 ppm 200 ppm
WAr 7.1 +£0.1 ppm 11.0+0.3 ppm LL0+0.3 ppm 152-16.1 ppm

CH, 37 ppm 197 ppm 121 £ 6 ppm 20 ppm 27+ 1.9 ppm 73 £ 26 ppm 44102 ppm 4480 ppm

HC N 2 ppm! <[5 ppm 32+ 7 ppm 1.32-2.02 ppm 40 ppm
CH; 0.1 ppm* 3.3 ppm 0.9+ 0.04 ppm 3.22-334 ppm 3 ppm
CH, 3 ppm’ 5.1 ppm 25+0.1 ppm 6.4+2.7 ppm 6.09-7.37 ppm 740 ppm 10 ppm
CH, 0.03 ppm? 0.8 ppm
CH, 0.3 ppm
CH, <0.13 ppm 0.006-0.08 ppm (.2 ppm
C.H, SE-4 ppm?! (.2 ppm
C,N, 3.3 ppm 1.5+ 0.09 ppm 48 £ 8 ppm 1.72-2.83 ppm

CH,CN 0.9 ppm* <1.48 ppm 31 =7 ppm® 3ppm
C,H,CN | ppm? <057 ppm <18 ppm 0.24-0.61 ppm 10 ppm
CH.CN 0.218-0.46 ppm 0.5 ppm
CHN 4 ppm
HC,N I ppm
C.HN 0.4 ppm
CHN 0.3 ppm
CHN 0.1 ppm
NH, 0.04 ppm? 299+ 7.8 ppm 6.7 ppm
CH,NH 10 ppm
Lebonnois et al. (2001) model — 1180 km.

Wilson and Atreya (2004) model — 1180 km

INMSzlob-Magee — global average 1000-1 100 km. min and max values (Magee et al., 2009).
INMS Ta ( Waite et al., 2005) — 1176 km.

INMSWOT (Waite et al. 2007; z=960 km. 717 lat: just one example).

UVIS Th (Shemansky et al., 2005); reported relative to CH,; converted here with n =5 8E9 cm; 1006 km.
INMSzlob — Cui —une: uncorrected global average 1077 km (Cui et al., 2009a)
INMSglob—Cui-cor: corrected values 1077 km (Cui et al.. 2009a)

Vuirton (Vuitton et al., 2006, 2007) ionosphenc model: just deduced values — 1100km

*C,H, (CH,C Hand CHCH ).

" Combined CH and C H

“altitude of 1025 km.

4 altitude of 1000 km

Figure 1.1: Titan’s upper atmosphere composition from different measurements and models. From Soderblom et al.
(2009b). Header of second column should read Lebonnois.

As a general rule for the trace gases, the higher the complexity of a molecule the less its abundance
in the atmosphere. The vertical abundance profiles of the different species are affected by molecular
diffusion in the upper atmosphere and by eddy mixing in lower layers, the borderline of these effects
being the homopause. The homopause has been placed somewhere between 850 and 1100 km (Yelle
et al., 2008; Cui et al., 2009; Vervack et al., 2004). N,, as the main component, can be considered
in hydrostatic equilibrium, the abundance of other minor species are subject to source/sinks and
transport phenomena. Sinks and sources greatly affect the vertical profiles of chemically active species.
Those with a short chemical lifetime have its presence determined by chemical processes, those with a
long chemical lifetime, are distributed according to transport and dynamical processes. Photochemical
models predict that the molecular vertical mixing ratio profiles increase with height in the stratosphere,
as the molecules are formed in the upper atmosphere, diffuse downwards and generally condense in
the lower stratosphere. The abundance then decreases with altitude in the thermosphere above the
production region. Models that are one dimensional should be representative of what is observed
at mid latitudes. Mixing ratios of some species have been observed to increase with altitude in the
stratosphere for southern (summer) and mid latitudes (see for example Vinatier et al., 2007, 2010),
supporting the described behavior, although this is not the same for all latitudes as will be commented
below. In the lower thermosphere number density profiles from UVIS (Koskinen et al., 2011) show
maxima near the predicted production region for some species, and Shemansky et al. (2005) showed
a depletion in the upper thermosphere for the same species. However the abundance profiles are
not always monotonically increasing/decreasing with altitude below/above this ‘creation layer’, other
interesting phenomena are observed. Shemansky et al. (2005) show two changes in the scale height of
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the species (at about 700 and 1000 km), and the number density profiles from Koskinen et al. (2011)
present a wavy behavior. Although they are not going to be treated in this essay, ions are another
important component of Titan’s upper atmosphere (see e.g. Vuitton et al., 2009). Although limited
to only one dimension, the characterization of the vertical distributions of atmospheric constituents is
of fundamental importance to add to the global picture of the atmosphere. The main characteristics
of the gaseous phase of the neutral upper atmosphere is somehow established, but the measurements
and models of composition available today present some inconsistencies when contrasted with each
other (see discrepancies in the following sections). Moreover, the consequences of such composition
and its fluctuations around the average observed is still under study.

Aerosols

According to models, hydrocarbons and nitriles will form polyacetylene polymers, nitrile polymers,
PAH polymers as well as aliphatic and aromatic copolymers (see for example Wilson and Atreya, 2003;
Lavvas et al., 2008b). These polymers could agglomerate and form organic haze particles or aerosols.
The implications of this haze are manifold. It plays an important role in the atmospheric radiative
balance, affecting the temperature structure; it also affects the radiative transfer and thus influences
photolysis. The aerosol surface could also host heterogeneous processes (Lavvas et al., 2011). The
astrobiological importance of this haze has been recognized since its detection some 40 years ago. The
haze can precipitate onto the surface (and lakes) and undergo further chemical evolution according to
surface conditions. Moreover, its UV protective nature can shield the surface from harmful radiation.
The path to haze formation appears to take place all across the atmosphere, from seed particles to
coagulation and then aggregation, to end up in a haze layer (see Lavvas et al. (2011) and Figure 1.2).
What is the composition of Titan’s aerosols?, how are they formed? The efforts to answer these key
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Figure 1.2: Complexification of Titan composition, from gas to aerosols (from Waite et al., 2007)

questions about Titan’s atmosphere include laboratory experiments trying to reproduce the conditions
in Titan’s atmosphere (Raulin et al., 1982; Khare et al., 1984, 1986; Mckay et al., 1989). They pro-
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vided evidence that the complex organics formed out of the gas mixture can lead to solid compounds
called ‘tholins’, with similar optical properties to those observed in Titan’s haze. However, it should
be noted that the haze production mechanisms and resulting haze optical properties depend largely
on the pressure, temperature and initial mixture (CH,/N,) of the experiment. This might imply
that in different altitudes of the atmosphere the haze formation processes vary, leading to other key
question: what are the aerosol distributions in time and space on Titan? Aerosols have been observed
at altitudes as high as 1000 km (Liang et al., 2007) and down to the surface. Moreover, particles
detected with mass >> 13000 Da at some 950 km and above (Coates et al., 2009) are likely aerosol
precursors. But although their presence is unquestionable, their characteristics are elusive. Aerosol
size and shape are important for their microphysics, but size depends on ion charge and a range of
values are possible. High polarization and high forward scattering measured from Voyager and Pioneer
lead to postulate that the particles were non spherical (West et al., 1983). The high polarization sug-
gested loose aggregates, with small monomers of about 50 nm. The high forward scattering suggested
a large area (equivalent sphere of 2 um radius) with about 3000 monomers per each (Tomasko et al.,
2008). FUV stellar occultations provide little constraints for the aerosols characteristics (Koskinen
et al., 2011). Nevertheless they can provide extinction vertical profiles in the lower thermosphere (600
- 800 km) and help characterize the aerosols’ horizontal /temporal distribution combining occultations
measured for different geographical locations at different times. Either because of their astrobiological
implications or their influence in Titan’s atmosphere thermal structure and dynamics, aerosols are a
primary component of the atmosphere which can not be left aside in the efforts to understand it.

Vertical structure

The composition and vertical distribution of the gases and aerosols largely determine the vertical
structure of Titan’s atmosphere. Heating and cooling from gases and haze balance in different ways
at different altitudes and, although derived vertical profiles vary from model to model and from model
to measurements, a rough temperature profile can be described. From 94 K at the surface, the tem-
perature decreases with height in the troposphere, getting as low as about 70 K at a tropopause at
approximately 50 km. The temperature increases in the stratosphere, avoiding N, to condensate,
and reaches values of about 180 K at the stratopause, located around 300 km. The existence of a
mesosphere is not clear, although the presence of a temperature inversion at about 500 km due to the
detached haze layer centered at around 550 km has been observed. Above this tentative mesopause the
temperature increases with height in the thermosphere, until the profile becomes mainly isothermal
with temperatures measured around 150 - 170 K. In this text the author will loosely refer to the lower
thermosphere for altitudes roughly between 600 and 900 km and to the upper thermosphere meaning
altitudes ranging from 900 to 1400 km. The Huygens Atmospheric Structure Instrument (HASI) ex-
periment aboard the Huygens probe provided a one time/one location temperature profile from the
surface up to 1400 km. Another unique measurement came from UVS on Voyager, from a solar occul-
tation (Vervack et al., 2004). From UVIS occultations Shemansky et al. (2005) derived a temperature
profile for the thermosphere. The main, regular, upper atmosphere temperature determinations come
from INMS measurements.

The thermosphere is particularly important in the global picture of Titan’s atmosphere. Based
on what has been exposed above, it can be thought of as a chemical factory that forms complex and
heavy positive and negative ions and molecules (e.g. aromatic and nitrile species) in its upper layers,
as a consequence of interaction with EUV radiation, energetic ions and electrons. This is the region
where photolysis of N, and CH, occurs. The molecules and ions formed are thought to start the haze
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formation processes, with aerosols detected as high as 1000 km (Liang et al., 2007). These particles fall
through the upper layers and grow, and eventually become ubiquitous throughout the stratosphere,
playing a fundamental role in heating Titan’s stratosphere and perhaps the thermosphere (Lavvas
et al., 2009). UVIS solar occultations can provide an independent and reliable measurement of tem-
perature in the upper atmosphere through the measurements of N, profiles. Measured at different
locations/times they are a valuable addition to the study of the thermal structure and its variability.
This will be one of the main results of the present manuscript. All things considered, the average
composition and temperature structure of the upper atmosphere of Titan is well characterized. At
the same time, it presents a variability far from being completely interpreted.

Variability

Titan’s upper atmosphere presents a marked variability. Added to the variations observed before the
arrival of Cassini to the Saturnian system, commented previously, the analyses of INMS data show
that the abundances and temperatures can vary from flyby to flyby (see for example Cui et al., 2009;
Magee et al., 2009). The models also predict variability in the atmosphere based on different factors,
like solar zenith angle (De La Haye et al., 2008). For the purpose of analysis, one could try to classify
the abundance and/or temperature variability in horizontal and temporal, according to the factors
that might cause it, keeping in mind that the observed behavior can be the result of an inseparable
combination of all of them and a correlation with any of these parameters might be absent. Moreover,
the possibility of a bias in a reduced data set should be kept in mind.

The horizontal variability can be divided in latitudinal and longitudinal. There are several mani-
festations of variations as a function of latitude. One of the manifestations is in composition. Vinatier
et al. (2010) showed an enrichment of many hydrocarbons and nitrile species at low stratospheric alti-
tude near the north (winter) pole. They also showed that the vertical profile of some species changes for
northern latitudes and the general increase with altitude observed for equatorial or southern latitudes
is not maintained. For the higher layers, INMS measurements of the thermosphere, above 1100 km,
show a density increase towards the equator for some of the heavy hydrocarbons (Miiller-Wodarg
et al., 2008). This is reflected in the oblateness of the atmosphere obtained in the empirical model
in the cited work and commented before. The latitudinal variations manifest also in temperature.
Titan has a difference in temperature between the hemispheres at the stratospheric level. According
to CIRS measurements, the stratosphere is colder in the winter pole, the stratopause being higher
and warmer in this pole. In the thermosphere, some INMS measurements and models based on them
also showed a decreasing temperature towards the winter pole (Cui et al., 2009; Miiller-Wodarg et al.,
2008). However, Snowden et al. (2013) find no correlation between temperatures measured in the
upper atmosphere and latitude in their analysis of INMS data. Thanks to general circulation models
we know now that Titan presents a meridional circulation: at solstice, there is air flow and transport
from summer pole to winter pole in the stratosphere and above and winter pole to summer pole be-
low. During equinoxes the circulation breaks into two, with upwelling in the equator and downwelling
in the poles, and there is a symmetry between north and south hemispheres. This ought to change
over the course of Titan’s year (30 terrestrial years). The latitudinal transport also allows haze par-
ticles to remain in the atmosphere for a longer time until they are deposited in the polar regions.
The transport and accumulation of the haze (and hydrocarbons in a less important way) towards
the winter hemisphere increases cooling there and powers the transport effect. This circulation takes
part mainly in the stratosphere and mesosphere, the thermosphere being less affected by it. At the
same time, recent seasonal changes in the altitude of the detached haze provide a strong argument
for circulation-induced modification of the haze (Teanby et al., 2012). An origin in a transition from
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monomer to fractal haze particles, combined with higher-altitude haze production and subsequent
modification by high-altitude dynamical circulation, is required to provide a complete explanation.
Their measurements show that the radiative effects of this complex chemistry are sufficient to drive
dynamics up to very high altitudes, effectively linking chemical and dynamical processes well into
the thermosphere (above 500 km), providing another motivation to study temperature in the upper
atmosphere and its contribution to aerosol formation. Again, a variability analysis of composition
and temperature in the low/mid thermosphere is lacking. UVIS measurements can provide valuable
information in this topic, to be added to the existing datasets. In sum, while the latitudinal variability
in Titan’s stratosphere is a combined effect of the dynamics of the atmosphere and the chemistry, the
behavior of the thermosphere with latitude is still elusive.

The longitudinal variability is considered in this work as the variation in composition and temper-
ature with Titan longitude. As Titan is tidaly locked to Saturn the same side of Titan faces Saturn
at all times during its orbit, making longitude on Titan correspond directly to a region of interaction
with the Saturn plasma environment (Saturn, anti Saturn, ram, or wake). Therefore any longitudinal
variation would be related to magnetospheric interactions. Cui et al. (2009) divided the data from
INMS into longitude bins and found that the Saturn side of Titan was warmer than the anti-Saturn
side and the magnetospheric ram side was warmer than the wake side. However, the small number
of samples available for the study made it impossible to determine a general latitude trend. The
sparsity of longitude sampling also kept Miiller-Wodarg et al. (2008) from deriving conclusions on the
variability with these coordinates. No trends with longitude was observed in the analysis by Snowden
et al. (2013). In short a variation of the thermosphere with longitude has not been observed.

Titan’s atmosphere presents also a temporal variability. For the purpose of analysis it can be
divided into seasonal, solar cycle, diurnal and secular effects. The ~27° tilt provide Titan seasonal
effects. One Titan year equals some 30 Earth years and therefore more than one year passed from
the Voyager 1 flyby till the present day (September 2013). Evidence of the seasonal effects started to
be evident with a clear north/south albedo switch in 1980-1990 (Caldwell et al., 1992). The darker
hemisphere in the blue spectral region being the one with more absorbing haze. As already commented,
hemispheric differences in the stratosphere are consistent with a higher concentration of gases and haze
in the winter pole (Bézard et al., 1995; Lebonnois et al., 2003; Rannou et al., 2002), accompanied by
an increase in cooling in this region. The changes observed are explained by the change in circulation
in the lower atmosphere commented above. The thermosphere reacts faster than the lower layers,
washing out seasonal effects, hindering their study. Apart from the mentioned Titan’s tilt, Saturn’s
orbital eccentricity and associated 20% variation of solar radiation received at different points in the
orbit affects the seasonal variations, mainly in the troposphere and stratosphere. The different distance
to the Sun (9.03 to 10.04 AU between perihelium and aphelium) produces an hemispheric asymmetry
for the same season. The southern summer has more solar input and is therefore hotter but shorter (at
perihelion). Finally, it is worth mentioning that seasons don’t repeat perfectly, as there is interanual
variability due to the solar cycle phase shift with respect to the seasons (Lockwood and Thompson,
2009).

Like other atmospheres, Titan’s is also influenced by the solar cycle. Since the ultraviolet input
is the main driver of Titan’s photochemical gas and haze production, variations in UV and EUV
solar radiation due to the solar cycle may produce a change in the thermosphere, with an 11-year
periodicity. Long periods of observation are required to decorrelate such effects, and the relationship
of Saturn magnetosphere with the solar cycle has to be considered too. The Voyager 1 flyby and
most of the Cassini mission, which are the main sources of information we have on the thermosphere,
occurred during solar maximum an minimum conditions, respectively. Although valuable as the only
measurement of this kind for that period, the data from Voyager 1 flyby is understandably limited for
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an analysis of variability. Finally, as the solar influence over Titan’s upper atmosphere has been at its
relative weakest during most of the Cassini observations, no variability caused by variations in solar
activity is expected for this more recent and extended data set.

Diurnal variability is defined by day/night differences. During 1 Titan day (16 Earth days) the
atmosphere is exposed to different illumination conditions. De La Haye et al. (2008) presented a one-
dimensional rotating model, at constant latitude and varying local-time, to take into account the
diurnal variation effects, such as the ceasing of the solar flux induced mechanisms on the night side.
The model showed large variations in the processes prevalent on the day compared to the night side.
Surprisingly, the thermosphere day side is observed to be cooler than the night side in De La Haye
et al. (2007) and Cui et al. (2009). Westlake et al. (2011) found that the higher the Solar Zenith Angle
of the observation the higher the temperature they get from a particular flyby. This is contradictory
to what would be expected for a solar driven atmosphere. Diurnal variations are therefore present
although, counterintuitively, not driven by solar input.

Apart of the diurnal cycle, other consequence of the rotation of Titan around Saturn is the interac-
tion with different environments of its magnetosphere and with the solar wind. Based on an analysis
of INMS data from 32 flybys, Westlake et al. (2011) suggested a correlation of the thermospheric
temperature with the position of Titan in Saturn’s magnetosphere. They found that measurements
performed in the plasma sheet lead to hotter temperatures than those in the plasma lobe, suggesting
that magnetospheric particle precipitation causes the temperature variations observed. On the other
hand, Snowden et al. (2013) found no correlation between the temperature of Titan’s thermosphere
and ionospheric signatures of enhanced particle precipitation, suggesting that the correlation is not
indicative of a physical connection. As the importance of the energy deposition rate of EUV pho-
tons becomes less important than that of ions/electrons above some 1350 km, a different behavior of
the temperature structure in different regions of the thermosphere could be a possibility. New mea-
surements at the relevant altitudes and results from models including the effects of magnetospheric
particles might shade some light to this controversial type of variability.

As a natural element, Titan’s atmosphere is subject to variations that do not fit in any of the clas-
sifications made here, and that could be misinterpreted as one of them. Secular variation, long-term
non-periodic variations, are possibly present but obviously impossible to characterize. Lockwood and
Thompson (2009) report on 34 years of visible wavelength photometry of Titan, the most recent 4
years of observations, overlapping in seasonal phase with the first 4 years of the observation period.
They find that Titan’s brightness varied from one Titan year to the next at the same seasonal phase,
in this case largely due to the high stratospheric hazes. Moreover, upward waves can produce local-
ized compositional and temperature changes. Waves have been observed in titan’s mesosphere and
thermosphere (Fulchignoni et al., 2005; Miiller-Wodarg et al., 2006), although the problem of wave
forcing is currently under-constrained by observations. In any case, irregular phenomena are not to
be discarded as explanation of some of the observed variations, especially when the data set analyzed
is sparse.

The exposed general picture of Titan’s atmosphere, particularly its thermosphere, accounts for
a complex system, at some 1500 million kilometers away from Earth, with a complex environment,
studied by our scientific community for more than a century, and a bunch of measurements. Many
of the measurements we are in possession of today were obtained in the last decade by an artificial
satellite called Cassini. New data arrive periodically and new efforts in the form of laboratory studies
and models are done continuously to improve the state of knowledge of Titan’s atmosphere.
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1.2 Cassini investigations

On October 1997 the Cassini-Huygens spacecraft was launched, starting one of the most challenging
and fruitful endeavors of human space exploration. Its mission was to provide information to better
understand the Saturnian system, with a particular interest in Titan. After several flybys and a
Jupiter encounter the spacecraft entered the saturnian system. On January 2005 the Huygens probe,
ejected from the spacecraft almost one month before, reached Titan. The first farthest ever human
device at the surface of a celestial body, the probe collected information about Titan’s atmosphere
along its passage through it. The Cassini spacecraft continued orbiting the saturnian system, visiting
Titan regularly. A diagram of the Cassini missions coverage is shown in Figure 1.3. Currently in the
middle of the Cassini Solstice mission (the second mission extension after the nominal and Equinox
missions) these flybys are at the moment of writing still providing a mound of information about the
satellite.

Voyager 1

(12 Nov 1980) Cassini 2-year
equinox mission
Vernal equinox - . .
(Mar 1980 Ejzi%fofég?sm\ nominal mission
Aug 2009)
Cassini . Huygens
Solstice Mission e (14 Jan 2005)
.;f’-{'—:w”{# s |
~~ L =0° ¥ o
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Figure 1.3: The entire primary, equinox, and solstice phases of the Cassini mission cover just half of a Saturn/Titan year
(29.5 Earth days) (Credit: Ralph Lorenz).

Measurement requirements for the Cassini mission included:
e Determine the abundances of atmospheric constituents (including any noble gases).
e Observe vertical and horizontal distributions of trace gases.

Detect new molecules.

Study the formation, composition and distribution of aerosols.

Map the global temperatures.

Investigate seasonal effects in Titan’s atmosphere.

The Cassini ‘era’ provided lots of new tools to analyze Titan and its atmosphere. Among the
instruments in the Cassini remote sensing plate, three of them are very relevant for the study of
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the atmosphere and will be referenced in this work. The Composite Infrared Spectrometer (CIRS,
Kunde et al., 1996) consists of dual interferometers that measure infrared emission from atmospheres,
rings, and surfaces over wavelengths from 7 to 1000 micrometers (1400 to 10 cm ™) to determine their
composition and temperatures. It performs, among other measurements, nadir and limb observations
to derive composition and temperature structure profiles of Titan’s lower atmosphere, from the surface
up to some 500 km. The Ion and Neutral Mass Spectrometer (INMS, Waite et al., 2004) measures
in-situ positive ion and neutral species to derive composition and structure in the upper atmosphere
of Titan, from the altitude of closest approach (some 900 km in some cases) up to the limit of
the atmosphere. The capabilities of the Ultraviolet Imaging Spectrograph (UVIS, Esposito et al.,
2004) include measuring ultraviolet radiation (~560 - 1900 A) from and through Titan’s atmosphere.
This allows to derive composition and temperature in the upper thermosphere, from some 500 km
to 1400 km (limb viewing), complementing the ranges covered by the other two instruments. The
synergy between these instruments is one of the main advantages given by Cassini to study the whole
atmosphere.

After almost 9 years from the first Titan encounter a region of the atmosphere remains barely
explored. The region between 500 - 900 km received the name of ignorosphere because very little
is known apart from theoretical photochemical modeling and some measurements (Coustenis et al.,
2009a). As stated before, heavy molecules, ions and aerosols present in the lower atmosphere are
predicted to form in this region. This makes its characterization important to better understand the
atmosphere as a whole. To discover how intimately coupled is the upper thermosphere with the strato-
sphere, and what is the role of this upper region in the atmospheric chemistry are some of the main
objectives of the Cassini mission. UVIS is the only remote sensing system in Cassini that can probe
the hydrocarbon homopause region of the thermosphere on Titan and some hundreds of kilometers
above. Data from UVIS can shed light on the energetics, composition, structure and variability of this
region, that couples the ionospheric and stratospheric phenomena. The instrument observes ultravi-
olet light reflected or emitted by aerosols or atomic and molecular species in Titan’s atmosphere; it
also observes UV light transmitted during occultations of the Sun and occultations of stars by Titan’s
atmosphere. Titan’s reflectance spectrum is best fit with scattering from a combination of aerosols
and hydrocarbons (Ajello et al., 2008). The observed extreme ultraviolet and far ultraviolet airglow of
Titan allowed to derive a wealth of information on solar driven processes involving molecular nitrogen
(N,) as well as geometric albedo in the upper atmosphere (Ajello et al., 2007, 2008; Stevens et al.,
2011). Molecular nitrogen profiles in the ignorosphere and temperatures for an isothermal atmosphere
were recently derived from UVIS EUV solar occultation measurements (Capalbo et al., 2013). Apart
from the main components of Titan’s atmosphere (N, and CH,), some of the first hydrocarbons and
nitrile species in the chain of reactions considered in photochemical models from the dissociation and
ionization of these two species (like C,H,, C,H,, C,Hy), as well as important intermediate molecules
in the path to polymer formation (like C,H,, C4Hg, HCN, HC;N), were detected in the ignorosphere
from UVIS measurements. This was done using the stellar occultation technique in the FUV spectral
region (Shemansky et al., 2005; Koskinen et al., 2011) in the range 400-1600 km approximately. Anal-
ysis of UVIS data also provided profiles of aerosol extinction at these altitudes (Koskinen et al., 2011).
With time, if the analysis of more UVIS observations fill in the experimental gap in our knowledge
about the lower and middle thermosphere of Titan, the ignorosphere denomination will no longer

apply.
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1.3 Motivations and focus of the present work

Considering the author’s interests about life origins and evolution in space, commented in the foreword
and the first paragraphs of this introductory chapter, the preceding short history and description of
Titan’s atmosphere provide enough motivation for the present work. The above exposed relevance
of the thermosphere and convenience of UV observations, motivate the focus on that region of the
atmosphere and on that technique, respectively.

Being at the middle of the Cassini Solstice mission, we have a good knowledge of the compo-
sition and thermal structure of the atmosphere, but, as exposed on the previous section, the 500 -
1000 km region remains a bit elusive. Although HASI inferred the thermal structure at equatorial
latitudes through this region, it did not yield a pronounced mesopause widely expected from theory.
Ground-based millimeter-wavelength observations provided limited, globally averaged, composition
measurements, in contrast to the detailed altitudinal and latitudinal composition and temperature
measurements by CIRS for the stratosphere and INMS for the upper thermosphere and ionosphere.
The UVIS stellar occultations provided composition and thermal structure in the ignorosphere region.
Although this studies remain scarce compared to the others mentioned, the abundances and density
profiles derived from UVIS are an addition to the UVS profiles (for N,, CH,, C,H,, C,H,, HCN,
and HC3N), the only ones available before Cassini. UVIS results represent in this way a significant
advance in the characterization of Titan’s upper atmosphere gaseous (Shemansky et al., 2005; Koski-
nen et al., 2011) and solid (Liang et al., 2007) composition. These new measurements will be described
in more detail in following chapters. However there are some limitations and drawbacks among the
results obtained. Shemansky et al. (2005) first derived column density profiles for CH,, C,H,, C,H,,
CyHg, C4H,y and HCN, and estimated number densities for some altitudes from the first UVIS stellar
occultations. The uncertainties in column densities and number densities reported for some hydro-
carbons and HCN are very high, up to 100% in some number densities. Neither Shemansky et al.
nor Liang et al. presented detailed number density profiles for the minor species identified in the
data and their analysis did not include all of the species that are detectable. Koskinen et al. (2011)
added HC3N and CyzHy to the list of molecules detectable by UVIS, and derived number density
profiles from two stellar occultations. Although the general trend with altitude of the mixing ratios of
hydrocarbons and nitriles (increasing with altitude up to the production region and then decreasing)
in UVIS results broadly agree with the general trend implied by the CIRS and INMS measurements,
there are still some discrepancies in absolute values, particularly at low altitudes. Finally, none of
these analyses could derived N, directly from the measurements, and a reliable retrieval of CH, was
limited to altitudes below 1200 km due to the characteristics of the FUV absorption. An independent
assessment of upper atmosphere nitrogen densities are also helpful to confirm the systematic factor
of ~ 3 difference among HASI, INMS, and the Attitude and Articulation Control System (AACS)
densities (see for example Miiller-Wodarg et al. (2008)). UVIS solar occultations can provide an inde-
pendent and reliable measurement of temperature in the upper atmosphere through the measurements
of N, profiles, as well as extend the CH, profiles higher than 1200 km. Even when Cassini/UVIS has
performed several solar occultations during the whole Cassini mission, the first publish results are
recent (Capalbo et al., 2013). Different measurements pertain to different locations, times or obser-
vational conditions, which make it difficult to compare them. Measured at different locations/times,
solar occultations in the UV are a valuable addition to the study of the thermal structure and its
variability.

The general objective of this work is to contribute to the knowledge of Titan’s upper atmosphere.
Within this main goal, and based on the considerations and background exposed in this Chapter 1, it
will focus on three high level objectives:
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1. To provide observational data to constrain photochemical models. This will include new mea-
surements of relevant absorption cross section in laboratory, determination of thermospheric
temperature, characterization of distribution of gases abundances and aerosol extinction profiles
as a function of variables like latitude, longitude, solar/magnetospheric activity, time.

2. To contribute to the interpretation of thermospheric dynamics and the relationships of the
upper atmosphere with the stratospheric aerosols. A focus will be made on upper atmosphere
temperature variability.

3. To analyze the detectability of new molecules and confirmation of already detected molecules in
the thermosphere of Titan by means of VUV observations. Particularly those molecules taking
place in prebiotic chemistry and those considered intermediate in the path to aerosols (case of

CoHg)

To fulfill these objectives different studies and experiments were performed, which will be expanded
in the different chapters of this manuscript:

e The understanding and processing of UVIS data and ancillary data, and the implementation
of the atmospheric absorptive occultation technique. These topics, developed in Chapter 2,
include corrections of instrument effects, fundamental to the derivation of trustful data and
interpretation. The chapter ends with a presentation of the observations analyzed.

e The implementation of the techniques used to retrieve atmospheric composition and temperature
from the UVIS measurements form the first part of Chapter 3.

e A study of the possible and relevant molecules to be detected with UVIS, based on the molecule
absorption cross section in the spectral range relevant for UVIS observations, and based on
instrument characteristics. Molecules in models and laboratory experiments were used as a
guide. This shapes the second part of Chapter 3, also including data simulations to test the
retrieval routines.

e Laboratory measurements of CgHg absorption cross section in the VUV and as a function of
temperature, at temperatures as low as 215 K. Presented in Chapter 4, this is followed by
the implementation of the measured absorption cross section in the analysis of atmospheric
absorption and detection of CgHg in the thermosphere.

e Retrievals of density profiles of main (N, and CH,) and minor (hydrocarbons, including C;Hy,
and nitriles) compounds, as well as aerosol extinction profiles, in the thermosphere through the
analysis of stellar and solar occultations in the FUV and EUV channels of UVIS, respectively.
A comparison with previous work is also presented. The results constitute the first part of
Chapter 5.

e The last part of Chapter 5 includes a thermospheric temperature variability analysis and a
comparison with existing measurements.

Conclusions derived from this work are presented in Chapter 6, together with perspectives and
suggestions for further work. It is worth noting that the interpretation and correction of UVIS in-
strument effects, and the experimental work (acquisition, processing and interpretation) to obtain the
absorption cross section data demanded a big deal of time and efforts of different kind. These first
steps are fundamental to derive trustful data by means of which the analysis above could be performed
and the objectives commented achieved. For these reasons a big part of the present work is dedicated
to these tasks.
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This chapter deals with the data and methods used to derive the results concerning stellar and
solar occultations, presented in Chapter 5. A description of the UVIS instrument and data is first
presented. This will be followed by comments on absorptive UV occultations, the type of observations
performed by UVIS analyzed in this work. Since solar and stellar occultations were analyzed, a
comparison between their characteristics is followed by a detailed description of their relevance, past
efforts in the field and first steps in the processes involved in their analysis. The present chapter ends
with a presentation of the observations analyzed and their geographical and temporal characteristics,
as a database for further reference in the reading of the manuscript.

2.1 UVIS instrument and data

2.1.1 UVIS instrument

One of the instruments in the remote sensing payload of the Cassini spacecraft is the Ultravio-
let Imaging Spectrograph (UVIS). This instrument was designed to measure ultraviolet light re-
flected /transmitted by or emitted from atmospheres, rings, and surfaces to determine their com-
position, the altitude distribution of their components, aerosol content, and temperatures. UVIS is
composed of two spectrographs, a high speed photometer (HSP), and an Hydrogen Deuterium Ab-
sorption Cell (HDAC). These instruments, together with an electronic assembly, are mounted over
the spacecraft interface plate. The two spectrographs provide images and spectra covering the ex-
treme ultraviolet (EUV: 561 - 1182 A) and the far ultraviolet (FUV: 1115 - 1913 A) ranges of the
electromagnetic spectrum. The HSP is used for high signal-to-noise-ratio stellar occultations by rings
and atmospheres. The HDAC measures the relative abundance of deuterium and hydrogen from their
Lyman-a emission. The UVIS science objectives include investigation of the chemistry, aerosols and
composition of the atmospheres of Titan and Saturn, the deuterium-to-hydrogen (D/H) ratio for Titan
and Saturn, icy satellite surface properties,; and the structure of Saturn’s rings. This work deals with
data from the FUV and EUV spectrographs of UVIS.

The FUV and EUV instruments consist each of a 20 x 20 mm aperture, 133 mm in front of an off-
axis section of a parabolic mirror with a 100 mm focal length. The mirror is followed by an entrance slit
and a toroidal grating with a 300 mm horizontal radius of curvature, used in a Rowland circle mount.
For each channel there is a set of 3 interchangeable entrance slits providing 3 different fields of view and
resolutions. The dispersed radiation incises in a multi-element detector in a chord of the circle. This is

2 gensitive area.

an imaging, pulse-counting microchannel plate detector, with a planar 25.6 x 6.4 mm
The FUV detector is in a vacuum housing with an MgFy window. A windowless detector is required
for the EUV wavelength range. For each detected photon, the electronics coupled to the Coded Anode
Array Converter (CODACON) detector generates a photon count for the corresponding hit pixel in
the anode array. The photon counts are accumulated in a memory to build a picture. This data
are periodically read out for transfer to the spacecraft memory and eventually to ground. The two-
dimensional format for the detector allows simultaneous spectral and one-dimensional spatial coverage.
The second dimension in the imaging mode is given by spacecraft movement. The detector format is
1024 x 64 (spectral by spatial) with a pixel size of 25 x 100 um?. A scheme of the spectrograph is shown
in Figure 2.1, a table with reference values is presented in Figure 2.2. The telescope is equipped
with a sunshade and baffle system to minimize background from scattered light during limb scan
measurements. In addition, the EUV channel has a solar occultation port. This is an aperture with
boresight 20 degrees away from the main telescope boresight. A pick off mirror redirects the radiation
towards the main telescope mirror. For a more detailed description of the instrument see Esposito
et al. (2004).
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Figure 2.1: Scheme of UVIS FUV/EUV channel. From Esposito et al. (2004)
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Figure 2.2: UVIS EUV/FUV channel characteristics. From Esposito et al. (2004).

The UVIS instrument presents several improvements with respect to the UVS instrument onboard
Voyager 1, including an improved spectral resolution and sensitivity. Therefore a more trustworthy
identification of absorption features is expected, especially in the case of C,H,, C,H, and C,H,, which
spectral features are not easily seen in UVS data but are clearly identifiable in UVIS’ (Shemansky
et al., 2005; Koskinen et al., 2011).

2.1.2 UVIS data

The channels in UVIS can operate in different configurations and this results in different types of
data products. The result of the measurements performed during a time range and with a particular
instrument configuration is called observation, and has a unique identifier. The data in a UVIS obser-
vation are a copy of unprocessed data in the UVIS memory buffer, in binary format. An observation
corresponds to one of four different types of data product: a spectrum, a time series of spatial-spectral
images, a time series of detector counts, or an image at one wavelength. One or more of these data
products and associated ancillary data products (1 ancillary product for many data products is possi-
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ble) are stored in a data volume. Several volumes form a data set. Data products conform to Planetary
Data System (PDS) standards and therefore have data objects and an associated PDS object label,
which completely defines the product. This includes instrument configuration information, window
and binning (see below) and integration time specifications. For a more detailed description of the
different product types the reader is referred to the data documentation in the PDS. The observations
dealt with in this work correspond to the time series of spatial-spectral images product type. This
type of data is called spatial spectral cube. For a description of the spatial spectral cubes and their
processing see Esposito et al. (2004) and Capalbo (2010).

A UVIS spatial spectral cube is a time ordered sequence of 1024 x 64 matrices. Each element of a
matrix is the number of detector counts for an individual detector pixel during a fixed time interval or
integration time. In more complex cases, to reduce data size, windowing and /or a binning of the spatial
and/or spectral dimensions are defined in the 1024 x 64 matrices. See Figure 2.3 for a representation
of data from an observation in the form of a PDS cube. In these cases, the detector is divided into
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1024 wavelength channels

Figure 2.3: Graphic representation of a PDS data cube with raw data counts from an observation. The number of
samples depends on the observation time. The useful data are divided into two windows, and the data in one of them
was binned in the spatial and spectral dimensions.

a set of active rectangular sub-regions (windows). Each window can also be binned. The result is
that some integers in the cube correspond to a range or ‘window’ of detector cells and their values
are derived by summing over the spatial and/or spectral dimensions accordingly to the windowing
and binning. The resulting data are located in the upper-left corner of the defined windows, and the
rest of the locations have non-valid values. For a detailed description of the format see the PDS data
documentation.

2.1.3 Ancillary data

The knowledge of the geometry configuration during observations is important for interpreting the
data. It permits the derivation of useful quantities like the tangent altitude corresponding to a
particular measurement time, and the corresponding planetary coordinates. Ancillary information
about the instrument, spacecraft, planets, etc., are essential to derive geometry configurations. This
information includes pointing, position and attitude of the instrument and spacecraft, position and
motion of the sources of radiation, the target objects, angles and distances to calculate parameters
that determine the characteristics of an observation, etc. The Navigation and Ancillary Information
Facility (NAIF) provides an information system for this and other purposes. The SPICE system
assists scientists in planning and interpreting scientific observations from space-based instruments.
A description of SPICE and its use in this work can be found in Acton (1996), Capalbo (2010),
and references therein. SPICE provides the ancillary data needed for the calculations of necessary
information (like geometry) and also a toolkit to process the ancillary data. The primary SPICE data
sets are called "kernels”. SPICE kernels are composed of navigation and other ancillary information
that has been prepared to be easily used by the planetary science and engineering communities. They
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should include or be accompanied by metadata that provide pedigree and other descriptive information
needed. The SPICE system includes the SPICE Toolkit, a large collection of allied software. The
principal component of this Toolkit is a library of portable subroutines needed to read the kernel files
and to calculate observation geometry parameters of interest. Users can integrate these SPICE Toolkit
subroutines into their own application programs. The SPICE Toolkit was originally implemented in
ANSI FORTRAN 77, but is now available in C, IDL and MATLAB as well. Some of the routines
in the Toolkit IDL version, called ICY, were used in the present work to compute geometry related
quantities.

2.2 Absorptive UV occultations

Several physical and chemical processes can take place in an atmosphere. An important factor driving
those processes is the energy input/output. In the case of the upper atmosphere, this input can be
due to radiation from stars (mainly from the Sun for Solar System bodies), the interstellar medium
(v and X-rays), or energetic particles from the interstellar or interplanetary medium (e- and ions from
surrounding bodies, protons from stellar wind).

Lavvas et al. (2011) comment on several of the sources mentioned above for the case of Titan. Solar
photons dominate energy deposition and ionization/dissociation processes on the day side (Galand
et al., 2010). Some of these photons will generate photoelectrons that will provide a smaller but
important contribution to ionization and dissociation processes. Magnetospheric electrons have in
general a smaller contribution than photons. Although the former can dominate ionization on the
night side in some occasions (Cravens et al., 2009), their importance is always less than solar ionization
on the day side. The contribution to neutral dissociation by energetic ions (0", H') in 500 - 1000 km
is small under typical Titan conditions. The altitude of maximum energy deposition of pickup ions is
in general above the solar EUV/UV energy deposition (as shown in Figure 5 of Westlake et al., 2011).
There is a contribution to ionization in the 500 - 700 km by meteoroids ablation, but small. Galactic
cosmic rays contribute to ionization in the lower atmosphere, with a peak at 65 km. Other sources of
energy for the upper atmosphere can be particles from the solar wind, and breaking waves from the
mesosphere into the thermosphere (Miiller-Wodarg et al., 2008).

The characteristics of the atmosphere can be elucidated by studying its interaction with these
sources. In this work the upper atmosphere of Titan is studied by means of its interaction with the
radiation received from the Sun or other stars. These photons can interact with the atmosphere, more
precisely exciting the molecules composing it. The interaction can be called:

absorption: the energy from the photons in the radiation field can be converted to internal energy
leading to molecular excited states (electronic, vibrational, rotational). Some of the electronic levels
can lead to dissociation or ionization. Part of the energy absorbed can also be converted to kinetic
energy, increasing the temperature of the medium.

scattering: the molecule returns spontaneously to the original energy state, re-emitting the pho-
ton. This emission can be of the same wavelength (scattering) or of different wavelengths (Raman
scattering). In the general case the intensity of the re-emitted radiation depends on the angle of
emission; this distribution of energy depends in turn on the relative size of the molecule (or particle)
with respect to the incident wavelength. Particular cases occur when the direction of emission is the
same as that of incidence (forward scattering), opposite (backward scattering), or following the laws
of reflection (diffuse reflection or just scattering).

transmission: the part of the radiation field that has not been absorbed or scattered back.
Other processes in the atmosphere manifest as emission from it, for example:

thermal emission: the energy gained from collisions (kinetic energy) are emitted as photons.
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airglow: emission of radiation caused by different processes. These can be chemiluminescence,
in which photons are emitted by the recombination of ionized particles, or by the reactions between
certain molecules; or photoluminescence (fluorescence and phosphorescence), which is an energy release
mechanism similar to molecular scattering but in which longer times are involved between absorption
and emission. Apart from the phenomena just described, the radiation suffers from diffraction when
traversing the atmosphere, which has different refractive index at different heights. This produces
a deviation in the direction of the radiation. The combination of these phenomena determines the
interaction of the atmosphere with the radiation received.

The effects of radiation propagating through a medium can be modeled with the radiative transfer
equation (see for example Rees, 2001). The spectral radiance L, in Watts per meter square per
steradian, for a particular wavelength A\ and propagating in a direction (6, ¢) is obtained solving the
equation

dL(\, 0, ¢)
dD

Here dD measures distance in the propagation direction, o, and «; are the absorption and scattering

= —(aa(\T) + as(\ T))L(X, 0, 9)R(N) + asJ(A) + aa B, T). (2.1)

coefficients, and R accounts for differential refractivity. The spectral radiance coming from emission
from the medium is B. Equation (2.2) defines J, the radiation scattered into the direction of propa-
gation from other directions. In this equation the primed angles reference the different directions that
contribute to the propagation direction. The phase function of the scattering, p(cos(0)), describes the
angular distribution of the scattered radiation in terms of the angle © through which the radiation
has been deflected (see Rees (2001) for details).

1

J=—
A7 A

L(¢',¢") p(cos(©)) d2'. (2.2)
The dependences shown in equation (2.1) refer to wavelength (\) and temperature (7). In the case of
radiation through an atmosphere, the first term on the right side of the equation represents radiance
from the source attenuated due to extinction over a differential distance. The second term accounts
for contributions emitted from the surrounding of the differential distance. The third term accounts
for the emission of the atmosphere itself. In many cases, the medium is supposed to be in thermal
equilibrium with the radiation, and the atmospheric emission is considered to be equal to that of a
black body at the temperature of the atmosphere. This equation can be simplified for the case of
absorptive VUV occultations as will be seen below.

One of the effects of energy deposition and radiation interacting with the upper atmosphere of Ti-
tan, and the most relevant in the context of the present work, is the ionization and dissociation of N,
and CH,. As underlined in the introduction, this is very relevant to the whole chemical and physical
processes occurring in the atmosphere. Lavvas et al. (2011) presented a detailed model for photodis-
sociation and ionization of N, and CH, incorporating the latest photoabsorption cross sections at
that time and including contribution from photoelectrons. The role of photoelectrons was overesti-
mated in the past, but both photons and photoelectrons are necessary for accurate representation of
chemical precursors in the upper atmosphere. The interactions of atmospheric constituents with the
radiation input can be used to draw out atmospheric composition. Depending on atmospheric char-
acteristics, geometry and observation technique, the measured phenomena might be a combination of
those commented above: absorption, scattering, transmission, or emission.
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2.2.1 Atmospheric composition from absorptive VUV stellar occultations

The overall picture of the procedure used in this work to derive composition and temperature is
schematized in Figure 2.4. As Cassini performs a Titan flyby UVIS performs observations. These
can include star occultations, particularly Sun occultations. The raw UVIS data are combined with
ancillary data to calculate transmission as a function of altitude. At the same time absorption cross
sections, model profiles, and the UVIS instrument function are combined according to analysis needs.
Then the column densities and number densities are derived, and temperatures are calculated. The de-
tailed procedure and particularities for stellar and solar occultations will be described in the remaining
of this chapter.
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Figure 2.4: Workflow chart. The raw UVIS data measured during a flyby are combined with ancillary data to calculate
transmission as a function of altitude. At the same time absorption cross section, model profiles and the UVIS instrument
function are combined according to analysis needs. Then the column densities are calculated and from them the number
densities. Temperatures are calculated when possible.

During an occultation the radiation from the source is measured before and during the time that
the Line Of Sight (LOS) to the source traverses the atmosphere. From all the wavelengths that can be
used, VUV is very popular because many gases present strong absorption features in this wavelength
region. Almost all electronic transitions of molecules give rise to spectra in the visible and ultraviolet
regions; only very few extend into the infrared region. Absorption is the dominant phenomena for the
observations analyzed here, although extinction from aerosols is also considered. Information from
UV absorption corresponds to the upper atmosphere, as the UV radiation is completely absorbed
for the lower layers. KEquation 2.1 can be simplified for the case of VUV occultations by Titan’s
atmosphere observed by UVIS. The emissions in the UV from Titan’s atmosphere can be neglected
when observing a star (see Koskinen et al., 2011 and Ajello et al., 2007, 2008), so the third term
vanishes. Considering the Field of View (FOV) of the UVIS spectrographs (see Section 2.1) and
the characteristics of occultations observed from an orbiting spacecrafts (for example, the distances
involved), scattered radiation into the instrument FOV can be neglected (Smith and Hunten, 1990).
Therefore the second term disappears, as well as the angular dependence. Finally, refractions effects
are negligible (Smith and Hunten, 1990). So, expressing the radiation flux as an intensity I in Rayleigh
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(instead of radiance L!), equation (2.1) can be written as

dI())

— 55 = —al(\). (2.3)

Integrating equation (2.3) an expression for the attenuation of the radiation through the atmosphere
can be reached, as shown in equation (2.4),

o0 = exp(/adD) =T(\), (2.4)
where I represents the intensity of radiation outside the atmosphere. The intensity measured above
the atmosphere gives the source spectrum, the spectra observed while the LOS traverses the atmo-
sphere, I, is the source spectrum modified by the extinction of the different components of the atmo-
sphere. I' is the transmission through the atmosphere, measured for the different altitudes probed by
the LOS. The integral extends over the whole path of the radiation through the atmosphere. This path
varies with the altitude from the surface. The extinction coefficient, «, is related to the extinction

cross section o via equation (2.5),
a=on, (2.5)

where n is the number density of the gas in the atmosphere. For the gaseous species considered, «
this will be equal to the absorption cross section (the scattering cross sections being several orders of
magnitude lower, see for example Ityaksov et al., 2008; Sneep and Ubachs, 2005); for the aerosols the
extinction is considered to be a combination of absorption and scattering. The atmosphere might be
composed of a mixture of gases of several species and aerosols, and the extinction due to each of them
has to be taken into account. To express this in a convenient way for the purpose of data analysis
and species retrieval it is useful to consider the atmosphere as spherically symmetric and stratified
in L discrete layers. The idea is schematized in Figure 2.5, which shows four layers as an example,
each with a constant and uniform density for a particular gas. The closest distance between Titan’s
surface and the boresight is called the tangent altitude, and is considered the altitude corresponding
to the measurement. In the figure three layers are traversed by the instrument boresight when the
tangent altitude corresponding to the third layer is being probed. This defines the distances D; ; that
represent the optical path traversed through layer ¢ when probing a tangent altitude in the middle of
layer j. The distance D is given by equation (2.6),

R 2 2 _ 2 2 . . .
DZ:] =2 (\/rtop,i rmid,j \/rtop,(i-i—l) rmid,j) ) : 75 J

R 2 2 . s
Dlﬂ =2 < Ttop,i Tmid,i) ’ =)

(2.6)

where 140y is the distance from Titan’s center up to the upper end of the layer i and 7,4 ; is the
distance from Titan’s center up to the middle point of layer j. This is equal to Titan’s radius plus the
tangent altitude being probed. Then equation (2.4) can be rewritten as equation (2.7).

Il()\) L s L S
ln(lo()\)) = -\ ==> > ov N Dry==> Y or (AN (2.7)

U'=l s=1 U'=l s=1

The quantity 7;(A) is minus the logarithm of the transmission for a tangent altitude in layer . It is
called optical depth. For a particular layer (or altitude), this quantity can be expressed as a function

1010
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Figure 2.5: Schematics of the atmospheric layers created for the analysis. Layer i has a number density n,;. The distance
from Titan’s center up to the upper end of the layer is ry,p,;. The distances D; ; represent the optical path traversed
through layer ¢ when probing a tangent altitude in the middle of layer j. In the figure the instrument boresight probes
a tangent altitude corresponding to the middle point of layer 3.

of wavelength—giving a transmission spectrum. In Equations (2.7) the integral in equation (2.4)
was replaced by a sum over the different atmospheric layers that the radiation goes through: the
layer whose midpoint coincides with the tangent altitude under consideration and the ones above it.
Equation (2.5) was used to replace the extinction coefficient. The distance traveled by the radiation
through layer I is Dy ;, and Ny, is the column density for species s considering this distance. Both
quantities refer to the tangent altitude in the middle of layer {. The inner summation runs over the S
species to be considered in the analysis. In the case of the cross sections, the dependence with altitude
is a consequence of its dependence with temperature, which varies with altitude. In this work the
absorption cross section will be considered independent of altitude, and absorption cross sections at a
constant temperature will be used for the retrieval. This allows to take it outside the layer summation
and get equation (2.8),

— In( L) ) =7(A) = igs(A)Ntot (2.8)
IO()\) g l,s?
where Ny, is given by equation (2.9).
L
]\/vtotl,s = ZNZ/,l,s- (29)

Equation (2.8) is the equation that will be solved numerically. In this way the column densities that
best fit the observational data are determined as a function of altitude via a retrieval procedure; from
them, a number density profile is calculated (see Section 3).

It is evident from equation 2.7 that the interpretation of spectra in the VUV can depend crit-
ically on the knowledge of the molecular absorption cross sections in conditions representative of
a planetary environment. The absorption cross section can vary significantly with temperature, in
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particular variation of band intensities can be observed (see for example Ferradaz et al. (2009) and
Chapter 4). Sharp transitions are more affected by temperature effects than broad bands, thus the
effect of temperature are more evident in high resolution spectra of sharp transitions. Therefore, it is
desirable to have absorption cross section data corresponding to the temperature of the atmosphere.
But the atmospheric temperature can vary with altitude; in this case, the optimal situation would
be to count with a set of absorption cross section spectra for the different temperatures. Even when
temperature dependent measurements of absorption cross section have been done for several molecules
of planetological interest (Wu et al., 2001, 2004; Bénilan, unpublisheda, to cite some), their inclusion
would complicate the retrieval procedure. On the other hand, for some molecules presenting broad
absorption bands, the difference between room temperature and low temperature absorption cross
sections is less important; less than 10% in the case of some CzHg bands, as shown in Chapter 4.
In these cases the absorption spectra at room temperature, more available than spectra measured at
low temperatures, can be used without adding a significant source of error to the results. As for the
temperature variation with altitude, the upper thermosphere of Titan is reasonably modeled in a first
approximation with an isothermal profile, supporting the use of absorption cross sections at a fixed
temperature for a given species. A preliminary analysis of the effect of the use of absorption cross
sections measured at different temperatures in the derived transmission through Titan’s thermosphere
is presented in Capalbo (2010). In the present work absorption cross sections measured at low tem-
peratures will be used when available. Measurements at room temperature will be used when the
former are unavailable and/or the behavior of the absorption spectra is expected to be unaffected by
temperature.

Occultation by Titan’s atmosphere can be observed from the Earth. Measurements from the
surface in the visible and near infrared probe the region 250 - 600 km above Titan’s surface (see for
example Sicardy et al., 1999), so they could be complementary to the type of occultations presented
here. Measurements from an airborne or spaceborne platform orbiting Earth, would allow to extend
the wavelength range to shorter wavelengths. But with very few opportunities of being at the right
moment at the right place, these measurements remain rare. Titan subtends only 1 arcsec or so
on the sky as seen from Earth, so the probability of the satellite passing in front of a star is small.
Measurements from a spacecraft passing by or orbiting Titan present an optimal situation due to their
better spatial resolution and proximity to the target. This is the kind of observations used in this
work, observations obtained as Cassini flew by Titan.

Occultation measurements by UVIS complement and have many advantages with respect to mea-
surements from other instruments. It has been commented before that the altitude range covered by
UVIS occultation measurements lies in between of those covered by CIRS and INMS. In addition, the
INMS instrument measures composition in-situ, while the spacecraft flies through the atmosphere,
and UVIS occultation measurements require the spacecraft to be at a certain distance above the Top
Of the Atmosphere (TOA). So, although measurements from the two instruments can happen in one
flyby, this is rare, and the observations complement each other in time coverage. Furthermore, as
noted by Miiller-Wodarg et al. (2008), a major difficulty in deriving atmospheric properties from any
single flyby from INMS is the fact that the spacecraft moves both horizontally and vertically through
Titan’s atmosphere. Typically, the horizontal distance covered in Titan’s atmosphere is at least a
factor of 5 larger than the sampled height range. While density measurements from single flybys are
often displayed as a function of altitude, it is dangerous to interpret such figures as height profiles
because horizontal structures in the atmosphere also affect the measured profiles. Miiller-Wodarg et al.
(2008) warns on the effects of horizontal density variations on derived temperatures from INMS mea-
surements. In addition, this means that we cannot necessarily assume isothermal conditions along any
given in-situ measurements from flybys. Although a similar problem can affect UVIS derived data in
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cases when the instrument line of sight does not move perpendicular to the surface, in general the
span in longitude and latitude for the relevant altitudes is only a few degrees (see Tables 2.4 and 2.5).
Hence, the profiles derived from UVIS data can be considered as real vertical profiles. The INMS and
CIRS vertical resolution is roughly a few km (Cui et al., 2009) and some tens of km (Vinatier et al.,
2007), respectively. The vertical sampling of the UVIS occultations can be less than a kilometer in
some cases. The resolution of the final derived number densities is, however, degraded in the data
reduction and retrieval processes used here to some tens of km in most cases.

The knowledge of the temperature of Titan’s upper atmosphere is key to the understanding of
both its chemistry and dynamics. From the solar UV absorptive occultations N, number density
profiles will be derived in this work. Several methods have previously been used to determine the
effective or inferred temperature of the upper atmosphere from a profile of number densities (see for
example Westlake et al. (2011); Snowden et al. (2013) for examples of temperature extraction from
INMS density profiles). Here the N, profiles will be used to derive temperature under the assumptions
of hydrostatic equilibrium and assuming the N, profile is representative of the atmospheric density
profile.

All things considered, absorptive UV occultations are a very convenient way to derive composition
profiles and temperature of the upper atmosphere, adding a valuable complement to measurements
from other instruments. But the formalism above described is framed in a bigger context (see Fig-
ure 2.4). Ancillary data, preliminary data processing and processing of the derived column densities are
necessary to provide physical information from a UV occultation. The following pages of this chapter
describe procedures developed and implemented by the author to interpret UVIS occultations.

2.2.2 First steps in occultation analysis

To get relevant information about the atmosphere from the formalism described in the previous sub-
section, auxiliary but fundamental information and calculations are needed; for example the geometry
of observation: satellite position, angles, ground points, context in Saturn system, etc. Other impor-
tant issues are instrument corrections needed to derive proper transmission. These are the topics of
the present and following subsections in this chapter, starting with first steps: geometry calculations
and preliminaries of data analysis.

Geometric quantities

The first step in the analysis is to determine the geometric conditions for the observation. The
spacecraft trajectory and attitude during the occultation is obtained with the help of SPICE kernels
and ICY Toolkit. The start of the observation is given by the start time in the PDS label of the
observation, the stop time is determined from this time, the number of samples in the observation
and the integration duration of each sample. Integration time is 1 s for solar occultations, 5 s for
the T41 stellar occultation, and 1.75 s for the T53 stellar occultation. The integration duration and
the spacecraft velocity and attitude determine the vertical sampling of the atmosphere. The tangent
altitude is calculated as the closest point of the boresight to the surface of Titan. This tangent
altitude corresponds to the altitude probed (see Figure 2.5). The tangent altitude point trajectory in
the atmosphere will determine the measured altitude profile of the species detected. As commented
before, in most of the cases the drift of this point in latitude and longitude is only a few degrees,
giving an accurate representation of an altitude profile, independent of horizontal variations—this is
one of the advantages of the UVIS solar and stellar occultations. Also calculated was the distance
from the spacecraft to the center of Titan and from the spacecraft to the tangent altitude point.
These distances vary from one observation to another from some 103 to 10° km. As an example,
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Figure 2.6 shows these distances for the T53 stellar occultation.  Other derived geometric quantities
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Figure 2.6: Distances between the spacecraft and the center of Titan, and between the spacecraft and the tangent altitude
point, as function of tangent altitude, for a stellar occultation measured during the T53 flyby.

include sub solar point on the surface of Titan, Titan Local Solar Time (LST), position of Titan in
terms of Saturn Local Time (SLT), illumination angles (useful, among other uses, to determine if the
atmosphere is in shadow during a stellar occultation), and the size of the source (Sun or other star)
and the size of the UVIS FOV, at the atmospheric level. The position and size of the source in the
x-y FOV reference frame is another important quantity derived. It determines the position of the
image in the detector, x representing the dispersion direction of the grating (spectral dimension) and
y the cross dispersion direction (spatial dimension). The wavelength calibration available in the PDS
corresponds to a source centered in the dispersion dimension. Thus, if the source is not centered in the
x direction, the registered spectrum can be wavelength shifted with respect to the PDS wavelength
scale (see Section 2.4). The relative position of the source in the FOV during the observations is also
important. Pointing instabilities might cause the source image to fall in different rows/columns of
the detector along the observation. Apart from the wavelength shifts commented, this might result in
uneven intensity spectra, from one altitude to the other, due to the non-flat response of the detecting
plate. In worse cases the source might even drop out of the field of view rendering the observation
useless. An examination of the position in the slit is therefore mandatory. Examples of these geometric
quantities are shown in the following sections when calculated for the particular cases of a star or solar
occultation.

First steps common to UVIS FUV and EUV data cube analysis

The different steps in the UVIS data analysis can be consulted in the NASA-PDS (2012). The
procedures described here, although based in this reference, are tailored to the particular experience
and issues encounter by the author during the processing. The common (or very similar) procedures
to be done for both FUV and EUV channels are summarized in the following. The coming sections
will deal in more detail with corrections specific for each channel.

The dark current of the instrument comes principally from the Radioisotope Thermal Generator
(RTG, Ajello et al., 2007) in the Cassini spacecraft and is negligible for the integration time used for
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occultations, being some 10~* cts/pix/sec (Holsclaw, personal communication). For the occultation
data products analyzed in this work, a few detector rows correspond to useful data. This is a result
of the point spread function of the instrument and the pointing attitude of the spacecraft during the
observation. The corresponding rows in the data spatial spectral cube, representative of the spatial
dimension of the observation, were summed up. Some channels in the extremities of the 1024-channel
detector present no counts systematically, and are therefore eliminated from the data array. The
result is a 2-D matrix containing count values for wavelength-time (or tangent altitude?) coordinates.
This was done taking into account the windowing and binning of the data (see section 2.1). For one
wavelength, the matrix contains the intensity measured as the LOS swapped the atmosphere probing
different altitudes. This can be represented as the signal as a function of time (or altitude). These
are called ‘light curves’. Each row in the matrix represents an intensity spectrum collected during
the integration time for a certain height range. These will be referred to as ‘samples’. In all cases
the light curves were inspected for anomalies. For example, the wavelength shift commented above
can result in a light curve with a clear slope above the TOA, caused by the shift in photon flux from
one detector pixel to the other. For each wavelength channel, low dispersion of the values around the
mean value measured above the atmosphere (less than 15 and 30 % for solar and stellar occultations,
respectively), and a small slope as a function of altitude (some 1072 and 10~ counts/km for solar and
stellar occultations, respectively) assure a proper light curve. From the values measured above the
atmosphere the quantity Iy in equation 2.8 is calculated. The TOA is identified well above the altitude
for which absorption starts to be evident. For most of the occultations analyzed the data were binned
in altitude, each resulting value being the average of the values in the bin. This reduces the number
of values available to calculate Iy, nonetheless the values used for this calculation were in all cases
large enough to derive a representative Iy value (see for example Figure 2.11). The altitude binning
also gave an effective sampling of the atmosphere different from that in the raw data. This will not
affect the final vertical resolution, as it is mainly determined by the number density retrieval process
(see Chapter 3). However, in cases of heavy binning the smoothing effect in the light curve could
lead to an overestimation of the derived abundances at high altitudes and an underestimation for low
altitudes. In the case of N, this could further imply an overestimation of the calculated temperature.
As a consequence, the results obtained averaging many altitudes should be interpreted with caution.
This is the case of some of the solar occultations analyzed. Apart from these basic steps common to
both stellar and solar occultations, other corrections and procedures are particular to each of them,
as are the advantages and disadvantages of each of these types of observation.

2.2.3 Stellar vs. solar occultations

The stellar and solar occultations have advantages and disadvantages with respect to each other,
both types of observations being, indeed, complementary. EUV radiation probes higher layers in
the thermosphere, up to some 1500 km in Titan (the approximate altitude of the exobase, see for
example Westlake et al.; 2011); FUV radiation probes lower layers, down to Titan’s mesosphere. In
this work solar occultations measured with the UVIS/EUV channel were used to derive N, and CH,
number densities, stellar occultations measured with the UVIS/FUV channel were used to derive
number densities for CH, and other hydrocarbons and nitriles. Table 2.1 presents some pros and
cons of stellar and solar occultations, that will be discussed following. The characteristics of the UV
occultation are not to be confused with instrument limitations. Although the EUV channel can be
used to measure radiation from stars, the FUV channel in UVIS does not have an occultation port

2For simplicity, altitude will sometimes be used instead of tangent altitude, the meaning remaining clear from the
context.
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and, consequently, cannot measure radiation from the Sun due to saturation limitations.

Stellar occultations have several advantages. One of them is the coverage of the occultations.
There can be many opportunities during a spacecraft mission, among its different flyby orbits in the
case of Cassini. Stellar occultations from an orbiting spacecraft can happen at different latitudes and
longitudes. Therefore, if enough of them are available, a global 3D characterization of the atmosphere
can be performed, and day-night variations can be studied. The received intensity is appropriate
to detect it with normally developed detectors, i.e, without any problems of saturation—the Ly-«
emissions might be strong but are attenuated by the interplanetary medium (IPM). The fact that
measured stars can be considered point sources translates into high vertical resolution and ease of
analysis. On the other hand the spectral coverage is limited to wavelengths above 912 A, as shorter
wavelengths are absorbed by the interstellar medium (interstellar hydrogen ionizes and cuts off the
stellar UV flux below 912 A). Therefore, UVIS/FUV occultations do not measure N,, which absorbs
only at shorter wavelengths. Cassini/UVIS also observes stellar occultations in the EUV, which do
measure the N, absorption of Titan’s atmosphere. But stellar EUV occultations are still limited by
ISM absorption to wavelengths longward of 912 A, where absorption is by highly complex N, electronic
band systems (Lewis et al., 2008). These are very difficult to interpret at UVIS spectral resolution, as
all the sharp lines must be modeled before convolution with the instrument function. Nevertheless, N,
profiles have been recently determined from UVIS/EUV stellar occultations (KKammer et al., 2013).
Unfortunately, the recent publication of the cited work did not allow a thorough comparison with it
to be included in the present manuscript. Finally, the low stellar flux (compared with the solar flux)
can derive in low signal-to-noise ratio (S/N).

In a Solar occultation the full solar spectrum is available to be detected, there are no wavelength
limitation like that imposed by the interstellar medium absorption, as in the case of stellar occulta-
tions. Therefore the dissociation and ionization continuum absorptions of some elements can be used
(e.g. N, see subsection 2.4.2) in addition to absorption in discrete bands at longer wavelengths (e.g.
some hydrocarbons). The high intensity of the signal provides a good S/N. On the other hand solar
occultations have some limitations with respect to other star occultations. Solar occultations can
only take place at the terminator. There are normally less solar occultation opportunities than stellar
occultation opportunities. The signal is sometimes very strong, risking saturation and requiring an
extra mechanism to be implemented (like a filter or a pick-off mirror out of axis). The finite size of
the Sun can compromise altitude resolution and complicate the analysis, especially if it is about or
larger than the scale height of the species whose absorption is to be measured. But this disadvantage
can be minimized by particular observation geometries when the observer is close to the atmosphere.
Non-uniform intensity in the solar disk can also be a problem.

Table 2.1: Stellar and solar occultation characteristics.

Stellar occultation (FUV, EUV)

Solar occultation (EUV)

Happen at different latitude/longitude.

Happen only at the terminator, less fre-
quent.

No need to reduce source flux.

Strong signal cannot strike the detector
directly, need pick-off mirror.

Point source: higher vertical resolution,
ease of analysis.

Finite size, lower vertical resolution,
complicates analysis.

Limited to wavelength > 912 A by ISM
absorption.

Full wavelength range available.

Low S/N.

High S/N.
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2.3 Stellar occultations measured by UVIS FUV

2.3.1 Introduction to stellar occultations measured in the FUV

As shown in previous sections, stellar occultations are a powerful technique to identify molecules
and to derive their vertical profiles in planetary upper atmospheres. Many molecules in Titan’s
atmosphere present strong absorption features in the FUV region and can therefore be detected by
UVIS occultations. From the many molecules measured or predicted in Titan’s upper atmosphere,
here the focus is on CH,, C,H,, HCN, C,H,, C,H,, C4Hy, HC;N, CH;, and aerosols (AER). These
were chosen based on an analysis of theoretical detectability of different species (see Chapter 5) and the
visual inspection of spectra measured during occultations. This type of occultation can cover altitudes
from 500 to 1300 km, which include several interesting regions in the middle and upper atmosphere.
The altitudes below the homopause, which in Titan can be placed around 850 -1000 km (Cui et al.,
2009; Vervack et al., 2004), include the region where a detached aerosol layer of varying height was
observed (see for example Lavvas et al., 2010; West et al., 2011). The region above the homopause
is a photochemically active region for several hydrocarbons and nitriles. Finally, the upper layers
probed include the ionosphere, where the neutral abundances are determined in part by ion-chemistry.
Therefore, different layers with different physics and chemistry are represented in a profile from a FUV
occultation.

Stellar UVIS/FUV occultations by Titan were first presented by Shemansky et al. (2005). From the
occultations measured during the flyby called Tb, they derived column density profiles for CH,, C,H,,
HCN, C,H,, CyHg, and C,H,. The observations cover altitudes from 450 to 1600 km above the surface.
They observed a change in scale height of the retrieved hydrocarbons at 700 and 1000 km. Below 600
km, the density of the species mentioned drops precipitously to undetectable levels, to mixing ratios
four to six orders of magnitude below that of CH,. This result is in strong disagreement with inferred
measured densities of higher order hydrocarbons and HCN from the Voyager experiment (Vervack
et al., 2004) below 600 km. It should also be noted that the C,H, absorption cross sections used
by Shemansky et al. (2005) were saturated at 1445 A and 1645 A, which might have led to an
overestimation of the abundance for this species. From the measured CH, abundances they inferred
a temperature profile above 400 km. The profile contains a convective region around 450 km where
the temperature gradient is adiabatic and a mesopause at 615 km with a temperature of 114 K. The
asymptotic kinetic temperature at the top of the atmosphere determined from this experiment is
151 K. By comparison, the HASI temperature was ~ 175 K there. Liang et al. (2007) used the same
UVIS data from the Tb flyby to detect and characterize aerosols at altitudes between 500 and 1000
km. The detection of aerosols in this region implies that they are formed at higher altitudes in the
thermosphere.

Stellar occultations by Titan’s upper atmosphere observed by UVIS/FUV were also analyzed
by Koskinen et al. (2011). These authors presented an analysis of other stellar occultations measured
by UVIS: T53 and T41. The presence and profiles of some hydrocarbons in the upper atmosphere
was then established, adding CgHg and HC3N to the list of species detected by UVIS presented
in Shemansky et al. (2005). Koskinen et al. identified absorption layers at 600 - 700 km dominated by
hydrocarbons and nitriles and an absorption layer at 500 km dominated by aerosols. This last layer
was less evident in the occultation occurring at higher northern latitudes among the two analyzed.
From their CH, profile they inferred temperature profiles for the upper atmosphere and presented an
analysis of the temperature fluctuations in terms of gravity waves.

The results from the works commented are an example of the already highlighted potential of this
observations to contribute to the understanding of Titan’s upper atmosphere variability and dynamics.
The present work includes a thorough analysis and characterization of the retrieval techniques to derive
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composition from UVIS/FUV stellar occultations. The technique was applied to data from flybys T41
and T53 with the intention to compare results with those from Koskinen et al. (2011), obtained with
an almost identical technique. This work resulted in profiles in good agreement with those in the
reference mentioned.

2.3.2 UVIS/FUYV stellar occultation analysis

The geometric calculations and data handling procedures common to both channels were described
in Section 2.2; results and particularities in the data reduction for the FUV are presented in this
subsection, the relevant calculated quantities can be consulted in Table 2.4. The overall picture of
the procedure used in this work to derive composition from stellar occultations is schematized in
Figure 2.7. The pointing direction to the source in these cases is calculated from the solar system
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Figure 2.7: Workflow chart for stellar occultation analysis. The raw UVIS data measured during a flyby are combined
with ancillary data to calculate transmission as a function of altitude. At the same time absorption cross section, model
profiles and the UVIS instrument function are combined to generate a simulated transmission. From the comparison of
these transmissions the column densities are calculated, and from them the number densities.

barycenter to the star of interest (as the distance to the star is much bigger than the distance from
Cassini to the solar system barycenter, the error of this approximation is negligible). Although the
reflexion and emission of the atmosphere is assumed to be negligible against the transmitted stellar
light, at the moment to put the occultations in a bigger context it might be relevant to know if the
atmosphere was in shadow during the observation. This was determined comparing, for all the samples
in the observation, the nadir angle of the Sun from the tangent altitude point, with a critical nadir
angle, defined between the normal to the surface passing by the tangent altitude point, and a tangent
to Titan’s surface passing by this point. If the nadir angle of the sun is bigger than the critical angle for
a particular tangent altitude, that point in the atmosphere was not in shadow during the observation.
The observation is in shadow if all the relevant tangent altitudes are.

The importance of the position and stability of the image of the source in the detector was stressed
in Subsection 2.2.2. For all the stellar observations analyzed, the x position was only about a hundredth
of mrad from the center of the slit and no wavelength shift was observed when comparing the measured
star spectrum with a reference spectrum. Moreover, the position of the star in the field of view during
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the whole observation was checked to be within the limits of the FOV and stable. An example of the
calculated positions for T53 is shown in Fig 2.8. The angular size of the star is nil, and therefore the
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Figure 2.8: Star x and y position in the FOV of the UVIS/FUV low resolution slit, as a function of sample index (time),
during the T53 flyby. The occultation is very stable, the small variations observed do not affect significantly the measured
spectra—=See section 2.4.2 for a discussion on pointing calculations accuracy.

altitude resolution is dictated by the altitude sampling of the atmosphere. This altitude sampling is,
after altitude averaging, around 10 km for the stellar occultations analyzed.

The background for star occultations is determined from the counts measured low in the atmo-
sphere, where no photons from the source are expected to reach the detector. Different ranges are used
for different stellar occultations but all of them are comprised in between 15 and 300 km. The presence
of low response (‘evil’) pixels in the detector is determined and the data corrected if those are present.
If evil pixels are signaled in the PDS data, and the data presents moderate level of binning (which
is the case for the stellar occultations analyzed), the pixels are linearly wavelength-interpolated, as
suggested in the UVIS User’s Guide (NASA-PDS, 2012). As only the relative intensity is the impor-
tant quantity in the techniques used, no absolute intensity calibration is needed. Nevertheless, and
with the only purpose of confirming the identity of the star being measured, the data was calibrated
following the procedure in the PDS documentation. Figure 2.9 shows the UVIS calibrated spectrum
of star Alpha Eridanus corresponding to an altitude of 2000 km, measured during flyby T53, com-
pared with the spectrum measured by the International Ultraviolet Explorer (IUE), convolved with
the UVIS/FUV instrument function and binned in UVIS/FUV wavelength channels. The IUE file
used for this comparison was sp33528, retrieved from the IUE data archive?.

In limb observations of Titan, absorption in the short wavelengths of the FUV range up to some
1400 A is dominated by CH,. In the region from 1400 to 1800 A the absorption features of sev-
eral hydrocarbons and nitriles overlap. The region above 1800 A is dominated by aerosol extinction.
Figure 2.10 show the absorption cross sections of several molecular species and the extinction cross sec-
tions of aerosols, used in the retrieval of atmospheric constituents performed from FUV observations.
The characteristics of these data are shown in Table 2.2.

Shttp://archive.stsci.edu/iue/search.php
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Figure 2.9: UVIS calibrated spectrum of star Alpha Eridanus, measured for an altitude of 2000 km during flyby T53;
and the spectrum measured by the International Ultraviolet Explorer (IUE), convolved with the UVIS/FUV instrument
function and binned in UVIS/FUV wavelength channels.

Table 2.2: The absorption cross sections used in the retrieval of atmospheric constituents per-
formed from FUV observations. The species which absorption cross section was measured, the
wavelength range, resolution, temperature for the measurements, and the corresponding refer-
ences are shown. Extinction cross sections are listed for the aerosols.

Species  Wavelength Range (A)  Temperature (K)  Resolution (A) Reference
CH, 1200 — 1420 150 0.6 Chen and Wu (2004)
1430 — 1520 295 1 Lee et al. (2001)
C,H, 1170 - 2109 150 0.05 Wu et al. (2001)
HCN 1150 — 1900 255 0.6 Bénilan (unpublisheda)
C,H, 1150 — 1900 140 0.6 Wu et al. (2004)
C,H, 1135 — 1698 173 0.5 Ferradaz et al. (2009)
1700 — 1950 295 <0.8 Fahr and Nayak (1994)
HC3N 1130 — 1630 203 0.5 Ferradaz et al. (2009)
1650 — 2300 298 0.5 Ferradaz et al. (2009)
CgHg 1720 — 1910 215 1 this work
1150 — 2050 298 1 this work
CH,4 1497 — 1504 n® n® Pilling et al. (1971)
1127 — 1216 n® 7 Taatjes et al. (2008)
AER 1200 — 2000 n® n® (see Koskinen et al., 2011)

2n = Not available or not applicable.

The molecular absorption cross sections were measured in laboratory, the extinction for the aerosols
were calculated for spherical aerosols with a radius of 100 A, using Mie theory and assuming the
optical properties of tholins (KKhare et al., 1984; Koskinen et al., 2011).

The absorption of the different species at different altitudes is reflected in the measured trans-
mission. As an example of the transmission measured by UVIS/FUV as function of altitude, curves
for the stellar occultation T53 are shown in Figure 2.11. The sample curves correspond to bins
[1200.00, 1362.23] A, [1699.68, 1706.63] A,[1740.38, 1818.63] A, and [1800.00,1900.00] A, dominated
by CH,, C,H,, C;H, and AER absorption, respectively (see Table 3.1), although the contribution of
other gases can not be completely neglected. Preliminary information can be derived already from



2.4. SOLAR OCCULTATIONS MEASURED BY UVIS EUV 37

—— CH4
C2H2
—— HCN
— C2H4
— C4H2
—— HC3N
—— C6HB
CH3

—— AER 100 A (x10°)

-
=]
&

—
)
&

@

Absorption cross section (cmz)
—h —h
o o
]

|

IIHIIIH'II\IIIHI'I I|HIIIHII|\Iﬂ\hlmtﬂlll\lll\‘lll\\ A

19
1200 1300 1400 1500 1600 1700 1800 1900
Wavelength (A)

10

Figure 2.10: Absorption cross sections used in the retrieval of atmospheric constituents performed from FUV observations
and extinction cross sections for spherical aerosols of 100 A radius.

this early stage of analysis. CH, seems smoothly distributed in height, as if it were in hydrostatic
equilibrium. C,H, or, better said, the combination of gases absorbing in the second bin, form an
absorption layer around 500 km (there are two absorption layers at about 500 km and 725 km in the
corresponding T41 transmission curves). The last but one bin is expected to reflect the C4H; abun-
dance profile. An analysis of this kind using a bin similar to the last bin used here, where absorption
is mainly due to aerosols, was used in Koskinen et al. (2011) to study the variations with time of the
detached haze layer. An example of transmission spectra resulting from the combined absorption of
the species, measured by UVIS/FUV during the stellar occultation T53 can be seen in Figure 2.12.
Altitude averaged spectra corresponding to different altitudes are shown. Although the absorption of
the different species are mingled, the characteristics of some of them are evident, like the absorption
of C,H, around 1520 A. At the same time, it is also evident the difficulty of the identification of
species with absorption bands above 1750 A, where absorption is dominated by the featureless aerosol
extinction. Particularly, this presents a challenge for the identification of benzene (see Chapter 4).
Absorption spectra and transmission spectra like the ones shown, can be used in the determination
of candidate molecules to be detected by UVIS/FUV in Titan. The spectra presented in this section
are used for the retrieval of abundance vertical profiles, using the methods presented in Section 3.

2.4 Solar occultations measured by UVIS EUV

2.4.1 Introduction to solar occultations measured in the EUV

As shown in previous sections, solar occultations in the EUV are a powerful technique to identify
molecules and derive their vertical profiles in planetary upper atmospheres. The EUV is the wavelength
range where N, absorbs and is therefore of primary importance for studies of Titan’s upper atmosphere.
From the many molecules measured or predicted in Titan’s upper atmosphere that could be detectable,
in the present analysis of solar occultations the focus will be on N, and CH,; the detection of less
abundant molecules is complicated by the overwhelming absorption of these two in the whole EUV
range. Knowledge of the distribution of these constituents with altitude, latitude, and longitude is key
to constrain the atmospheric structure and dynamics, and thereby investigating energy and momentum
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Figure 2.11: Transmission as a function of altitude, measured with UVIS/FUV for the wavelength bins shown in the
graph, during the T53 stellar occultation.

balance in the upper atmosphere. EUV occultations can cover altitudes from 850 to 1500 km, which
covers the upper thermosphere of Titan near and above the homopause (850 - 1000 km). The ionization
and dissociation of N, and CH, happen in this upper region; moreover, the uppermost layers probed
cover the ionosphere, where interactions with magnetospheric particles from Saturn can take place.

Until recently there were uncertainties about the absolute magnitude of the N, densities in the
upper atmosphere, with disagreement among values inferred from in situ measurements by INMS
in Cassini (Cui et al., 2009; Magee et al., 2009), from accelerometer measurements by the Huygens
Atmospheric Structure Instrument (HASI, Fulchignoni et al. (2005)), and from the Attitude and
Articulation Control System (AACS) on the Cassini spacecraft (Sarani, 2009). The fact that the
densities from INMS are systematically smaller by about a factor 3 from HASI and AACS pointed to
a need of recalibration in INMS. Therefore, independent assessments of upper atmosphere nitrogen
densities are important in this respect, accurate and precise determination of the profiles of the main
constituents being of primary importance. UV airglow measurements can be used to characterize the
atmosphere (Stevens et al., 2011). However these results in the EUV have a vertical resolution of
120 km and are dependent on the accurate knowledge of the instrument function and the radiometric
calibration of the Ultraviolet Imaging Spectrograph (UVIS), which has an uncertainty of ~15%. The
analysis of airglow data also depends on a complex model of the emission features, excitation cross
sections and density profile of N,. Therefore, solar occultations measured from a spacecraft and
in-situ mass spectrometry are the most direct measurements of Titan’s neutral upper atmospheric
composition, providing a method to directly probe N, densities. UVIS solar occultations observed in
the EUV measure absorption in the ionization and dissociation continuum of N, and the dissociation
region of CH,, where cross sections vary smoothly with wavelength and have been precisely measured in
the laboratory. Data corresponding to these absorption regions are therefore relatively straightforward
to analyze and should provide reliable results, largely free from systematic uncertainties.

The first solar occultation by Titan was measured by the UVS instrument (Broadfoot et al., 1977)
onboard the Voyager 1 spacecraft. This instrument has a field of view (FOV) of 0.5 x 15 mrad and
consists of a 128 detector array. It covers the range 500 - 1700 A and has a resolution of 10 A.
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Figure 2.12: Transmission as a function wavelength for the tangent altitudes shown in the graph, measured with
UVIS/FUV, during the T53 stellar occultation.

Although UVS measured an ingress and an egress occultations, Smith et al. (1982) concentrated on
the ingress leg because it had better geometrical characteristics. The primary sources of uncertainties
in this study were uncertainties in the reference intensity measured above the atmosphere, instrument
specific uncertainties, including Ly-« scattering especially at long wavelengths. They used the data
to confirm that the atmosphere is composed mainly of N, with a small abundance of CH,, they also
derived C,H, abundances. They interpreted the data for wavelengths < 800 A as N, absorption.

0~7em? at a wavelength of 725 A, but as was correctly observed

The authors used a value of 2.5 x 1
by Vervack et al. (2004) later, the absorption cross section of N, presents structure in this region. Smith
et al. (1982) derived number densities for CH, from the absorption at 1151, 1114, and 928 A. Using
the solar occultation data to constrain their model they derived an homopause at 925 km and a scale
height for CH, of 149 km between 1265 and 1525 km altitude. Their results were used to constrain
several subsequent models of the upper atmosphere (e.g., Yung et al. (1984); Lara et al. (1996); Yelle
et al. (1997)). A reanalysis of the Voyager solar occultation made by Vervack et al. (2004) solved
some inconsistencies noted by Strobel et al. (1992) in the Smith et al. (1982) opacity profiles, the new
analysis found higher N, densities and lower CH, and C,H, densities. Vervack et al. utilized a more
sophisticated analysis technique and a more detailed model for the instrument to make corrections,
improving the results. After forward modeling the transmission they used a Levenberg-Marquardt least
squares routine to calculate the column densities. They assumed the absorption cross sections were
temperature independent and a linear increase of the number densities in each atmospheric layer.
Based on comparisons between the measured data and occultations simulated from photochemical
models they chose 6 species to retrieve (N,, CH,, C,H,, C,H,, HCN, and HC;3N). It is important to
consider that the Sun was ~ 8 km? in the atmosphere for this Voyager encounter and about 2 pixels
in the UVS detector. They used the continuum N, absorption cross section below 650 A to retrieve
molecular nitrogen because the wavelength region presenting strong absorption bands was not well
known. This impeded them from getting low altitudes N, densities and at the same time, due to the
exclusion of the N, bands, this impeded them from getting high altitude densities for the other species.
Fitting isothermal profiles to the derived number densities they found a temperature of (153 £+ 5) K for

4Scale heights for N, measured in the present work vary in the range 60 — 80 km.
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the thermosphere with no variation, taking into account the uncertainties, for the ingress and egress
occultations. They observed differences of the CH, profile obtained at each terminator, and found a
‘tentative’ homopause at about 1000 km.

The higher spectral resolution of UVIS compared to UVS allows to better identify and use solar
features for the retrieval. A closer observation and better spacecraft stability provide better altitude
resolution and reduce the corrections needed when processing the data with respect to Voyager 1.
In this work we present the first number density profiles of N, and CH,, and temperatures in the
thermosphere of Titan retrieved from solar occultations observed by UVIS (see also Capalbo et al.,
2013). The measurements presented complement those from the references mentioned above since they
were made at different times (28 years later in the case of the Voyager measurements) and correspond
to different geographical locations. The methodology developed in the present work can be applied to
future UVIS solar occultations to complement the temporal and spatial coverage of observations by
this and other instruments.

2.4.2 UVIS/EUYV solar occultation analysis

The geometric calculations and data handling procedures common to the FUV and EUV channels
were described in Section 2.2; the results and particularities in the data reduction from the EUV
channel are presented following, the relevant calculated quantities can be consulted in Table 2.5. The
overall picture of the procedure used in this work to derive composition and temperature from solar
occultations is schematized in Figure 2.13.

3
|
LE

=

TTIT

Credits: ESA

D=, Guter et ol 1577
1= CH, Kameta et al 2002
] L

é—-—
/I

.lllllUl ILIJLIIII I}Illlllll

Absorption Cross Section [em’]

ANCILLARY + Measured|, 10

Y SEELE L 110
Data reduction Vo[l
V
I(\)
measured () =
In(A)
I ¥
Direct calculation
* -
Column density N = — In(T})
. T\

Regularized inversion
v
Number density, Temperature

Figure 2.13: Workflow chart for solar occultation analysis. The raw UVIS data measured during a flyby are combined with
ancillary data to calculate transmission as a function of altitude. From this transmission and experimental absorption
cross sections the column densities are calculated and, from them, the number densities. From the N, number densities
temperature for the upper atmosphere is derived.

The importance of the position, size and stability of the image of the source on the detector was
stressed in Subsection 2.2.2. In the case of solar occultations, the position and the finite size of the
Sun are mapped in the squared FOV of the solar occultation port. The angular size of the Sun
in the FOV during the flybys is about 1 mrad. Based on this and the imaging performance of the
instrument (McClintock et al., 1993), the spectral resolution is estimated to be 3.6 A. The size of the
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Sun at the atmosphere level depends on the distance from the spacecraft to the atmosphere and can
be of the order of 1 - 20 km, which is most of the time bigger than the altitude sampling interval
(see Table 2.5). In these cases the altitude resolution of the measured transmission is dictated by
a combination of those quantities. Therefore binning of several samples was done, to produce a net
sampling distance as to minimize the influence of overlapping solar projected disks. The criteria used
was that the overlapping area at the borders of the averaged solar disk projections in the atmosphere
had to be around 10% of the area covered by the averaged projections. This allows to take into
account the finite size of the Sun in subsequent analysis while increasing the S/N. The reduction
of sampling rate has in general no significant effect on the final altitude resolution for derived local
densities, as this resolution is dominated by the inversion of column densities (Chapter 3). However,
as commented in Subsection 2.2.2, cases of large altitude binning do degrade altitude resolution of the
final results, could result in underestimated abundances at low altitudes and, therefore, overestimated
temperatures. As a consequence the results obtained averaging many altitudes should be interpreted
with caution. In the Voyager 1/UVS measurements the Sun had a size of 6 - 8 km at the atmosphere
level. Simulations of the size of the Sun effect in Vervack et al. (2004) revealed that there were not
significant differences between a single-segment uniform sun and a segmented non uniform one. For
the solar occultations analyzed here, the Sun was assumed to be uniform. Finally, no variation of
solar output during the occultations was assumed in the present work.

Some of the observations present significant drift in the x and/or y directions. Examples of the
calculated positions and sizes in a case of good (flyby T58) and bad (flyby T62) pointing are shown
in Fig 2.14. Although the flat filed response of the EUV detector is expected to be better than that
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Figure 2.14: Sun position and size in the squared FOV of the UVIS solar occultation port for occultations T58 and the
egress leg of T62.

of the FUV and, consequently, no significant variation in flux with position is expected; the time
dependent wavelength shift associated with the drifts is significant for some of the observations (see
transmission curves below). At this point the accuracy of the pointing calculated with SPICE and
its relation with the wavelength shift become not only highly relevant, but traceable thanks to the
strong emission lines in the solar spectrum. As stated in the SPICE documentation®, because of
the complexity of determining data accuracy, especially for time-dependent data, and also because of
the complexity of processing any such data within SPICE, the SPICE system provides no numerical
mechanisms for managing accuracy information. The accuracy of the derived data was then estimated

®http://naif.jpl.nasa.gov/pub/naif/toolkit_docs/C/info/intrdctn.html
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from measurements of the solar spectrum and comparison with values of Cassini pointing stability. In
the case of unstable occultations, like T62, the Sun can drift 0.89 mrad in 126 seconds (corresponding
to 124 km in tangent altitude around 1200 km). As the instrument dispersion is ~ 2.4 A /mrad, the
drift would imply a wavelength relative shift of some 2.1 A. This is approximately the shift in the
977 A solar line that can be measured in the spectra corresponding to the two extreme positions of the
Sun in those 126 seconds. Moreover, the drift of the line across UVIS wavelength channels measured
independently during the wavelength registration procedure (see below) gives approximately the same
result when translated to wavelength units. In cases of more stable occultations, like the case of
T53, the calculated drift of the Sun in the FOV is 5 x 10™* mrad in 700 s. This is curiously some
65 times smaller than values for Cassini’s pointing stability under reaction wheels, which are around
56 x 1073 mrad /1200 s (Macala, 2002). Again, considering the instrument dispersion, the drift would
imply a wavelength relative shift of some 0.0012 A. The shift is in this case imperceptible in the
measured spectra. However, the solar line drifts across approximately 0.3 UVIS wavelength channels,
as measured independently during the wavelength registration procedure (see below), which translates
t0 0.18 A, or 0.075 mrad in the FOV x direction, orders of magnitude bigger than the drift derived with
SPICE. The average position of the Sun in the x direction of the FOV, on the contrary, corresponds
well with the observed absolute shift in the PDS-calibrated spectra (some 1.1 A for T53); shift that
was corrected (when possible) with the wavelength registration procedure described below. In sum,
an interpretation of this is that the SPICE derived pointing calculations for big displacements of
the source in the FOV are accurate, and can be traced to wavelength shifts in the spectra. On the
contrary, small displacements are apparently not reproduced in the calculated position of the source
in the FOV—the tenths of urad measured commented above not being real variations in pointing,
but calculation artifacts. In these cases the detection of eventual, more subtle wavelength shifts relies
on the wavelength registration procedure. Finally, it is important to note that the image of the Sun
remains in all cases within the limits of the FOV.

Instrument corrections, EUV channel

Apart from the common processing described in Subsection 2.2.2, specific procedures to correct the
data from the EUV solar observations were necessary. The first 2 and the last 17 channels of the EUV
detector (wavelengths: 561.229, 561.833 and 1171.84 - 1181.54 A) presented no counts systematically
and so they were eliminated from the array. Other corrections include background subtraction and
wavelength registration. These corrections were performed separately for each detector line containing
the source image, after the onboard binning and before adding the lines. These lines are, in all cases,
lines 4 and 5 (index starting with 0).

Measured counts at a particular wavelength originating from photons not emitted by the Sun, or
emitted by the Sun but at a different wavelength from that considered are regarded as background.
There are many sources of background:

(1) The RTG background commented already in Subsection 2.2.2, can be neglected
(2) Photons coming from Interplanetary Hydrogen (IPH) emissions and other sources.
(3) Scattered light. This contribution can itself be divided into 3:

1. Light dispersed by the grating. Photons are not dispersed into only one angle as would
happen in an ideal grating, but they spread across the whole detector. This behavior is
characterized by the Point Spread Function (PSF) of the whole imaging system (basically,
mirrors + diffraction grating). Therefore, photons of any wavelength can contribute to
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counts in other wavelengths too. This effect is particularly important for very intense

features in the source spectrum, as is the cases of Ly-a emission from the Sun.

Internal reflections. Photons scattered inside the instrument can reflect in the instrument
case and reach the detector at any wavelength channel.

Glints. The idea of a contribution to the BKG from eventual glints is motivated by the
observation of some features in UVIS EUV detector images corresponding to observations of
the interplanetary medium. Occasionally, light can leak onto the detector through apertures
in the instrument case, falling onto the detector directly, or after being scattered by the
grating or internal reflections. This contribution is listed for completeness, but it is not
characterized, rare, almost impossible to differentiate from the others, and expected to be
a negligible fraction of the scattered light (McClintock personal communication).

The analysis presented accounts for contribution (2), and a part of contributions (3.1) and (3.2), the
part that comes from long wavelength radiation. Contribution (2) is estimated from observations made
when all solar light is completely extinguished by atmospheric absorption. All counts corresponding
to altitudes lower than ~ 300 km are averaged, giving in all cases a negligible contribution at a rate
of a few 1072 counts/sec/pixel; it is nevertheless subtracted from the raw data. Ajello et al. (2007);
Steffl (2005) also found background counts from Inter-Planetary Hydrogen (IPH) scattered Ly-« to be
negligible compared with other sources of background. The exact source, spectral and time variation
of the scattered light (contribution (3) above) was unknown; the spectral and temporal characteristics
of the data reveal the presence of at least two manifestations of this contribution. The first varies
with time in the same manner as the count rate at the long wavelength end of the spectrum. This
can be seen in Figure 2.15, showing the light curve for bins around the solar lines at 584 A and
630 A, and for a bin covering the range 1100 - 1160 A. The time dependence of the counts in this
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Figure 2.15: Light curves for 7-channel bins centered in two solar lines before (o) and after (x) the BKG correction.
Light curve for a 100-channel bin in the long wavelength end of the detector used as proxy for one of the sources of BKG
(A). The wavelengths corresponding to the center of the bins are shown in the plot, in A. Data from the T53 flyby.

bin is supposed to be similar to that of the the Ly-« line at 1216 A (whose behavior was unknown),
based on the flatness of the methane absorption cross sections, and the negligible contribution of
other absorbers in the wavelengths/altitudes involved. At low altitudes the light curve for the short
wavelength bins show background counts that vanish for lower altitudes in a similar fashion to that
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of the counts in the long wavelength bin. It is therefore hypothesized that this background is due to
light scattered by the instrument from longer wavelengths, probably including the intense solar Ly-«
line. The Ly-« line is orders of magnitude more intense than the lines in the EUV region and is not
yet completely absorbed by methane at altitudes where radiation of short wavelengths is completely
absorbed by nitrogen. This long wavelength contribution is more important longward of 1125 A and
shortward of 780 A, where the signal is smaller (Ajello et al., 2007; Steffl, 2005). Accordingly with
this analysis, this background was subtracted from the spectrum below 780 A by assuming that it
is proportional to the count rate in the 1100 - 1160 A region, and requiring that the modified count
rate in the 584 A and 630 A lines go to zero for altitudes where these lines have been extinguished by
atmospheric absorption. Above 780 A the average of the background in the 774 - 780 A region was
subtracted as a constant background. The total background (i.e. after adding all the relevant lines in
the detector) as a function of altitude for the relevant bins involved in the density retrieval, as well
as for the bin used as proxy for the background is shown in Figure 2.16, for the case of the T53 solar
occultation. In the same figure the background as a function of wavelength is shown. In most of the
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Figure 2.16: Left: The subtracted background as a function of altitude for the relevant bins involved in the retrieval of
densities and background determination. Right: The subtracted background as a function of wavelength for different
tangent altitudes. The data correspond to the T53 solar occultation.

cases, the transmission in the bin [1100 - 1160] A was fitted by a continuous curve before scaling it
to background value as explained above, to reduce contribution to noise in the background. In cases
when the data could not be fitted properly, the data were smoothed, resulting in a noisier background
than in cases when the fit was achieved. The background corrected counts for the bins shown in the
left plot of Figure 2.16 differ in less than 10% for most of the altitudes when changing from fitting to
smoothing the background. After these corrections a residual background remains, particularly next
to the measured emission in 584 A, 630 A, and 1085 A used in the analysis (see Figure 2.20). We
interpret this second manifestation of this contribution to the background as extended wings of the
instrument PSF. The temporal behavior of this second type of background is precisely the same as
that of the spectral emissions features themselves—the absorption cross section in the spectral regions
of our interest vary smoothly. Therefore, as this background has no effect on the analysis, it is not
corrected. Moreover, the analysis is based on bins including only the core of the lines of interest,
and excluding the wings, to minimize any contribution of residual background contamination. The
corrected light curves for bins around 584 and 630 A are shown in Figure 2.15. The background
corrected solar spectrum is shown in Figure 2.20.

Other important data correction is the wavelength calibration and registration. For the solar
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occultations the Sun can be imaged off the slit center in the dispersion direction, and it can drift further
during the observation. This resulted in spectra from different samples suffering from a wavelength-
and time-dependent shift with respect to the calibration provided in th PDS archive. Thus, after the
PDS wavelength calibration, wavelength registration was needed. Based on the position of well known
and strong solar emission lines a recalibration (also called correction in the following) mapping UVIS
channel to wavelengths was performed individually on each sample (i.e., on each measured spectra).
During the image drift in the detector, the flux of a spectral feature moves from one detector pixel to
the other. This shift was first seen either as a slope or a strong fluctuation of the signal in some of the
light curves, for altitudes outside the atmosphere. The top plots in Figure 2.17 show the light curves
before and after background and wavelength correction for a stable (T53) and an unstable (egress
leg of T62) occultation. The bottom plots of the same figure show counts in the UVIS/EUV channel
corresponding to 629.61 A (representative of a solar emission line) and to detector line 5 (as determined
from the Gaussian fits, see below) as a function of observation time. In the case of T53, no perturbation
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Figure 2.17: Top: Light curves before and after background and wavelength correction for UVIS/EUV channel 113,
corresponding to 629.61 A(representative of a solar emission line). Bottom: UVIS/EUV channel corresponding to the
629.61 A emission line and to detector line 5 (as determined from the Gaussian fits, see text) as a function of observation
time. The plots on the left and right correspond to the T53 and egress leg of T62 solar occultations, respectively.

is clear from a visual inspection of the light curves, but the analysis performed during the wavelength
calibration described below shows a small, sub-pixel wavelength shift. For the unstable occultation
case shown in the figure, the light curve is clearly spoiled by the shift. The recalibration procedure
not only confirms the correlation of the fluctuations in the light curve with the shift of the line center
in the detector—which, moreover, also correlates with the pointing drifts shown in Figure 2.14—but
also correct the light curves. The slope of the light curves for all wavelength channels in the detector
is shown for T53 in Figure 2.18 (Left). The relative dispersion—standard deviation over mean—of the
part of the light curves above TOA, for all channels in the detector, is shown for the egress leg of T62
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in Figure 2.18 (Right). The effects of wavelength shifts are more evident for stronger solar emission
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Figure 2.18: Left: Slope of the light curves for altitudes above TOA for all the EUV wavelength channels before and
after wavelength correction. Data are from T53 solar occultation. Right: The relative dispersion of the data around the
mean for altitudes above TOA for all the EUV wavelength channels before and after wavelength correction. Data are
from the egress leg of the T'62 solar occultation.

lines. It has to be kept in mind that these are extreme cases (particularly pathological in the case of
T62) that are shown just to give an idea of the methods used to quantify the defects and the results
of the corrections. Each observation has its own characteristics and these methods are more or less
effective in each case.

The wavelength registration procedure is as follows. A set of solar lines was chosen as reference,
based on their clear identification in the UVIS spectra. Bunches of lines with similar intensity unre-
solved by UVIS were ignored. The chosen solar lines were: 584.33, 629.72, 949.74, 977.03, 1025.73, and
1031.91 A (see for example Curdt W. et al., 2001). The UVIS channels corresponding to these lines
were identified in the UVIS spectra as the center of a Gaussian fitted to the relevant part of the UVIS
spectrum. This was done for each altitude for which the reference line was not absorbed (i.e., the
transmission in a bin around the solar line measured by UVIS was bigger than 5%). These altitudes
differ from line to line. After filtering of outliers, that result for altitudes for which the Gaussian fit
was not accomplished properly, the outcome was the centers of the lines, in units of detector channel,
as a function of altitude, or observation time, as shown in Figure 2.17 (Bottom). As the movement
of the spacecraft, that originated the pointing drift and consequently the variation in the curve, is
expected to be smoother than the oscillations observed, the data was smoothed to eliminate these high
frequency variations (this smoothed trend is also shown in Figure 2.17). For the lower altitudes, where
the lines were absorbed, or high altitudes presenting a strange behavior, a quadratic extrapolation of
the behavior at the center altitudes was used. The measured wavelength shift for the reference lines
vary from occultation to occultation, being of 3.2 A (~ 5 pixels) in the worst case. The residual,
defined as the difference between the reference and corrected wavelengths, is up to 0.4 A in the worst
case, but less than 0.2 A in most of them. This is the accuracy of the wavelength recalibration, which
is about 1/3 of an EUV wavelength channel.

A second order wavelength calibration polynomial was then derived for each altitude according to

Wl = ao+ ain + agn? (2.10)

where n is UVIS channel number, W1 is the corrected wavelength, and the coefficients are altitude
(or time) dependent. The calibration coefficients for the T53 occultation are shown in Figure 2.19.
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The resulting light curves after the correction presented a notorious improvement with respect to non
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Figure 2.19: Wavelength calibration coefficients as a function of observation time for detector line 5, solar occultation
T53. The inset shows the ag coefficient, with uncertainties plotted every 20 values for clarity.

corrected data (see Figures 2.17 and 2.18). It is worth noting that the analysis of absorption is based
on bins around solar emission lines, and that the flux in a bin of several pixels centered in a solar
line is constant with altitude even in the case of a small wavelength shift. However, the wavelength
recalibration allows to take a smaller bin centered in the solar line, excluding the wings that could be
more affected by background; therefore the wavelength recalibration is worth performing in all cases.

Finally, correction of instrumental effects can also concern the flat field (FF) response of the
instrument. Pixel-to-pixel variations in the detector can result in unrealistic variations in the signal.
For example, the image of a spectral and spatial uniform source would not be a uniform image.
In an occultation analysis the important quantity is the relative variation of the signal (before and
after the radiation passed through the atmosphere) and in principle a FF correction is not necessary.
Nevertheless, as the position of a finite source in the detector can vary during the occultation, a
non-flat detector response would give an unrealistic change in signal with time. Motion in the spatial
dimension could result in a false change of intensity for a particular wavelength. Motion in the
dispersion direction would result in a wavelength shift combined with a false change of intensity of a
particular spectral feature. This is solved with a FF correction, which compensates the pixel-to-pixel
variations. There is not known FF correction for the solar occultation port of the EUV channel.
Attempts to apply a FF correction corresponding to other slit states (see Steffl, 2005) did not provide
satisfactory results (this was evaluated by visual inspection of the resulting spectra after the FF
correction: increasing noise in the continuum and deformation of spectral features). Moreover, the
detector cube downloaded from the PDS archive is already windowed and binned in the case of solar
occultations, discarding the possibility of the application of a FF. The wavelength recalibrated light
curves were visually inspected for effects of source motion in a non-flat detector. No change in signal
(beyond noise level) was appreciated. Therefore, any eventual pixel-to-pixel variation is expected not
to distort the data as to affect the results significantly. The corrected data is ready to be interpreted
in terms of absorption of the solar spectrum through the atmosphere.
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Solar Spectrum and atmospheric absorption

The solar spectrum was measured by UVIS when the line of sight was outside the atmosphere. The
spectrum from the T53 flyby is shown in the upper panel of Figure 2.20 as an example; it is an average
of all the corrected samples corresponding to tangent altitudes from 2000 to 4800 km. The attempts to
radiometrically calibrate this spectrum with the PDS calibration procedure was unsuccessful, possibly
due to the lack of a calibration matrix for the solar occultation port (including the pick-off mirror). The
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Figure 2.20: Solar spectrum measured during the T53 flyby (top). N, and CH, absorption cross sections (bottom). The
spectral bins used in the analysis are represented by the dashed vertical lines.

spectrum consists mainly of intense solar lines, some continuum emission, and residual background.
Figure 2.20 also shows the absorption cross sections of N, (Gurtler et al., 1977)6 and CH, (Kameta
et al., 2002), the main EUV absorbers in Titan’s atmosphere. The absorption cross sections for N, have
a resolution of 0.03 A and there is no comment about the measurement temperature in the reference.
The CH, absorption cross section have a resolution of 1 to 4 A and were measured at 298 K. As
underlined by De La Haye et al. (2008) (see their Figure 1) nitrogen, by far the dominant atmospheric
constituent (98%), is the almost exclusive absorber of photons with energy in its absorption region,
561 - 1000 A in the UVIS/EUV range. Methane (2%) has a wider absorption region (561 - 1450 A
in UVIS/EUV,FUV ranges), and absorbs most photons in the remaining 1000 - 1450 A wavelength
range. The less energetic photons penetrate deeper into the atmosphere and can be absorbed by minor
species (see Subsection 2.3.2). Lavvas et al. (2011) presented a detailed model for photodissociation
and ionization of N, and CH, incorporating the latest photoabsorption cross sections at that time
and including contribution from photoelectrons. Ionization dominates for N, in the range 500 - 800 A
(range including the bins used in this work to detect molecular nitrogen). N, loss is due to photons
and electrons, and results mainly in ionization (~67% of products). The coupled-channel Schroedinger
equation calculations fail to reproduce the measurements at wavelengths smaller than 845 A so the
use of measurements, although at lower resolution than the theoretical calculations, is the better

SNote that these absorption cross sections are shown for illustrative purposes only, the retrieval of N, is done using
the absorption cross section values in Samson et al. (1987).
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Table 2.3: Wavelength bins used in the analysis of solar occultations.

Wavelength bin, A | Central UVIS wavelength, A | Wavelength channels binned
[582.3, 586.3] 584.3 7
[627.7, 631.7] 629.7 7
[1082.2, 1088.2] 1085.2 9

option nowadays (Lavvas et al., 2011). Measurements at higher resolutions, like those possible at the
SOLEIL synchrotron facility, could resolve N, bands and could be available in the future. The picture
for CH, loss is different because its absorption extends to longer wavelengths. Ionization peaks at 1000
km. Dissociation peaks at ~800 km, and dominates above 900 A for CH, (this is the range used to
retrieve CH, in this work). The loss process is mainly due to photons, and the result is mainly neutral
dissociation, with ionization being less important. Absorption cross sections measured are expected
to be accurate enough in the region above 900 A. In this work we retrieve the density profiles of N,
and CH, by using two bins centered on the solar Hel line at 584 A (582.40 - 586.63 A) and OV line
at 630 A (627.79 - 631.43 A), and a bin spanning solar lines around 1085 A (1082.12 - 1088.19 A),
respectively. This retrieval procedure takes advantage of the facts that CH, dominates absorption
in the long wavelength bin, that N, dominates absorption in the short wavelength bins (although a
CH, contribution is still important and accounted for, see Chapter 3), and that the cross sections do
not change significantly in the wavelength bins used. The corresponding bins are marked with dashed
lines in Figure 2.20 and can be consulted, together with the central wavelengths, in Table 2.3.

Transmission measured in a solar occultation

After the instrument corrections, the next step in the analysis is the calculation of the atmospheric
transmission according to the procedure described in the preceding sections of this chapter. Figure 2.21
shows an example of atmospheric transmission for three wavelengths bins, measured during the solar
occultation that took place in the T53 flyby. The transmissions in the 584 and 630 A bins are in
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Figure 2.21: Transmission as a function of tangent altitude, corresponding to the solar occultation during flyby T53.
The curves correspond to the wavelength bins used in the analysis, centered in the measured emission peaks whose
wavelengths are shown in the graph.

excellent agreement, with half-light levels at 1254 km. The half-light level for the 1085 A bin is at
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Table 2.4: Characteristics of stellar occultations analyzed.

. . . Original Sc - tg.
Data product (FUV Lat. Lon. (deg AtITlObp‘ Altitudes sam- alt. min.
Flyby Star N a in probed . .
<yyyy-doy-hh_mm>) (deg) W) a pling distance
shadow (km) a a
(km) (km)
T41 FUV 2008.054_15_36 e CMa -2 --10 332 - 334 yes 243 — 2000 0.4 4.7x10°
T53 FUV 2009.109-21_23 a Eri 38 -39 294 — 308 no 0 — 4627 1.6 3.8x107

& for altitudes relevant to absorption measurements

1023 km. It is clear from the figure how radiation in the 584 A and 630 A bins is absorbed much
higher in the atmosphere than radiation in the 1085 A bin because of the much higher abundance of
N,. As can be seen from Figure 2.21 there is no sign of absorption layers for the altitudes probed.

2.5 Temporal/spatial coverage of data

This section presents ancillary information about the observations analyzed, to be used for further
references in the following chapters, especially the one dealing with atmospheric variability. These
metadata include geometrical, geographical, and temporal information derived from the geometry
analysis described in Subsection 2.2.2.

Geometric and other ancillary information about the stellar occultations analyzed in this work is
presented in Table 2.4. The stars occulted during flybys T41 and T53 were Epsilon Canis Majoris
(Adara), and Alpha Eridanus (Achernar), respectively.

The search for solar occultation observations was performed in several ways, with different advan-
tages and disadvantages and obtaining consistent results among them. The search tool provided by
the rings node of the PDS” was one of the methods used. This tool allows to search for UVIS obser-
vations targeting the Sun. However, the PDS label of one of the solar occultation observations have
an "UNKNOWN’ target, which has also to be taken into account during the search. A second method
was based on the search in all the . TAB’ files for all the UVIS volumes in the PDS. Solar occultations
were then identified by the value of some of the fields in the tabulated data (like ODC_ID), then the
PDS label of candidate observations can be inspected to see if their DESCRIPTION field identifies
them as an observation of solar radiation through Titan’s atmosphere. This method gives more control
of the search details, but is more complex and time consuming. Finally, all the labels corresponding
to EUV observations in the PDS were analyzed in the search of a description matching that of an
observation of solar radiation through Titan’s atmosphere. Among them, observations with the Sun as
target should be identified. This method finds exactly the files of concern, but involves the handling of
several thousand files by the user. The result of the search is a list of all the solar occultations through
Titan’s atmosphere measured with the UVIS/EUV channel by August 2013. Metadata information
about the solar occultations analyzed in this work is presented in Table 2.5. In cases when a range is
presented, the values are sorted according to increasing time of observation.

This final list merits some comments. In some cases an ingress and egress occultations were
measured during the same flyby. This is the case of T10, T62 and T78. The occultations can be in
the same data product (same file, like for T10 and T78) or in separate products. The T10 ingress
occultation data is unusable, the spacecraft was inside the atmosphere while the occultation took
place and the light curves are not appropriate for the analysis. T62_eg also grazed the atmosphere for
tangent altitudes higher than 1300 km, but the resulting light curves were appropriate for abundance
retrieval. Observations during T10, T26, and both observations during T62 suffer from pointing

TOPUS search tool website: http://pds-rings.seti.org/search/



Table 2.5: Characteristics of solar occultations analyzed.

b b Altitudes Original oo Sc - tg.
Flyby Data product (EUV Lat.%(deg) Lon.*(deg LST SLT probed sampling? Sun size in alt..rmn. T
yyyy-doy_hh_mm) W) (hh:mm) | (hh:mm) atm.*(km) dist.® (K)
(km) (km) (k)

T10_eg | EUV 2006.015_11.25 | -62 —-55 0-10 20:04 08:29 0 — 5365 2.6 -29 9.7 - 10.8 9483 164
T26 EUV 2007.069.01.05 | -76 —-77 39 - 29 23:10 13:46 10185 -0 5.4-5.3 5.6 - 5.4 5300 139
T53 EUV 2009-110.00.11 | -21 —-28 237 18:03 22:02 0 — 4802 3.9-43 51-4.8 3190 148
T58 EUV 2009-189_15_42 86 — 85 239 - 236 17:40 21:46 6663 — 0 3.2 11.5 - 10.9 9738 119

T62.in | EUV 2009-285_06_-27 1--5 230 18:00 21:30 5937 -0 1.3-1.2 25 - 23 18680 169

T62_eg | EUV 2009_285_08_15 -68 —-62 48 — 49 06:09 21:36 0 — 2432 1.1-0.9 2.7-0.0 0 137

T78.4n | EUV 20112550223 28 - 32 162 - 161 18:28 17:31 4021 -0 5.0 -4.8 9.4-9.2 9217 119

T78eg | EUV 2011.255.02_23 25 -20 354 — 353 05:42 17:32 07914 4.8 -5.0 74-72 8009 154

# for altitudes relevant to CH, or N, absorption.
b for the half light point in the 584 A bin light curve.
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instabilities causing wavelength shifts. In these cases the wavelength recalibration procedure described
in Section 2.4.2 allowed to correct the data and to obtain acceptable light curves and spectra, to which
the retrieval procedure could be applied. Although flybys T53, T58 and T78 are more stable and the
correction is not critical, the wavelength correction was still performed to improve the quality of the
data. The solar occultation that took place during the T53 flyby benefits from particularly good
pointing stability and small attitude drift. Additionally, UVIS observed a stellar occultation during
T53 (Koskinen et al., 2011, see also Table 2.4), providing the opportunity to compare the CH, densities
derived from each observation. The solar occultation measured during flyby T32 presented pointing
instabilities that could not be corrected with the procedures use in this work, therefore no abundances
were derived from it. Curiously, misassigned keywords in some PDS labels produced ‘false findings’
in the search outputs. This is the case for product EUV2008_027_.19_32 which is actually a Saturn
solar occultation, and the case of product EUV2007_273_08_04 which, judging for the look of the light
curves, is probably a Saturn solar occultation too. This might explain why none of these observations
were included in the analysis of Saturn solar occultations by Koskinen et al. (2013). All things
considered, although the general characteristics of the solar occultations are similar and a common
analysis protocol could be established, all present particularities that complicate the study from the
search of the observations till the final analysis of the results, calling for especial attention in each
case.

The geographical coordinates for relevant altitudes (in terms of absorption) of all the observations
analyzed are summarized in Figure 2.22. The latitude coverage is comprehensive, the occultations
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Figure 2.22: Latitude and Longitude for all the observations analyzed.

probed low, mid and high latitudes in both hemispheres. There are however gaps of sampling, most
of the occultations accumulating in low/mid latitudes on both hemispheres and longitudes above 150°
W, or in high southern latitudes and longitudes below 100° W, leaving unexplored a region known in
terms of magnetospheric interaction as the wake region. The Titan Solar Local Time and the position
of Titan in Saturn orbit given in terms of the Saturn Local Time, for the solar occultations, are shown
in Figure 2.23. Most of the solar occultations took place at the evening terminator, none of them took
place while Titan was positioned from Saturn midnight to Saturn sunrise times.
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Figure 2.23: Saturn Local Time and Titan Local Solar Time corresponding to the solar occultations analyzed.

2.6 Summary of chapter

The particularities of the UVIS FUV and EUV channels and the corresponding data were outlined.
This work deals with time series of spatial-spectral images: spatial-spectral cubes, downloaded from
the PDS data archive. Ancillary data necessary for the analysis are provided and handled by SPICE
kernels and routines, implemented in the software developed by the author.

The formalism and techniques described in this chapter allow to analyze stellar and solar occul-
tations measured by UVIS, and to derive composition and temperature of Titan’s upper atmosphere.
The first steps of this analysis, common to both types of occultations, concern geometry calculations
and basic operations and checks on the spatial-spectral cubes. Then each type of occultation needs a
specific analysis. The differences and similarities of stellar and solar occultations were commented in
this chapter, in connection with differences in the source, instrumental, or geometric characteristics.

An introduction to stellar and solar occultations was given, followed by specifics of the analysis
for each type. Stellar occultations measured by UVIS have been presented before, showing the po-
tential of the instrument in deriving profiles of minor hydrocarbons, nitriles, and aerosols in Titan’s
thermosphere. This motivates the continuation and verification of these kind of studies, as will follow
in the present work. The analysis of a solar occultation measured by UVIS, on the contrary, was just
recently performed by the author of this work (Capalbo et al., 2013), the remaining solar occultations
in the archive are presented here. They provide a wonderful opportunity to derive abundance of N,
and temperatures, and to compare them with the only solar occultation measured before (by UVS on
Voyager 1, in 1980) and with INMS results.

The introductions to stellar and solar occultations were followed by analyses specific for each type.
These analyses include pointing and instrument corrections. The stellar occultations presented show a
stable pointing, some of the solar occultations do not. The most important instrument corrections are
the background and the wavelength corrections implemented for the EUV channel. The wavelength
correction makes suitable for analysis observations otherwise spoiled by pointing drifts. The analysis
involves the absorption or extinction due to the species in the atmosphere. In the case of the stellar
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occultations, the absorption spectrum of minor hydrocarbons in the full range of the FUV channel
should be considered. On the contrary, the dominant absorption of N, and CH, in the EUV allows
to base the analysis in three representative wavelength bins (582.40 - 586.63 A, 627.79 - 631.43 A,
and 1082.12 - 1088.19 A). The end point of the preliminary analysis is transmission as a function of
altitude and as a function of wavelength, ready to be the input of the retrieval methods described in
Chapter 3.

The last section of this chapter presents all the observations analyzed in this work. This database,
containing all the UVIS solar occultations in the PDS archive to the best of the knowledge of the
author, serves as a reference for the further reading of the manuscript.
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In Section 2.2 it was explained how the measured transmission is related to the atmospheric compo-
sition. A column density profile for the constituents was derived from the analysis of the transmission
measured at different tangent altitudes, and from the column densities the number densities were
obtained. The methods used are explained in this section. These problems are generally ill-posed (the
solution might exist but may not be unique nor stable) and therefore measurements do not uniquely
determine the solution: the presence of measurement uncertainties means that there is no unique
mapping from the measurement space to the solution space and/or the information provided by the
equations are not independent. The two separate problems (deriving column densities from the mea-
sured transmission and number densities from the column densities) have their own complications:
in the first case of spectral analysis, for a particular height, the measurement vector has as many val-
ues as wavelength channels and the solution as many elements as species are included in the retrieval.
There are generally more measurements than unknowns giving an over-determined problem. Besides,
the model relating the measured and unknown quantities is complex. All this calls for a least-squares
minimization. For the second case of spatial inversion, from a discrete number of column densities a
continuous quantity is searched: the number densities as a function of altitude, therefore several states
in the solution space might lead to the measured quantities. Discretization of the problem helps to
make it well-determined but it remains ill-conditioned, as the problem suffers from noise amplification,
i.e., small noise in the measured quantities would result in huge errors or oscillations of the retrieved
quantities. In this second case the quantities are related in a linear form. For these reasons the column
density profiles for the constituents were retrieved using a x?-minimization technique and the number
density profiles were retrieved using a constrained linear inversion method. Very similar procedures
have been used before to determine number densities (Vervack et al., 2004; Koskinen et al., 2011;
Quemerais et al., 2006) and the technique presented here follows them closely, particularly the ones in
the last reference. The first part of the transmission analysis is different for the solar occultations. As
only a wavelength bin at a time is involved, there is no need for a least-squares spectral analysis, the
column densities are calculated directly from the ratio of measured transmission and the absorption
cross section. The resulting column densities and number densities for stellar and solar occultations
are presented in Chapter 5.

3.1 Column density retrieval, stellar occultations

In the present study the transmission through the atmosphere is assumed to be the result of absorption
by the gaseous constituents and aerosol extinction (see Equation 2.4). With the assumptions made in
Section 2.2.1 the transmission can be modeled as in Equation 3.1 (see Equation 2.7).

S
Tmoa(A) = exp(—7(N) = exp(— Y 04(A) Nioy, ,) (3.1)
s=1

Niot, , 1s the sum of the column densities of species s over all traversed atmospheric layers while the
tangent altitude corresponds to the middle point of layer | (Equation 2.9). The procedure to derive
the column densities from the transmission can be seen as the search of a set of column densities
N (the parameters in our model, subscripts tot;, Will be omitted for clarity) that will maximize the
probability density function (p.d.f.) P(N|T'yeqs) for the probability that the column densities are N
given a measured transmission I'yeqs (see for example Kyrola et al., 1993). Under the assumption of
normally distributed N and I' values, the logarithm of this p.d.f. can be expressed in terms of the
negative of a cost function involving the measurements (I'yeqs) and its covariance matrix (Sr,,...),
the modeled transmission (I',,,q) according to Equation 3.1 and convoluted with the UVIS-FUV
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instrument function, the previous knowledge of the parameters N, and their covariance matrix (Sy,)
(see Rodgers (2000); Koskinen et al. (2011) and Equation 3.2). The instrument function was modeled
as a Gaussian with a 2.38 A width and two lorentzians (See the UVIS User’s guide NASA-PDS, 2012).

—2In(P(NTreas)) = (Cmeas—Tmoa) S5 (Tmeas—Limod) + (N —No) " SyH(N = No)+constant (3.2)

Minimization of the cost function would be equivalent to maximization of the probability and would
give the most likely set of parameters N. The model used to obtain I',,,4 is non linear, involving an
exponential and a convolution with the instrument response (see Equations 2.7 and 3.3 below). A
linearization could be an alternative way to deal with this problem, but the non linear approach was
chosen because it is a more trustful representation of the measurements and based on the fact that
it gave better results according to the study in Kyrola et al. (1993). The main difference with the
approach in this last reference is that here the convolution is done after exponentiation, and not before
as in Kyrola et al. (1993). In the present case any prior information about the N values, represented by
the second term on the right in Equation 3.2, is ignored (Sy, — inf). Moreover, to solve the problem
for the column densities the cost function was written as a x? quantity in the form of Equation 3.3,

¢ =y Lnenea = Dot (3.3)
A Tmeas,\

where o2 are the diagonal elements of St ... (which is supposed to be diagonal, meaning no

meas
cross correlation among transmission at different wavelengths) and represent the uncertainties in the
measured transmission. The optimal N were determined as the values that minimize y2. This was
done implementing a Levenberg-Marquardt (see for example Press et al., 1996) algorithm with the
IDL routine MPFIT (Markwardt, 2009).

Some practical considerations are worth mentioning regarding the retrieval procedure. The theo-
retical transmission for low altitude can have infinitely small values in the region of methane absorption
(below 1400 A), while the measured transmission is normally lower limited by an instrument back-
ground, especially when several altitudes are averaged. This can produce big relative discrepancies
between the modeled and measured spectra. Although these differences are not very relevant to the
overall quadratic residue due to their small absolute value, this region was excluded when the y?
minimization was done, keeping only values above a minimum transmission (0.007, or optical depth
5). The column density retrieval was characterized by its associated Q-probability and reduced x?.
The former represents the probability that the x? be bigger that the one obtained, by chance (Press
et al., 1996). This would mean that, with the same uncertainties (which are assumed to be normally
distributed), if a bigger value of x? is obtained it is not due to a defect in the model. This Q-probability
value varies between 0 and 1 for a statistically very untrustful and a perfectly trustful retrieval. How-
ever, due to the fact that the formal assumptions for which this statistics applies (models linear in
the parameters, measurement uncertainties normally distributed, etc.) are normally not rigorously
fulfilled by the models, the latter can be considered acceptable even with @ values several orders of
magnitude below 1. The reduced x? is defined as the value of the x? quantity divided by the degrees
of freedom, which in turn is equal to the number of wavelength channels in the spectrum contributing
to x2 minus the number of parameters involved. The characteristics of the x? distribution make this
value be close to 1 in cases of good fits. To avoid border effects caused by the convolution with the
instrument function to affect the fits, 6 spectral channels in the short wavelength end of the spectrum
(~3.6 A) and 5 in the long wavelength end (~3 A) were not included in the calculation of the residues
defining x? (Equation 3.3). Even after the exclusion of very low transmission values commented above,
the MPFIT routine produces sometimes unacceptable results (some parameters are not retrieved, re-
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trieved as negative values or with uncertainty greater or equal than 100%). In cases when the final
reduced y? was greater than a threshold (set arbitrarily to 15), the whole retrieval was repeated with
a new initial guess. If the reduced y? was smaller than the threshold but some parameters (N values)
were not properly retrieved, the retrieval was repeated with a new initial guess for those parameters,
conserving the retrieved values and uncertainties for the others. In all cases the best retrieved set of
parameters was kept. In any iteration the new initial value was obtained from the old one multiplying
by giter(—1)"e" Taking into account a compromise of improvement of the result and processing time,
the simulations showed that only 2 iterations are worth doing (see Appendix B).

3.2 Column density retrieval, solar occultations

As the 1085 A bin is dominated by CH, absorption, column densities along the line of sight, N, are
related to transmission through Equation 3.4,

N=-— =2 (3.4)

where o) is the absorption cross section, and T and 7, are the measured transmission and optical
depth of the atmosphere, respectively. The contribution of methane to the net optical depth was
subtracted before the calculation of nitrogen column densities from the 584 A and 630 A bins. The
ratio of the CH, to N, optical depths in these bins varies between 0.07 and 0.7 for altitudes between
1100 and 1400 km. The methane opacity was calculated using a linear fit to the natural logarithm
of the derived column densities in the upper part of their altitude range (this varies from occultation
to occultation, being approximately between 1100 - 1300 km). The absorption cross sections used for
these calculations are from (Samson et al., 1987), measured with a bandpass of 1 to 3 A and having an
uncertainty of £3%. The average values of the N, absorption cross section in the short wavelength bins
(see Figure 2.20) are (2.24+0.05)x 10717 and (2.344:0.07)x10717 cm?. The average value of the CH,
absorption cross section in the long wavelength bin is (2.9040.02)x107!7 cm? (from Kameta et al.,
2002). This procedure allows to retrieve abundances without using the complicated band structure
in the N, absorption cross section, where it varies several orders of magnitude in narrow lines ( 0.007
A, Lewis et al., 2008).

As for the other species involved in the retrievals, it is valid to ask if the abundances derived
with the techniques used correspond to nitrogen and methane or other isotope with similar values
of absorption cross section. As underlined in Lavvas et al. (2011), isotopic substitution results in
small shifts in the rotational and vibrational levels of the molecules, which translates to small shifts
in their photoabsorption cross sections. Lavvas et al. (2011) found that N, isotopic substitution have
a negligible impact on the photolysis rates of N, and CH,. So, in principle, we could be detecting
a combination of N, and '"N!N; similarly, a combination of CH, and *CH,. The isotopic ratios
in Titan’s atmosphere for 2C/'3C and “N /!N being ~ 82 and ~ 183 respectively (Niemann et al.,
2005), it can be assumed that the abundances derived with the analysis just described are, indeed,
mainly from molecular nitrogen and methane.

3.3 Altitude range for column densities retrieved from stellar or
solar occultations

The column densities for stellar and solar occultations were calculated for an altitude range wide
enough to include the first light of the light curves at the same time as the highest altitudes, where
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absorption starts. But while for the higher altitudes the small absorption due to the dilute atmosphere
resulted in transmission values very close to unity; the lack of signal decreased the S/N for the lower
altitudes. As a result, the corresponding number densities lack physical significance or suffer from
enormous uncertainties. Consequently the column density profiles were altitude-filtered before the
number density calculations. The valid altitudes for a particular profile were defined as those for
which the transmission in the relevant wavelength bin satisfied:

T+ or <0.99 and T —or > 0.01, (3.5)

where T' and o represent the transmission and its uncertainty, respectively. For the solar occultations
the relevant bins are those in Table 2.3. For the case of stellar occultation the situation is more
complicated as the absorption features for the different species overlap. In this case, some bins were
defined as ‘characteristic bins’ for a particular species and the criteria in Equation 3.5 evaluated for all
these bins, resulting in a pair of limiting altitudes for each bin. For each species, the median among
the lower limits was chosen as the lower limiting altitude, the median among the upper limits as the
upper one. The bins used for the species retrieved are detailed in Table 3.1, the wavelength limits
for these bins where defined as the wavelengths for which the absorption decreased in 1/2 from the
maximum in the bin, except for the bins corresponding to N, absorption and CH, absorption, where
the factors 1/3 and 1/4 were used instead. An example of transmission curves as a function of altitude
for 4 of these bins can be seen in Figure 2.11.  Spatial subsetting not only avoided unnecessary

Table 3.1: Characteristic absorption bins in the FUV for each species, used to determine altitude limits for a valid
column density retrieval.

Species | Wavelength bins (A)

CH, [1200.00, 1362.23]

C,H, | [1436.53, 1442.13], [1474.03, 1484.38], [1518.13, 1520.58]

HCN 1397.63, 1399.18], [1412.93, 1414.33], [1429.23, 1430.78]
] ]
[ [

C,H, 1686.93, 1695.2300], [1699.68, 1706.63], [1727.83, 1732.83], [1742.03, 1745.98]
C,H, | [1400.33, 1406.03], [1442.93, 1449.13], [1577.78, 1597.48], [1636.88, 1649.83]
HC,N | [1377.08, 1469.1]

CeH, 1740.38, 1818.63]

CH, [1497.50, 1503.50]

AER [1800.00,1900.00]

processing time but, as the results of the different layers is not independent (see section on spatial
inversion below), avoided unrealistic results from very high or low layers to spoil potentially good
results from other layers.

Further filtering of the column densities was necessary before the number densities could be cal-
culated. Outliers were eliminated applying a median filter of 5-altitude width to the column density
profiles. Infinite column densities, those with uncertainty bigger than 100% or equal to zero, were in-
terpolated assuming a decreasing exponential behavior as a function of altitude. Unreal uncertainties
of less than 0.01% were set to 0.01% to avoid numerical problems in the spatial inversion. No values
were extrapolated, causing the limits of the valid altitude range of the profiles to be values originally
retrieved, without any of the pathologies that trigger a filter.
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3.4 Number density and aerosol extinction retrieval

For the calculation of number densities the formalism is similar to the one described above. For a
given species Equation 3.2 would take the form

—2In(P(n|N)) = (N — F(n))" Sy (N — F(n)) + (n — ny)"TI(n — ny) + constant (3.6)

The information in the measurements is not enough to identify the solution and some additional
resource is necessary; the matrix Il represents, in a general case, this additional information about n.
This can take different forms. If this is the inverse of the covariance matrix (S, !) of the a-priori profile
(ng) then the solution is given by the Maximum A-posteriori Probability (MAP) formula (Rodgers,
2000). The use of prior information is not a good option in this case: as the available number density
profiles for the upper atmosphere of Titan are scarce, a statistically trustable a-priori profile and
covariance matrix are not available. The additional information can be based on assumptions about
the solution for n, like smoothness. This approach was explored in this work. N and n have as many
elements as altitudes probed and the model F'(n) is linear and given by:

N=Dn+oy = F(n)+on, (3.7)

where D is the distance matrix that represents the discretization of the atmosphere (see Figure 2.5 and
Equation 2.6). The densities are assumed to be constant in each layer. Equation (3.7) is the matrix
form of the equality used to arrive to the last member of Equation (2.7), with the addition of the
uncertainty in the column densities, on. Among the possible choices for the matrix II, a smoothness
constraint was used, implemented via an L-1 X L second derivative operator given in Equation 3.8,

1 2 -1 0 0 0
o121 o 0

B= : (3.8)
0 0 -1 2 -1 0
0 0 0 -1 2 -1

where h is the distance between atmospheric layers. This uses as prior information that the n profile
is smooth and that a linear function is a good approximation of it. The additional information matrix
is then

I1=ABT'B=AH (3.9)

In this way the retrieval is performed using what is called a Tikhonov regularization (see for exam-
ple Twomey, 1996), with a constrain given by the matrix H and the intensity of the regularization
given by the regularization parameter A. As the number densities span over several orders of mag-
nitude as a function of height, an altitude dependent regularization parameter is compulsory. A is
actually a diagonal L x L matrix.

The optimal value of n, according to Equation 3.6, can be expressed as (Rodgers, 2000)

n, = Sy(AHn, + DTS N), (3.10)

where
S, = (AH + DTS'D)7!, (3.11)

is the covariance matrix of the retrieved number densities n,, and n, is a prior knowledge of this
profile, chosen as 0 in the case presented here. As noted before, AH is equivalent to the inverse of the
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prior profile covariance matrix, S; ! in the MAP method (see for example Sofieva et al., 2004). The
determination of A is key in the process, and there are several criteria to do this in the literature. A
small value of A would result in a noisy profile as discussed above. If A is too big, too much smoothing
will produce a featureless profile, missing any interesting feature measured. Moreover, the influence of
adjacent altitudes over the retrieval at a particular altitude increases, degrading the altitude resolution
of the result. The procedure implemented here is based on an iterative increment of the regularization
and can be described as follows: with A = 0, n, is retrieved using Equation 3.10. Then, based on
the approach given in Press et al. (1996), A;; is set equal to (DT Sy'D); ;/H;;/100. This first guess
would set A ‘on the map’. The factor 1072 is to start with a small enough value to be sure that no
unnecessary smoothing is set from the beginning. The values of n, are then recalculated iteratively,
using Equation 3.10, multiplying A by 1.4 in every iteration. The iterations are stopped when the
condition

1D, = Nl ~ || (3.12)

is reached, where ||.|| represents the 2-norm.

The matrix A = SnDTSX,ID is called averaging kernel matrix. Its rows can be seen as smoothing
functions, peaking at the corresponding altitude, showing the contribution to this altitude from others,
expressing the relationship between the retrieved and true profiles, and with a spread characterizing
the resolution of the retrieval. This resolution can be calculated according to different criteria. Here
the Backus-Gilbert spread (see for example Rodgers, 2000) was used. In essence, and considering
the statistical and arbitrary approaches used to derive the n profile, the definition of a spread that
will provide an unambiguous altitude resolution lacks significance, and is somehow arbitrary (within
sensible values). It is important to have in mind that features smaller than a certain size can not be
retrieved trustfully and that this size will be related to the width of the averaging kernels.

For the aerosols, although the formalism is the same, the quantities involved and derived are
different. The extinction cross sections used in the retrieval correspond to a particular aerosol size,
and so do the retrieved column densities. To obtain aerosol extinction in a more general case, instead
of using the retrieved aerosol column densities as the last element of the vector N in Equation 3.7, the
aerosols optical depth, 74¢, can be used. Then, the corresponding resulting quantity in the vector n
is the aerosol extinction. This was done using the aerosol optical depth in the long wavelength end of
the UVIS FUV range: 1800-1900 A, where extinction is supposed to be mainly due to aerosols (see
contributions to optical depth in Section 3.6).

As in the case of the column densities the retrieved number densities needed filtering. Retrieved
negative number densities and densities with uncertainties greater or equal to 100% were eliminated.
Densities for the highest altitude suffered from a border effect due to the second derivative operator
used in the inversion, so points within one resolution width from the top of the profiles were elimi-
nated. The different points in the profile have similar but different altitude resolutions; therefore, for
simplicity, the biggest value among the median of the resolutions and the altitude sampling is reported
as a characteristic resolution for the whole profile.

3.5 Temperature calculations

The N, number density profiles were used to derive temperature in the upper atmosphere of Titan.
Nitrogen is relatively inert and, due to its dominance in the upper atmosphere, its averaged tempera-
ture can in general be regarded as a good indicator of the averaged temperature of the atmosphere as
a whole. Assuming the atmospheric is in hydrostatic and diffusive equilibrium, and using the relation
between pressure and temperature given by the ideal gas law, the number density of N, can be given
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by Equation 3.13 (see for example Salby, 1996),

n(z) = n(Zo)?((?)) exp — /Z : Z(TZ& 7,7; dz’, (3.13)

where n and T are the number density and temperature, respectively, m is the nitrogen molecular
mass, k the Boltzmann’s constant, and g the altitude dependent gravity. The gravity g can be written
in terms of the gravity at the surface, g5, and Titan’s radius, R, as

9(z) = gs (R?—z>2' (3.14)

Under the assumption of an isothermal upper thermosphere—an assumption which has been shown
to be in good agreement locally with the measured N, densities (see for example Waite et al., 2005)
though it does not hold for large altitude ranges in the thermosphere— and applying the natural
logarithm, Equation 3.13 becomes

z 2
In(n(z)) = In(n(z)) — / 0 gk;f ( szl> dz'. (3.15)
Having measured the number densities, the temperature can be calculated from Equation 3.15 in
different ways. Three methods were studied in this work and are presented in Appendix A. The
method chosen to derive the temperatures that are shown in this report consists in solving the integral
in the equation above and equate the temperature. The method used calculates T' varying z in all
the altitudes covered by the measurements, one of them fixed as zy. Sequentially all the values are
chosen as zgp and the calculation of T" repeated each time. The calculated temperatures are filtered
and a final value is calculated as a weighted average. The uncertainty is determined as the weighted
mean absolute deviation of the averaged values. As the other procedures used (see Appendix A), and
as noted in Westlake et al. (2011), this method is based upon the simple assumptions of a hydrostatic,
diffusive, isothermal, and N, dominated atmosphere, and is in general not susceptible to uncertainties
due to systematic density perturbations occurring outside of the altitude range studied.

3.6 Simulations

The routines developed to retrieve the number densities from the measured transmission were tested
with simulated data. The calibrated spectra of the star Epsilon Canis Major measured in high dis-
persion mode by the International Ultraviolet Explorer (IUE, data product ID sp35165) was used
as source spectrum. It was multiplied by a simulated transmission spectrum, the latter calculated
based on the absorption cross section and extinction spectra of the species included in the model (see
section 3.6.1 and Table 2.2 for some examples), and their vertical abundance profiles in Titan’s upper
atmosphere from photochemical models. The resulting attenuated spectra, corresponding to differ-
ent altitudes, were transformed into simulated UVIS counts. This synthetic UVIS observation was
then processed by the analysis routines that implement the retrieval process described in Sections 3.1
and 3.4 to calculate column densities and number densities. Finally, the retrieved number densities
were compared with the ‘true’ value from which the simulation started. The different steps in the
data simulation and the tests of the routines are detailed following, and in Appendices A to C. These
simulations apply to the stellar occultation technique, although the validation of the spatial inversion
applies to the solar occultations as well.
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3.6.1 Choice of Species

As was commented in a previous chapter, many molecules present absorption features in the UV, but
this does not guaranties their identification. The detectability of a particular species depends on the
combination of the intensity and wavelength dependence of its absorption cross section, its relative
abundance in the atmosphere, and on instrument resolution and S/N. So, which species could be
included in a first approach of upper atmosphere characterization through UVIS/VUV absorption?.
To try to answer this question this work presents a preliminary survey of candidate molecules. The
choice of species was based on their appearance in the reaction paths in photochemical models, the
model-predicted abundances (e.g. De La Haye et al. (2008); Krasnopolsky (2009), Lavvas personal
communication), and their absorption cross section in the FUV (also from several sources). Table 3.2
summarizes the analysis done. The abundance values reported are in most of the cases approximate
values read from plots of mixing ratio profiles or converted from plots of number density profiles,
from measurements or photochemical models. The conversion to mixing ratio was done assuming
an atmospheric total density equal to the N, density, the latter being also approximate values read
from plots of N, profiles used in different photochemical models. The altitudes in Table 3.2 are
close to the maximum in production rate of many species (De La Haye et al., 2008; Lavvas et al.,
2008b, 2011), and also close to the unit optical depth measured during UVIS stellar occultations
for wavelengths in the range 1400 - 1700 A. The absorption cross sections given in the table are in
many cases approximate values read from prominent features in the absorption spectrum plots or read
from tabulated data in the references. From the values in the first columns of Table 3.2, absorption
coefficients (see Equation 2.5) for each species considered were roughly estimated; providing merely
an order of magnitude for most cases (in some cases not even so), except for the main constituents for
which the models can be closer to the real abundances in Titan’s atmosphere. Species with a resulting
absorption coefficient of the order of 107! or bigger are considered to be worth of an attempt to be
retrieved. For species whose absorption was estimated in the EUV wavelength range the absorption
coefficient should be bigger (= 107%), or they will most likely be masked by N, and CH,.

Some molecules merit particular comments. Although the detectability of C,Hy is promising, in
practice it is masked by CH, (Koskinen et al., 2011) and therefore it is not included in the retrieval
using real data. Based on Table 3.2, the detectability of HCN is low, furthermore it was not retrieved
in the simulations in Subsection 3.6.3. Nevertheless, paradoxically, it was included in the model
atmosphere used for the analysis of real data. As noted by Westlake et al. (2011), the cooling ability of
HCN is unmatched in Titan’s thermosphere and is the major controller of the thermal structure (Yelle,
1991). The production of HCN seems to effectively mitigate the UV solar heating, in a chemical
feedback system involving UV-enhanced production of HCNH'. Moreover, the description of HCN
evolution and profiles by photochemical models is deficient (see the discussion in Lavvas et al. (2008b),
for example), the mole fractions being normally bigger than the measured values, particularly in the
upper atmosphere. Finally, HCN number density profiles were derived from UVIS/FUV measurements
in Koskinen et al. (2011), showing that its detection is indeed possible, if its abundance in the probed
region is high enough. For these reasons, HCN was given a ‘second chance’ in the retrieval applied to
real data. Although absorption cross section for CH4 for the whole UVIS/FUV range were not found
in the bibliography, the scarce measurements show up prominently among the absorption of the other
species. This, added to its predicted high abundance compared with other radicals (Krasnopolsky,
2009) and to its relevance to the photochemical evolution of the upper atmosphere (see for example
Lavvas et al., 2008b), motivated its inclusion in the retrieval analysis. Fray et al. (2010) simulated a
UVIS/FUYV absorption spectrum based on measured abundances of some hydrocarbons and assuming
2

an upper limit for the HC;N column density of 5 x 10" ¢cm™2. They found some features in the
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Table 3.2: Analysis of detectability by UV absorption in Titan’s upper atmosphere for several species. Unless otherwise
stated mixing ratios and N, density are from De La Haye et al. (2008), Ta flyby. nE-10 means nx 107 '°.

. Altitude N, density Mixing ACS Wavelength Absorp'tlon Worth
Species k _3 4 2 A ACS reference coefficient trvi
(km) (cm™3) ratio (cm*) (A) (em—1) rying
N, 850 1.3E+11 1.0E+00 2.2E-17 584 S‘m‘(sl‘gé;’)t al: 2.9E-06 YES
-
CH, 850 1.3E+11 2.0E-02 1.7E-17 1300 Chc&ggf) Wu 4.4E-08 YES
Chen and Wu
6.7E-19 1400 (2001) 1.7E-09 YES
H 1300 2.0E+08 8.0E-03 6.1E-18 580 Lee et al. 9.8E-12 NO
2 (1976)
1300 2.0E+08 8.0E-03 5.0E-18 1100 Ch(“lgg‘;)al‘ 8.0E-12 NO
Schunk and
H 860 1.5E+11 2.8E-03 0.0E+00 1000-1050 Nagy (2009) 0.0E+00 NO
Schunk and
3.5E-18 900-950 Nogy (2009) 1.5E-09 NO
Beynon
5.2E-18 850 (1065) 2.2E-09 NO
HCN 850 1.3E+11 9.0E-05 2.9E-17 1308 Bénilan (un- 3.3E-10 YES
publisheda)
Taatjes et al.
CH, 850 1.3E+11 4.0E-05 5.7BE-18 1215 (2008 3.0E-11 YES
850 1.3E+11 4.0E-05 1.4E-16 1500 Pl“ﬁf{; al 7.4E-10 YES
a Ferradaz
C,H, 850 8.0E+10 3.0E-05 71BE-17 1610 ot al. (2009) 1.7BE-10 YES
Wu et al.
C,H, 850 1.3E+11 1.7E-04 4.7E-16 1519 (2001 1.0E-08 YES
Chen and Wu
C,Hg 850 1.3E+11 1.0E-04 3.0E-17 1340 (2004) 3.9E-10 YES
Wu et al.
C,H, 850 8.0E+10 4.0E-04 3.1E-17 1610 (2004) 9.9E-10 YES
Gans et al.
C,Hy 850 8.0E+10 2.0E-10 3.0E-19 1500 (2011 4.8E-18 NO
Koch and
CyH¢ 1050 3.1E+09 7.2E-06 6.0E-17 1450 Skibowski 1.3E-12 NO
(1971)
Koch and
CyHg® 850 8.0E+10 1.0E-05 6.0E-17 1450 Skibowski 4.8E-11 YES
(1971)
Ho and Lin
CH,C,H 850 1.3E+11 5.0E-06 1.0E-16 1348 (1998) 6.5B-11 YES
2.5E-16 1550 H"(i‘)‘gs)h“ 1.6B-10 YES
CH,C,H, 850 1.3B+11 3.0E-06 1.0E-16 1700 Ch(zrag(;)"“' 3.9E-11 YES
C H, 850 T3B+11 T.0B-06 1.2E-16 1790 this work 5.4B-11 YES
Bénilan (un-
C,yN, 850 1.3E+11 3.5E-09 3.2E-17 1582 publishedb) 1.5E-14 NO
CH,CN® 850 8.0E+10 1.5E-06 3.1E-19 1650 S“t‘glgg‘;)mc 3.7E-14 NO
850 8.0E+10 1.5E-06 6.5E-18 1650 S““(’l";;g)me 7.8E-13 NO
a Bénilan (un-
C,N, 850 8.0E+10 1.7E-05 6.3E-16 1610 publishedb) 8.6E-10 YES
Ferradaz
HC,N 850 1.3E+11 4.0E-07 2.4E-16 1450 et al. (2009) 1.2E-11 YES
a Ferradaz
HC,N 850 8.0E+10 6.0E-05 2.4E-16 1450 ot al. (2009) 1.1E-09 YES
a Eden et al.
C,H,CN 850 8.0E+10 8.0E-06 3.1E-17 1850 (2003) 2.0E-11 YES
HC N? 850 1.3E+11 1.0E-05 3.0E-16 1750 Fréyofg)al' 3.9E-10 YES
CH,CHCHCH," 851 L9E411 6.7E-00 7.9E-17 1866 Frahr and 9.9E-14 NO

Nayak (1994)
a Palmer and
CH3CCCH,4 850 8.0E+410 6.0E-07 1.0E-16 1575 Walker (2007) 4.8E-12 NO

(Jolly pers.

co? 850 8.0E+10 5.0E-05 7.8E-16 1510 3.1E-09 YES
comm)
H,0% 850 8.0E+10 8.0E-07 5.0E-18 1700 Y"Sl(‘iggg)t al 3.2E-13 NO
NH,P 850 1.9E+11 5.1E-09 5.2B-17 1350 Yu-Jong et al. 5.0B-14 NO
5 (2007)
850 1.9E+11 5.1E-09 1.2E-17 1540 Ch?;‘gozt) al. 1.2E-14 NO
a Shindo et al.
CgH, 850 8.0E+10 5.0E-06 4.2E-16 1830 (200%) 1.7E-10 YES
a Fahr and
CH,CHCH,, 850 8.0E+10 2.0E-06 4.5E-17 1720 Nagak (1996) 7.2E-12 NO
Souza and
Ar 1180 1.0E409 8.0E-06 3.7E-17 600 Srivastava 3.0E-13 NO

(1994)

# Mixing ratio and N, density from Krasnopolsky (2009).

b Mixing ratio and N, density from (Lavvas personal comm.)
¢ N, density from Table 7, and mixing ration from Toublanc et al. (1995) in Table 10, of Magee et al. (2009).

simulated spectrum that could be attributed to HC;N. However, according to Table 3.2, this species’
contribution to the optical depth is negligible.
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Species included in the simulations and their absorption

Based on Table 3.2 a preliminary list of 18 species to be included in the simulations was established:
CH,, C,H,, HCN, C,H,, C,H,, CH;C,H, C,H,, HC3N, C,N,, HC,N, C;Hy, C3Hg, CH,CyH,, CyN,,
C,H;CN, CO, CHg, and AER. Particular cases of this preliminary selection are C,N, which, although
undetectable according to Table 3.2, was included in the preliminary list motivated by its previous
inclusion in a similar analysis (Capalbo, 2010); and C4H,, which was included in the table after the
simulations were performed (and therefore is not in the list). Profiles for CO, C,;N,, C;Hg, and
CH, were calculated from mixing ratios retrieved from Krasnopolsky (2009) and converted to number
densities using the N, profile from the same reference. The aerosol profile is from Lavvas et al. (2010),
it is a profile for size changing particles in the range 0 - 1081 km. Other profiles are from other
photochemical models (Lavvas personal communication) in the range 0 - 1364 km. The profiles were
extrapolated from their original highest altitude up to 2000 km, assuming hydrostatic equilibrium
(exponential behavior). When the number densities were smaller than 107! they were set to 10710
to avoid computational over/underflows (e.g. the aerosols). From the number density profiles column
densities were generated according to Equation 3.7, with o = 0. With this column densities and the
absorption cross sections, optical depth spectra were calculated for all the altitudes. The altitude grid
used is not fundamental for the calculations and was varied from one simulation to another. To give
an idea of the values involved, a typical altitude grid had 2000 points between 200 and 2000 km. The
absorption cross sections are brought to a common grid covering the wavelength range 1200 - 1910 A
with a step of 0.1 Al. With the abundances and absorption cross sections used, the theoretical optical
depth is close to 1 in the central region of the FUV wavelength range for altitudes close to 800 km.
The theoretical contribution of each of the 18 species to the optical depth at 800 km is shown in
Figure 3.1. Species not visible in the figure have contributions below the lower limit of the plots. It
should be noted that for the purpose of these simulations, any profile representative of the order of
magnitude of the profiles of the species in Titan’s thermosphere is sufficient. The real abundances in
the planet might vary significantly from those used for the simulation, which aims to characterize the
retrieval routines; therefore it should be used with caution when deriving conclusions for particular
species and/or altitudes in the real atmosphere.

Based on the contribution of the 18 species to the total optical depth and on the visual comparison
of a simulated optical depth spectrum with a stellar absorption spectrum measured by UVIS, the list
was reduced to 11 species: CH,, C,H,, HCN, C,H,, C,H,, HC3;N, C;Hy, C,N,, CO, CH;, and AER.
The profiles of these species can be seen in Figure 3.2.

3.6.2 Simulation of UVIS data and column density retrieval

From the simulated total optical depth, transmission was calculated (Equation 2.8), convolved with
the UVIS/FUV instrument function?, binned according to the UVIS channels, reversed calibrated
according to the instrument calibration, altered with random Gaussian noise simulating the instrument
uncertainty and converted to integer to simulate the digitization process. The noise was added as
random values with zero mean and a standard deviation equal to the square root of the simulated
counts (Poisson uncertainties). The data was averaged in altitude as would be in a real occultation

LThis step, chosen for convenience in the computations, is smaller than the resolution of some of the absorption cross
sections used. However, the discrepancies between the original values and those resulting after translation to a common
grid is, for most of the species and relevant wavelengths, less than 3%. This is fulfilled, particularly, for most of the
values greater than 107'7 in the CO absorption cross section.

2Except for CO, most of the lines or bands in the measured absorption cross sections are larger than the 0.1 A step
of the wavelength grid used for the calculations; therefore, the use of this grid is expected not to affect the convolution
significantly.
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Figure 3.1: Relative contribution to the optical depth from each of the 18 species initially considered as candidates for
detection by UVIS/FUV, at 800 km. Species not visible in the figure have contributions below the lower limit of the
plots.

0.01

analysis. In this case, 10 altitudes were averaged, giving a sampling interval of some 9 km. The
synthetic source spectrum in count units calculated from values corresponding to altitudes above
1500 km (I in Equation 2.4), together with spectra at lower altitudes, are shown in Figure 3.3. As
the profiles of the species have a few molecules per centimeter square even at the highest altitude,
the simulated data—from which the Iy value is calculated—do not really have samples corresponding
to the unabsorbed source spectrum. Nevertheless, the abundances are so small above 1500 km that
the simulated samples above this altitude could be considered as measured out of the atmosphere for
the purposes of this simulations. Moreover, the flatness of the simulated light curves validates this
statement. The slope of the light curves above 1500 km is null for most of the wavelengths, except
for the wavelengths below ~ 1300A for which the average slope is negligible at a rate of ~ 1073
counts/km. The synthetic transmission spectrum and transmission as a function of altitude are shown
in Figure 3.4. This transmission was the input of the retrieval routines that implement the retrieval
process described in Section 3.1 to calculate column densities. The technique uses an initial guess of
the column density profile of each species to start the minimization of the x? quantity (Equation 3.3).
This initial guess comes normally from a photochemical model. For this simulations, the initial guess
was derived from the simulated column densities perturbed adding to it Gaussian noise, with a mean
value of zero and a standard deviation equal to 5% of the unperturbed value. Besides a bias factor was
applied to all altitudes, producing a solid shift of the profile in the column density dimension. This
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Figure 3.3: Synthetic source spectrum in count units calculated from values corresponding to altitudes above 1500 km.
Also shown are spectra corresponding to lower altitudes as absorbed by the simulated atmosphere. Data were binned
every 2 wavelength channels and averaged every 10 altitudes.
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Figure 3.4: Left: Calculated transmission as a function of altitude for several wavelengths. Right: Calculated transmission
spectrum for several altitudes. Transmission was calculated form simulated data binned every 2 UVIS wavelength
channels and averaged every 10 altitudes. Only some uncertainty bars are shown for clarity.

bias was varied to study the response of the retrieval procedure as a function of the different initial
guesses.

Before engaging in the column density retrieval, the core routine used to determine the column
densities that minimize the x? quantity, MPFIT, was tested. Although the minimization algorithm is a
robust and well behaved one in a general sense, it can suffer from slow convergence or convergence to an
undesired local minimum if a poor initial guess is used. The routine was wrapped with the transmission
filtering and iteration algorithms described in Section 3.1. For the first test to the routine, in contrast,
no re-iteration scheme was used. This allowed to study the response of the routine to different initial
guess profiles. Initial guesses biased by a factor 2, 3, 4, 6, 10, 1/2, 1/3, 1/4, 1/6 and 1/10 were
used in successive runs. For each run the resulting column densities for 5 altitudes representative of
different regions along the full altitude range were compared with the ‘true’ column densities. The
comparison was made taking into account the uncertainties retrieved by MPFIT, an ideal result being
one in which the ‘true’ profile falls within the 1-o uncertainty interval around the retrieved value. The
results of this test are shown in Appendix B. The conclusions from the test are that the routine fails
to retrieve the ‘true’ profiles for some species/altitudes, even when this true profile is used as initial
guess. If the initial guess differs in a factor 3 or more than the true profile, or in a factor 0.25 or less,
the retrieval as a whole starts to be marginally acceptable. This is somehow worrying because the
photochemical model profiles used as initial guess to analyze real data can differ up to a factor of 10
from the measurements. This motivated the iteration scheme described in Section 3.1, with the hope
that re-scaling the initial guess would favor converge to an appropriate set of column densities. It
should be kept in mind, however, that the re-iteration algorithm has its limitations itself. Depending
on the result from MPFIT, only some of the initial guess profiles might be altered, not necessarily the
ones differing the most from the ‘true’ profile. Moreover, all altered profiles are so by the same factor.
The iteration can then result in a pointlessly delay of the retrieval, so it was limited to only a few
iterations. The results of this test are shown in Appendix B. The conclusion from this test is that the
iteration scheme improves marginally the results, retrieving some species at some altitudes that were
not retrieved in the case of MPFIT running once. The improvement might be, in part, a consequence
of the fixation of the profiles of some well retrieved species. Moreover, only 2 iterations are sufficient,
in most cases, to obtain the final result, so this is the maximum number of iterations used for the real
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data analysis.

Another important characterization of the MPFIT routine in the context of this work concerns
the uncertainties provided by it. Under the assumptions stated in Section 3.1 about the distribution
of the uncertainties in the measured data, the uncertainties in the derived column densities should
be the formal 1-o uncertainty, computed from their covariance matrix. However, as the retrieved
uncertainty intervals around the retrieved values did not include the true column density value for
some species/altitudes, a Monte Carlo simulation was performed to characterized the output uncer-
tainties. The distribution of the column densities for 800 km given by MPFIT in 3150 realizations
were compared with the ‘true’ values and the uncertainty given by MPFIT in one realization of the
ones described in the previous paragraph. The result was an underestimation of the uncertainties by
MPFIT by less than 35% for most species, about 90% for the aerosols, and an overestimation of the
uncertainty in the case of CH, and HCN. Moreover, the true value was not contained within the 1-o
interval around the mode of the distribution for CH,, which means that the true value was not recov-
ered for this species. As the results correspond to only one altitude—for which some of the species
might not be retrievable for some data sets, as is the case of HCN—no systematic corrections of the
column densities or uncertainties derived from MPFIT was implemented. Nevertheless, it is worth
keeping in mind that the MPFIT uncertainties shown in some of the results might be underestimated,
and consider a safer 2-¢ interval when interpreting the results. The simulations described above were
performed binning the simulated data every 2 UVIS wavelength channels. The simulations for the case
of the initial guess being twice the true value was repeated without binning, the resulting transmission
spectrum for the corresponding altitudes was almost the same in both cases, binned and unbinned.
This showed that the binning of the data is unnecessary. No data binning is performed in the analysis
of real occultations.

The whole retrieval procedure (spectral least squares fit + spatial inversion) was tested with the
simulated data described previously, without any spectral binning, wrapping MPFIT with a scheme of
two iterations. The analysis was limited to the range 400 - 1400 km. Most of the reduced x? values for
the fits at different altitudes are within 0.8 and 2, which implies a good fit. Most of the Q-probability
values are between 0.2 and 1, which also provides confidence for the fits, although the values very
close to 1, above 880 km, may imply an overestimation of the uncertainties.

The resulting column densities are shown in Figure 3.5, the shaded areas represent the altitude
and column density intervals containing the filtered final values, the values that are automatically
considered well retrieved by the retrieval process. It is the final profiles (labeled ¢ _final’ in the plots)
that should be considered in the analysis. Species CH, is not well retrieved above 1150 km. For
C,H,, the filters leave out some valid values at high altitudes, this is due to the somehow conservative
choice of valid altitudes based on the characteristic bins; the same happens for C,H,. HCN is one
of the most problematic species, as its absorption peaks are highly masked by CH, absorption in the
simulation. Many of the values for high altitudes are interpolated for this species. The case of C,H,
is the opposite of that of CyH,, it is not well retrieved above 875 km, but the final filtered profile
includes values above 1000 km. The same happens with HC3;N, which is not well retrieved below 550
km and around 800 km, while the profile provided by the analysis procedure reaches 450 km in its
lower limit. C4Hg and C,N, present a similar problem, the retrieval failing above 830 km for the first,
and below 450 km and above 1020 km for the second. Surprisingly, despite its modest contribution to
the optical depth, CO is the only species that is coherently retrieved for all altitudes by the algorithm.
This might be due to the structure of its absorption cross section, very thin compared to that of all
the other species. On the contrary, the inexactitude of the CHj retrieved profile was expected from
the lack of information about its absorption cross section. The profile is deficient at different spots in
the whole altitude range, particularly around 900 km. Besides, it presents unreal waves below 750 km.
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for CH,, C,H, and AER. The final results are shown for the other species. Interpolated values are indicated in all cases. The solid lines are the ‘true’ column densities used
to generate the simulated data. Uncertainty bars are 1-o uncertainties.



3.7. SUMMARY OF CHAPTER 71

Although not evident from the figure, the aerosols column densities seem to be underestimated from
550 - 700 km; they are also inexact above 900 km.

3.6.3 Simulation of molecular number density and aerosol extinction retrieval

The number densities for the molecular species and the extinction for aerosols, derived from the col-
umn densities and optical depth respectively, are shown in Figures 3.6. The shaded areas represent
the altitude and number density intervals containing the filtered final values—the values that are
automatically considered well retrieved by the retrieval process. The solid lines are the ‘true’ num-
ber densities used to generate the simulated data. The aerosol extinction was calculated from the
‘true’ aerosol number density and the average absorption cross section in the range 1800-1900 A. The
characteristic vertical resolution for the profiles are either 35 or 55 km, depending on the species
considered. The exception is HC3N, with a resolution of 70 km. In general the profiles present unreal
oscillations, most likely due to the scattering of the column density values and the noise amplifica-
tion inherent of the inversion technique, that was not completely eliminated with the regularization
implemented. This eliminates any possibility to identify wave-like structures in the profiles, just well
defined absorption layers or depleted regions could be detected. In most of the cases the true profiles
are reproduced within the 2-0 confidence interval of the retrieved number densities. Although the
CH, column densities were not properly retrieved for high altitudes, the true number densities are
withing the uncertainty interval of the retrieved number densities. The C,H, retrieved values diverge
towards high densities above 968 km; the same happens with C,H, above 978 km. This might be due
to the failure of the filter aimed to chop off the border effect. HCN was the only species that could be
considered not retrieved by the procedure. Species C,H,, HC;N, C4Hy, C,N,, CH; and the aerosol
extinction are well retrieved only in a sub-region of the profiles shown. This calls to caution when
interpreting the values for high and for low altitudes in the profiles of this species retrieved from real
data. As in the case of the column densities, CO is the best retrieved species, with only one outlier,
at the highest altitude. To repeat, this simulations are based on sample number densities that are
not expected to match but in order of magnitude (in some cases not even so) the average abundances
in Titan’s atmosphere—except for CH, for which the models can be closer to the real abundances.
Besides the real abundances can vary from one location in Titan to the other. Relative differences
among the densities used could render a species more or less ‘retrievable’ than the others. Moreover,
this is the first time that such a big number of species is included in this kind of analysis, resulting
maybe very ambitious in this sense. Most of the absorption cross sections for the different species
overlap in the central wavelength region of the measured spectrum: about 1400 - 1800 A. This largely
complicates their identification and maybe pushes the methods and computational routines to their
limits of applicability.

Finally, the author performed a second visual comparison of the simulated optical depth obtained
with the 11 species with a real spectrum measured by UVIS during T41, both corresponding to a
tangent altitude of 800 km. The features in the simulated optical depth due to C;N, and CO are the
most difficult to match with measured features. Thus, with the aim of simplifying the analysis, these
species could be eliminated from the list of 11 candidates to be retrieved.

3.7 Summary of chapter

The problems of deriving column densities from transmission and number densities from column
densities are ill-posed. In this work, the first problem is approached with a least-squares minimization
technique. The goodness of the result is characterized by a reduced x? value and a Q-probability
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value. In the case of solar occultations there is no need for a least-squares spectral analysis, and the
column densities are calculated directly from the ratio of measured transmission and the absorption
cross section. The second problem is tackled with the use of a regularized inversion, the altitude
resolution of the retrieved number densities is characterized by the spread of the averaging kernels.

The implementation of the column densities derivation includes filtering of the measured trans-
mission and an iteration scheme (2 iterations) to improve retrieval results. The resulting uncertainties
provided by the routines were found to be underestimated for most of the species involved. The anal-
yses of the iteration scheme and the uncertainties were performed with simulations of column density
retrievals, presented in this chapter. The column densities are filtered previous to the calculation of
number densities, according to the transmission in predefined characteristic absorption bins, and other
practical criteria (e.g. values with infinite uncertainty). The filtering restricts the altitude span of
the final column densities. The retrieved number densities are also filtered using the same practical
criteria. The method to derive temperature from the N, column densities was also presented in this
chapter. The former is based on the integration of the hydrostatic equilibrium equation.

The whole retrieval procedure (spectral least-squares fit + spatial inversion) was tested with simu-
lated data. The choice of species to be included in the simulations was based on their detectability, in
turn dependent on the absorption cross section of the relevant species and their abundance in Titan’s
atmosphere. Eleven species were included in the simulations. Finally, only nine were used in the anal-
ysis of real data: CH,, C,H,, HCN, C,H,, C,H,, HC3N, C;Hy, CH;, and AER. The column densities
were well retrieved overall, although for some species the retrieval failed for some altitudes. The same
comment applies for the number densities retrieved in the simulations, so results for these altitudes
should be taken with caution when analyzing real data. On the other hand, differences between the
simulated and real atmosphere might change how a particular species is retrieved (e.g. the case of
HCN), and no radical conclusions about the detectability of any of the 11 species should be made
from the simulations. The number density profiles present oscillations that do not exist in the original
profiles, most likely due to the scattering of the column density values and the noise amplification
inherent of the inversion technique, that was not completely eliminated with the regularization imple-
mented. In most of the cases the true profiles fall within the 2-o confidence interval of the retrieved
number densities. The characterization of the retrieval technique, and the analysis of detectability of
molecules in Titan’s atmosphere by UVIS, are two of the main contributions of this work.
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Previous chapters underlined several times the important characteristic of Titan’s atmosphere of
being a rich reservoir of complex organic molecules. It has also been commented how the identification
of these molecules has been pursued with modeling and laboratory experiments, and confirmed in many
cases by observations. Among the complex hydrocarbons obtained in the models, experiments, and
observed, is C4Hy. Apart from its detection on Titan (Coustenis et al., 2003), C4Hg was also detected
in Jupiter, Saturn (Bézard et al., 2001) and in the CRL618 nebula from ISO data (Cernicharo et al.,
2001). From all the possible isomers with the formula CyHg, this work deals with the cyclic form
c-CgHyg, called benzene. It is the simplest of the aromatic hydrocarbons: a group of hydrocarbons
characterized by general alternating double and single bonds between carbons. Benzene can be the
precursor to the formation of a whole host of heavier hydrocarbons including polycyclic aromatic
hydrocarbons (PAHs). The condensation of Polycyclic Aromatic Compounds (PAC) may contribute
to the formation of Titan’s haze layers. This pathway competes with the polyacetylene polymers
and nitriles polymers pathways for haze formation (Wilson et al., 2003; Wilson and Atreya, 2003;
Lebonnois, 2005). As a consequence benzene has a privileged attention among other molecules, a
whole chapter in this work. The chapter will follow with an introduction about the presence of
benzene on Titan. Due to their relevance for c-CyHg detection with UVIS, an introduction about
benzene absorption cross section in the VUV will follow. Our own measurement experiments will
be described in Section 4.3, our results and their analysis presented in section 4.4. The measured
absorption cross sections were used in the analysis of UVIS FUV data to retrieve benzene abundance
in Titan’s upper atmosphere. The technique was described in Section 2.3, its application to the case
of benzene, the results and comments will be presented in Chapter 5.

4.1 An Introduction to Benzene on Titan

After the detection of benzene among the products of laboratory experiments simulating Titan’s at-
mospheric chemistry, the models started to include this molecule in the reactions considered. The
first of those laboratory simulations was carried out by Sanchez et al. (1966). From the reactions in a
N,/CH, 1 bar mixture subjected to high frequency sparking discharge they found, among other prod-
ucts, CgHg. Raulin et al. (1982) mention several experiments simulating Titan’s chemistry that also
obtained C4Hy. Coll et al. (1999) detected benzene in a N,/CH, (98:2) gas mixture subjected to high
voltage discharges (cold plasma) at temperature and pressure representatives of Titan’s atmosphere.
Motivated by the detection of polyaromatic compounds in laboratory tholins and theoretical work
based on PAHs formation from benzene, Lebonnois et al. (2002) included benzene in their model for
Titan’s atmosphere and suggested chemical pathways that can link this simple molecule and PAHs
to macromolecules, precursors to aerosol particles. However, this aerosol formation pathway was
negligible compared to others (polymers of acetylene, polymers of HCN). This might be due to under-
estimated reaction rates or to the small quantities of benzene in their model compared to the latter
measured abundances given in Coustenis et al. (2003), derived from ISO IR spectra. This was the
first tentative identification of benzene in the satellite’s atmosphere. They determined a benzene mole
fraction of (4 4+ 3)x107! in the stratosphere. The detection of benzene triggered more attempts to
model its production and the inclusion of PAHs in the models for aerosol formation (Wilson et al.,
2003; Wilson and Atreya, 2004; Lebonnois, 2005) particularly because of its importance as interme-
diate link in the gas-aerosol path. Wilson et al. (2003) analyzed mechanisms for the formation of
benzene based on recombination of the propagyl radical (C3H;) and compared their results with the
ISO observations, reproducing the only one value at low altitude provided by this observation if their
nominal profile is multiplied by a factor of about 3. Due to the high uncertainties in reaction rates at
lower temperatures they used reaction rates for 300 K. They found that the results were highly de-
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pendent on the C4H; sinks considered. They also found that an ion pathway dominated the benzene
abundance above 750 km. Wilson and Atreya (2003) provided an updated c-CyHg vertical profile,
better matching ISO measurements, that they include in their analysis of Titan’s thick haze layer.
They found that aromatic molecules may play an important role in the haze formation. Wilson and
Atreya (2004) present an improved model, also reproducing the ISO measurements of benzene. The
aerosols included in this new model act as a shield against benzene photolysis in the stratosphere. The
cited work also discusses the influence of solar activity on the benzene profile, abundances decreasing
about one order of magnitude from solar maximum to solar minimum conditions. Lebonnois (2005)
presents a sensitivity study on c-CgHy and PAHs on Titan and Jupiter. In this model benzene is
mainly produced by recombination of the propagyl radical (C;H;) and the abundance was higher that
in Lebonnois et al. (2002), resulting in a bigger relevance of the PAH’s pathway for the formation of
aerosols. The predictions of the model agreed with the ISO measurements.

After the Cassini arrival in 2004, models and observations complemented iteratively in an unprece-
dented way. The presence of benzene in the stratosphere was confirmed by Coustenis et al. (2007) and
Vinatier et al. (2007) from CIRS data. The first of these references presents an analysis of data from
a Titan northern winter period in which an increase in c-CiHg abundance towards the pole is evident,
but lacks from vertical information about the detected constituents. The first vertical profiles in the
stratosphere (about 150 - 300 km) were provided in the second reference, limited to 80° N during
northern winter. They also provide an upper limit for c-C4Hg abundance in the southern hemisphere.
These results are consistent with predictions from Lebonnois (2005) and the tentative detection in
Coustenis et al. (2003). Latitudinal variations in the c-C4Hy mixing ratio profile are derived from
CIRS data in Vinatier et al. (2010) for northern latitudes, during northern winter observations. They
also derived a lower latitudes upper limit consistent with results in Vuitton et al. (2008). Higher in the
atmosphere (> 900 km) unexpected high abundances of complex hydrocarbons, including benzene,
were determined from the analysis of INMS data (Waite et al., 2005; Vuitton et al., 2006, 2007) after
the first Cassini flybys. Waite et al. (2007) showed the presence of neutrals and ions of several thou-
sand daltons at about 1000 km. They suggest ion-neutral chemistry at high altitude plays a major role
in the formation of benzene, which would then form higher order PAHs. They also presented the pos-
sibility of benzene condensing onto the surface of aerosols. However, the underestimation of benzene
resulting from the applied chemical schemes in Waite et al. (2007) left the questions of an unidentified
source and/or a regeneration mechanism compensating the loss. These results may be interpreted as
a support of the suggestion of Wilson et al. (2003) about the importance of ionospheric chemistry for
c-CgHg formation in the higher layers. This fact of INMS results giving a C;Hg abundance some orders
of magnitude bigger than the commented models predicted was highlighted in Vuitton et al. (2007).
In their analysis of INMS data they provide a c-CzHg mole fraction in the thermosphere derived from
measured abundance of protonated benzene. The high concentrations in the thermosphere compared
to previous modeled results is associated by the authors to a production of benzene in the higher
layers. For Lavvas et al. (2008b) the main production process for benzene in the upper atmosphere
is the recombination of two C3H3 radicals. They underline the uncertainties in the reaction rates, as
well as the fact that the use of different rates can lead to variations of some orders of magnitude for
the mole fraction in the upper atmosphere. Their predictions are below INMS results, supporting the
fact that benzene formation might be related to ion chemistry at thermospheric altitudes. Regarding
the competition of the different channels to form aerosols, Lavvas et al. (2008b) find that the aromatic
pathway is less important than the copolymer and nitrile pathways in haze formation. The forma-
tion and distribution of c-C;Hy on Titan is the main topic analyzed in Vuitton et al. (2008). They
used an ion chemistry model and a neutral chemistry model to analyze the production mechanisms
of c-C4Hy in the atmosphere. The results were validated by comparison with INMS measurements
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from 12 flybys in the upper atmosphere and with CIRS values for the stratosphere. Vuitton et al.
(2008), like Vuitton et al. (2007), suggest a main source of benzene in the thermosphere, where it is
created by both ion and neutral chemistry. The former authors present an interesting discussion of
the discrepancies between their work and those from Lebonnois (2005) and Wilson et al. (2003). Some
comments are made in Vuitton et al. (2008) about diurnal variations, found to be mild. De La Haye
et al. (2008) developed a 1D ion-neutral rotating model to account for diurnal variations of solar
inputs. In their model two main processes are responsible for benzene production: neutral chemistry
of C3H4 below 700 km, and electron recombination above 700 km. In their study this production
mechanism, dominant as in Vuitton et al. (2008), has a peak that depends on the day illumination
conditions, shifting from 850 km during the day to 1050 km at night. Krasnopolsky (2009) developed
a global-mean model of coupled neutral and ion chemistry of Titan, one of the calculated species is
CgHg. In their analysis they favor ion chemistry over neutral chemistry for the formation of PAH in
the upper atmosphere, which would shift the attention from c-CgHy in this matter towards hydro-
carbon ions. More recent relevant measurements include those from Cui et al. (2009). From their
analysis of INMS data from 15 flybys that took place from April 2005 till November 2007, they de-
rived globally averaged number density and mixing ratio profiles of various hydrocarbons (including
CiHg) and nitrogen bearing species, in the range between 950 and 1200 km. Interpretation of these
results deserves some caution, since instruments wall effects (like adsorption/desorption and surface
chemistry) might affect the measured densities. Latest laboratory experiments include those from
Imanaka et al. (2010) who detected benzene by extreme vacuum ultraviolet irradiation of a N,/CH,
gas mixture. All this synergy between experiments, models and observations advanced greatly our
understanding of benzene in Titan’s atmosphere.

At present (September 2013) the presence and relevance of benzene in Titan’s atmosphere is
undoubted. But the role of this low abundant hydrocarbon and most abundant ‘heavy’ molecule,
as well as the role of other heavy hydrocarbons and their ions, are not fully understood, not to
mention extremely complex. The profiles from the photochemical models not only have associated a
big uncertainty (Hebrard et al., 2007), but also change dramatically as a function of the background
atmospheres used or the chemical reactions involved. The lack of information about these reactions at
temperatures relevant for planetary atmospheres is also a drawback. New laboratory measurements
and Titan observations, particularly from Cassini, will help to contrast the efforts of the modelers
to better understand the atmosphere. The measurements commented on the previous paragraph
cover mainly the stratosphere and upper atmosphere above 950 km. As stated in previous chapters,
UV stellar occultations absorption measurements allow probing the upper atmosphere in between
these limits. The Cassini/UVIS occultation measurements during the regular Titan flybys can detect
benzene from its VUV absorption features. The study of several of these occultations corresponding
to different spatial/temporal coordinates would allow to study benzene variability. Benzene profiles
in the upper atmosphere in the range 550 - 900 km were provided by Koskinen et al. (2011), the
first identifications of benzene in the upper atmosphere of Titan from UVIS data. They used the
c-CgHg absorption cross section presented here and found that the inclusion of benzene in the forward
model of their analysis significantly reduces the residuals between the modeled and measured optical
depth. The same UVIS observations were re-analyzed here with an identical technique. The resulting
benzene profiles are presented in Section 5. These results were derived with the absorption cross
section measurements presented in this chapter.
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4.2 Introduction to benzene absorption cross sections

To interpret the absorption measured from star occultations it is imperative to count with the absorp-
tion cross section spectra of the molecules of interest (see Chapter 2). Unfortunately the absorption
cross section spectra for many molecules of planetological interest is unknown, or poorly known. The
absorption spectrum of benzene is an exception, its interpretation has long served as a benchmark
for the development and testing of theoretical approaches to describe m-electron systems. They also
provide useful information in a large number of scientific contexts, including studies in aeronomy, as-
trophysics, planetary science, radiation chemistry, physics, and biology. As a consequence, numerous
experimental and theoretical studies have been carried out on this, the simplest aromatic molecule,
particularly in the VUV. Some of these experiments will be referred next to provide a context to our
own measurements, without pretending to be a full bibliographical review on the topic. In some cases
there are no comments about resolution, uncertainties or temperature used in the experiments (they
are assumed to be performed at room temperature, approximately 298 K). The reader is referred to
the extensive bibliography within the references cited here for more details.

Many of the discussions and experiments about the VUV absorption of benzene started by the
mid 1950s. The first measurements were that from Price and Wood (1935), who photographed the
absorption spectra of C4Hg and CiDg in the range 1000 - 2000 A. They first identified Rydberg
transitions in the shorter wavelength range but mention only marginally the big absorption feature
around 1800 A. They do tackle this region later (Price and Walsh, 1947) when they argue that at least
two electronic transitions are concerned in the 1600 - 2000 A region. Hammond et al. (1950) supports
this statement and comment on different transitions that could be responsible for the two features
around 1790 A and 2000 A. These works do not present absolute absorption cross sections as a function
of wavelength. Pickett et al. (1951) present a short review of the work done up to the beginning of the
1950s, including propositions by different authors on assignment of the bands around 1790 and 2000
A. These former authors themselves provided for the first time absolute values of extinction coefficient
measured in the range 1560 - 2200 A using a photographic method. Their analysis of the temperature
variation of some of the bands in the 2000 A band system found no measurable difference between
spectra at room temperature and those at ~253 K. Hammond and Price (1955) used a photoelectric
detector to determine absorption cross sections in the range 1650 - 2150 A. From the plots in these last
two cited works, both resolutions are coarse compared to the present study (see below). Wilkinson
(1956) obtained higher-resolution (0.026 to 0.065 A) absorption spectra of benzene and deuterated
benzene using a more appropriate continuum as source that facilitated the identification of many new
weak bands with respect to Price and Wood (1935). The former authors identified four Rydberg series,
each with 8 to 10 members. All four series were found to converge to the same ionization potential of
9.25 eV. Vibrational progressions were found to be associated with each Rydberg transition except in
the diffuse region close to the ionization limit. They also re-interpreted some of the vibrations observed
by Price and Wood (1935). Koch and Otto (1972) provide benzene absorption cross section measured
with the spectral continuous synchrotron radiation from the electron accelerator DESY in the photon
energy range of 6 - 35 eV (350-2060 A). Wavelength resolution ranged between 1-4 A. In this work
they note assigned Rydberg states, vibrational structures and review first ionization values available
at that time. Pantos et al. (1978) measured benzene extinction coefficient at room temperature, from
1350 - 2700 A, at several resolutions. The resolution of the benzene spectrum showed in their work is
2.5 A. Their extinction measurements have an uncertainty of 10%.

By the end of the 20th century new experimental techniques and theoretical studies allowed to
further investigate the absorption in the UV and review old interpretations. Grubb et al. (1985)
performed four-photon absorption spectroscopy measurements. They reported on several Rydberg
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series in benzene converging to the first ionization potential, some of them seen in our results. Suto
et al. (1992) also measured benzene absorption cross sections in the 1060-2950 A range, at 1 A
resolution and room temperature (24° C). Their results agree with those from Pantos et al. (1978)
within the 10% uncertainty in the newer results. They do not make any new identification of bands
with respect to previous works. Many other works performed in the ’80s and ’90s are referred to by
Rennie et al. (1998), who measured absolute photoabsorption, photoionization and photodissociation
cross-sections and the photoionization quantum efficiency of benzene and hexadeuterobenzene in the
range 350 - 1300 A. The resolution ranged from 1.7 to 2.3 A in the range overlapping with the shortest
wavelength region in our spectra (approximately 1160 - 1340 A). Rennie also used the Pantos et al.
(1978) and other authors’ measurements to make a composite spectrum including the whole range
covered by our measurements (and even shorter wavelengths). When compared with previous works,
their values of the cross section are in general accordance in some cases, though consistently higher in
some others. Feng et al. (2002) presented absolute UV and VUV photoabsorption oscillator strengths
(cross sections) for the valence shell discrete and continuum regions of benzene from 4 to 56 eV
(approximately 3100 - 220 A) using high resolution (~0.05 eV FWHM) dipole (e,e) spectroscopy, with
an uncertainty of at most 5%. They provide a summary of the available absolute photoabsorption cross
sections of benzene at different energy ranges as well as a thorough comparison with previous results.
In the region overlapping our measurements, their results agree with some previous measurements
and disagree with others. In the present work we present our addition to the knowledge of the c-
CiHg absorption cross section in the region 1160 - 2200 A, at medium resolution (~1 A). Absent in
the references, the study of temperature variations, mainly in the range 1700 - 1900 A, is our main
original contribution.

To interpret the presented absorption cross section results it is convenient to have in mind the
energetic states of the benzene molecule. When the 6 carbon atoms and the 6 hydrogen atoms
are used to conform the benzene molecule assuming Dg; symmetry, the 1s orbitals of the hydrogen
atoms and the 2s and 2p orbitals of the carbon atoms derive into a set of molecular orbitals. The
molecular orbitals arising from p atomic orbitals and antisymmetric with respect to the plane of the
molecule are called 7 orbitals. These are the most loosely bound orbitals in benzene and therefore very
important in understanding the stability of the molecule. They also determine the ground and lowest
excited electronic state of the molecule (Herzberg, 1966), the other orbitals being neglected in usual
treatments. The ground state configuration forms the state 1A19. Mulliken (1939) has shown from
the electronic selection rules for a molecule of the high symmetry of benzene that the only allowed
transition from the ground state is that to the ' E, state. Excitation energies from the ground state
to the first excited states would need to be ~ 7 eV (approximately 1770 A), higher energies up to
the 10.7 eV (some 1150 A) reached in this study can promote electrons to higher, non m, orbitals.
We are going to identify some of these transitions in our measured spectrum and compare them
with previous work. But the intention of this work is not to provide a thorough interpretation of
the benzene states and transitions—this has been made previously. Nevertheless, our data provides
new experimental material to those interested in these identifications. Our focus will be the general
absorption features in the measured spectrum in the range relevant for the FUV channel of the UVIS
instrument (1115 - 1900 A), their variations with temperature, and their use to identify benzene in
Titan’s upper atmosphere.

4.3 Experimental measurements of benzene absorption cross section

The absorption cross sections where derived from absorption measurements of c-CgHg gas contained
in a closed cell, irradiated with VUV radiation. The gas used was the product 109646 benzene
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from Merck, reference substance for gas chromatography with a purity > 99.9 %. No impurities
were detected in any of the measurements performed. The pressure and the temperature in the cell
were continuously monitored and controlled. Some of the measurement were performed at BESSY 11
synchrotron facility, Berlin, Germany; others were performed with the 10 m VUV spectrograph at the
Meudon Observatory, Meudon, France. The second set of measurements have as prime objective to
confirm and further study temperature variations. The different setups and processing are described
in the next subsections. In all cases the results of the measurements were transmission as a function
of wavelength. From the transmission, the optical depth and absorption cross section are determined
via the Beer-Lambert law.

4.3.1 Absorption measurements with Synchrotron radiation, BESSY II facility

Synchrotron electromagnetic radiation from a storage ring can range from Terahertz to hard X-rays.
This is a very powerful, continuum and well collimated light source for spectroscopy at short (less
than 2000 A) wavelengths. The experimental setup has already been described in Ferradaz et al.
(2009). A schematics is shown in Figure 4.1. Prior to its introduction into the cell, the sample was
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Figure 4.1: Experimental setup used to measure benzene absorption cross section at BESSY II synchrotron facility.
From Ferradaz et al. (2009)

held in solid state at liquid nitrogen temperature. The sample was contained in a test tube, connected
to the cell by a valve system. In this experiment the sample is irradiated with Synchrotron VUV
radiation (SR) from the BESSY II storage ring. The radiation coming from dipole magnets was fed
into a 3 m normal incidence monochromator to obtain a VUV beam. Measurements of absorption
were performed in the 1150 - 2200 A range, with resolutions of 1 or 0.5 A and 3 points per resolution.
The wavelength values have a varying precision depending on the wavelength region studied, being of
0.17 A in the worst case. The vacuum spectra were measured with 0.5 or 0.3 points per resolution to
save measurement time, and interpolated during processing to match the benzene spectra points per
resolution. The choice of these values was a compromise between resolution and scanning time. The
resolution used is sufficient for the applications to the analysis of UVIS spectra. The monochromator
provided the wavelength values for the measurements, but a solid shift of 3.1 to 3.3 A (depending on



82 CHAPTER 4. BENZENE ACS IN THE VUV, RELEVANCE FOR TITAN

the spectrum considered) with respect to the spectra measured in Meudon was performed in post-
processing (see next subsection). These last spectra were calibrated based on oxygen absorption bands.
Given the configuration of the experiment no stray light is expected from the environment. Stray light
from the source itself is minimized by the collimation of the monochromator beam, by adjusting the
alignment to avoid internal reflexions, and placing the cell as close as practically possible to the focus
of the monochromator optical system. The cell containing the sample during the measurements was

a cylinder of about 950 cm?

. The radiation traverses the cell along its revolution axis. The optical
path for the radiation was 14.15 cm. The entrance and exit of the cell were covered by LiF and MgF,
windows respectively. This allowed measurements down to the cutoff wavelength (about 1140 A). The
intensity of the beam at the exit of the cell was measured with an Electron Tubes Ltd 9402B solar blind
photomultiplier (PM). The PM chamber was vacuumed to 4.4 pbar and held at room temperature. The
cell pressure was measured at the level where the sample enters the cell. The empty cell pressure was
about 4.4 pbar. The range of c-CzHg pressure used was 6 - 375 pbar, much lower than the saturation
pressure at the temperatures used (~1000 pbar at 230 K). The pressure increased a few pbar during
the measurements due to air leaks and outgasing. Abrupt minima in pressure were also observed
during the measurements at low temperature, probably due to fast sample condensation-evaporation
events in the cell walls. These behaviors were accounted for during the spectra processing.

The temperature was controlled and measured during the low temperature part of the experiment.
A nitrogen cryogenic valve with a proportional, integral, derivative (PID) controller was in charge
of keeping the system at a desired temperature. This latter quantity was measured with two type-K
thermocouples fixed on the inside wall of the cell and located at the opposite flat plates of the cylinder.
The temperature stability was about 4 K, the variations due to the liquid N, injection by the cryogenic
valve. The temperature gradient across the cell was about 15 K. The values given for low temperature
measurements correspond to an average value. The wavelength given by the monochromator and the
voltage proportional to the radiation out of the absorption cell were digitalized and registered in a
text file.

A measurement series to obtain one (:—C6H6 absorption spectrum at a particular temperature,
wavelength range, resolution, and pressure was performed as follows. First a vacuum spectrum was
measured, with no sample in the absorption cell. Then the chamber was filled with c-CzHg until the
desired pressure was achieved. A spectrum of the sample gas was then measured. After evacuation
of the sample a new vacuum spectrum was measured. The ring current in the synchrotron facility
diminishes with time between electron injections. From the two vacuum spectra an intermediate
interpolated vacuum spectrum was calculated using the ring current linearly interpolated. From the
ratio of the benzene and vacuum intensities a transmission was then calculated, the absorption cross
section was derived from this transmission (see below).

Different series of absorption cross section spectra were measured in this experiment. These series
covered different wavelength ranges, with different resolutions, and temperatures. Moreover, several
measurements were performed varying only the pressure to confirm reproducibility and pressure in-
dependence of the results. At least 3 different pressures in at least one sub-wavelength region of the
whole wavelength range covered by the measurements were explored for a given temperature and res-
olution. A total of 36 spectra were collected. The series were filtered excluding spectra (or part of
them) with very low absorption, spectra which clearly suffered from a systematic error, spectra with
particularly high noise levels, and low transmission spectra. The resulting 26 filtered spectra could be
arranged in sets, each composed of spectra measured with different pressures and wavelength ranges,
but the same resolution and at the same temperature. Spectra in each set were merged, averaging
the absorption cross section values in the wavelength regions where the spectra overlapped, to obtain
a final spectrum over the whole wavelength range and at the given temperature and resolution. The
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resulting spectra are listed in Table 4.3. As an example, data from the filtered series and the final
merged spectrum measured at 298 K and 0.5 A resolution is shown in Figure 4.2.
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Figure 4.2: Absorption cross section from several filtered measurement series at 298 K, measured at 0.5 A, with SR as a
source. The result of each measurement series is a c-CgHg absorption spectrum at a particular temperature, wavelength
range, resolution, and pressure. Different series are identified by the shaded colored regions. The final merged spectrum
for the corresponding temperature and resolution is also shown.

4.3.2 Absorption measurements with a deuterium lamp source, Meudon Obser-
vatory facility

The schematics of the set up for this experiment is shown in figure 4.3. Prior to its introduction into
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Figure 4.3: Experimental setup used to measure benzene absorption cross section with a deuterium lamp as a source at
the Meudon Observatory facility.

the cell, the sample was held in liquid state at room temperature at equilibrium vapor pressure (some
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100.18 mbar). The sample was contained in a test tube, connected to the cell by a valve system.
Radiation from a Heraeus D200 VUV deuterium lamp was used as a continuum source. The non-
collimated radiation enters directly the sample chamber through its few cm aperture. This means the
molecules were irradiated with a VUV flux from 1140 to 4000 A modulated in intensity according to
the relative radiance spectrum of the lamp. This motivated the presence of a shutter valve between the
source and the absorption cell to minimize photochemistry during sample insertion. All measurements
were performed in the 1710 - 1910 A range, with a relative resolution (A/ANX) of 2000 and 7 points per
resolution. According to the wavelength calibration the wavelengths are accurate to (1 - 6)x 1072 A
in the measured range. The vacuum spectra were measured at the same resolution and sampling as
the benzene spectra. The choice of these values was a compromise between resolution and exposure
time of the sensitive image plates where the spectra were registered. The resolution used is sufficient
for the application to the analysis of UVIS spectra. The wavelengths values were provided by a
calibration based on oxygen absorption bands (see below). The lamp intensity was variable along
the slit and wavelength dependent. Therefore the measurements of a same day were performed using
the same region of the lamp profile. The source also presented a flux variation of about 0.1%/min,
limiting exposure time. Given the configuration of the experiment no stray light is expected from the
environment.

The cell containing the sample during the measurements was the same as for the BESSY II mea-
surements. The optical path for the radiation was 17.45 cm, the difference length with respect to
the BESSY II case is due to different connectors being used to fix the cell to the whole experiment.
The entrance and exit of the cell were covered by MgF, windows. This configuration allowed mea-
surements down to the cutoff wavelength (about 1140 A). After leaving the absorption cell the beam
passed an interchangeable slit (2 mm for measurements at a relative resolution of 2000) and reached
a 3600 lines/mm reflective concave diffraction grating in a Rowland Circle configuration with a di-
ameter of 10.7 m. The spectrograph has an Eagle in-plane mounting where the slit and the plate
holder for detection are in the same plane. The grating and the plate holder have to be rotated and
displaced to keep the image in focus when the wavelength range is changed. The spectrum is recorded
simultaneously on 2 FUJI image plates, each of them having a maximum useful length of 38 cm and
linear response in intensities over five orders of magnitude. The image plates integrate the received
flux so unstable or pulsed emission light sources can be used. The characteristics of the spectrograph
are summarized in Table 4.1. It is worth noting the similarities between this instrument concept and
the UVIS instrument in Cassini, the latter being, roughly, a reduced space version of the former (see
UVIS characteristics in Section 2.1).

Table 4.1: Characteristics of the 10 m spectrograph at Meudon Observatory.

Grating holographic (Jobin-Yvon)
Radius of the grating, m 10.685
Number of lines/mm 3600
A of maximum efficiency, A 1200
Plate factor (linear dispersion on the plate), A/mm | 0.25
AJAN 2000, 50000, 150000
Wavelength range, A 250 - 2200, with image plates
500 - 3000, with photographic plates
Maximum range covered in one exposure, A ~ 200
Mechanical fittings ISO-KF, ISO-CF

The cell pressure was measured at the level where the sample enters the cell. The empty cell
pressure was less than 0.1 pbar. The range of c-CgHy pressure used was 5-15 pbar, much lower than
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the saturation pressure at the temperatures used (7x10~2 mbar at 210 K, Fray and Schmitt, 2009).
The pressure increased a few pbar during the measurements due to air leaks and desorption. Intensity
decrease was observed due to particle deposits on the windows. This limited the exposure time and
therefore resolution (as a wider slit was needed to satisfy S/N requirements). The windows of the
lamp and cell were regularly cleaned to overcome this problem.

The temperature was controlled and measured during the low temperature part of the experiment.
A LAUDA Ultra-Kryomats RUL 80(-D) was in charge of keeping the system at a desired temperature.
This latter quantity was measured with a type-K thermocouple fixed on the inside wall of the cell and
located at the flat inner plate of the cylinder, in contact with the gas. The temperature uncertainty
was 1 K and the stability better than this. There was no temperature gradient across the cell. During
measurements at low temperature (below ~250 K) a heating loop was installed around the entrances
of the absorption cell to avoid air leakage due to the vacuum o-rings becoming rigid.

A measurement series to obtain one c¢-CgHg absorption spectrum at a particular pressure and
temperature was performed as follows. First a vacuum spectrum was measured, with no sample in
the absorption cell. Then the chamber was filled with c-CiHg until the desired pressure was achieved.
A sample spectrum was then measured. After evacuation of the sample a new vacuum spectrum was
measured. The exposure time for each of these spectra was 8 min. Then an oxygen spectrum was
acquired, measured with a thinner entrance slit for wavelength calibration purposes, exposing during
30 min. The photosensitive image plates were then read on a Scanner Cyclone Plus Storage Phosphor
System (Perkin-Elmer). The image plates are scanned by the system’s laser focused to less than 43
microns, and the latent image is detected by its optics to create a high resolution 16-bit digitized image
with quantitative data. The pixels values should be proportional to the flux received. Curiously, a
square root dependence was noted instead in the output from the scanner. This was later confirmed
as a bug in the version of the scanner data compression software used. This behavior was corrected
during processing. The resulting image contains stripes of some 9000 x 200 (spectral x spatial) pixels
corresponding to the different spectra measured during a measurement series. These stripes are cut,
the values squared, and the rows averaged to get a spectrum (vacuum, benzene or oxygen). Unexposed
regions in the plate are used to estimate a background correction.

The wavelength scale was determined from the Schumann-Runge molecular oxygen absorption
bands (1750 - 1950 A) measured in the same series (and therefore the same plate) as the benzene
absorption, though with a higher relative resolution (50000). The oxygen spectrum measured at 215 K
was point-to-point calibrated based on the oxygen absorption cross sections in Yoshino et al. (1992),
choosing specific calibration reference points in the spectra. A wavelength vs. pixel number, first-
order calibration polynomial was fit to the 20 points picked up in the range 1750 - 1880 A. With this
polynomial the benzene spectrum measured in that same measurement series was then calibrated in
wavelength. For a particular absorption line, the difference in pixel number from one series to another
comes from a different placement of the image plates during the exposures, therefore this difference
is considered to be a solid shift in an integer number of pixels. This fact was used to calibrate the
remaining of the spectra in the following way. The oxygen spectra measured in the different series,
other than the one point-to-point calibrated, were cross correlated with the calibrated series, solid
shifted accordingly, the pixel values in the calibration table updated and a new calibration polynomial
calculated for each of them. Again, with this polynomial the benzene spectrum measured in the same
measurement series was then calibrated in wavelength!. This procedure still left a small shift among

In some series the oxygen spectrum was measured with a relative resolution of 2000. In this cases, the measured
reference spectrum was smoothed with a boxcar function to allow a successful correlation. In one of the measurement
series the oxygen spectrum was saturated, therefore the benzene spectrum was used for the cross correlation with no
considerable degradation of the calibration.
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all the spectra. Finally, all spectra were solid shifted with respect to the mentioned point-to-point
calibrated spectrum to make the maximum of all spectra coincide. This shift was in all cases of the
order of 1072 A.

The processing takes into account possible tilts/deformations in the images and regions with defects
in the plates (that deteriorate with each use due to handling); some of these defects are corrected in
the procedure. One type of defect was a point defect of a few pixels width at random positions,
causing spikes in the spectra. For each spectrum these spikes were filtered out eliminating the values
that differed from a smoothed version of the spectrum in more than three times the mean difference
between the original spectrum and the smoothed version. Moreover, as the spectra were oversampled
(some 90 points/A), they were binned to achieve 7 points per resolution. This also helped to wash out
the point defects. Bigger image plate defects like zones of several square centimeters with decreased
sensitivity were not corrected for but are rare, and its importance diminished after further averaging
(see below). After the corrections the measurements from the two separate image plates were joined,
linearly interpolating the values in the center wavelengths corresponding to the gap between the plates
(this gap varies according to the positioning of the plates during the measurement and it can be of some
5 A in the worst case). The intermediate result of the measurement series was a wavelength-calibrated
set of two vacuum spectra, one benzene spectrum and an oxygen spectrum in the range 1700 - 1900 A
As the source flux varied with time during the measurements, the two vacuum spectra were used to
calculate an intermediate interpolated vacuum spectra assuming a linear decay of intensity. From the
ratio of the benzene and vacuum intensities a transmission was then calculated, the absorption cross
section was derived from this transmission (see below).

Different series of spectra were measured in this experiment at different temperatures. Measure-
ments at different pressure confirmed reproducibility and pressure independence of the results. At
least 3 different pressures were explored for a given temperature. About 60 benzene absorption spec-
tra were collected. The series were filtered excluding spectra (or part of them) with very low c-CyHg
pressure, spectra which clearly suffered from a systematic error, spectra with particularly high noise
levels and saturated spectra. The resulting 12 filtered spectra could be arranged in sets, each com-
posed of spectra measured with different pressures but the same temperature. For each set, values in
the spectra differing in more than 4 times the median of the group were iteratively filtered out, further
compensating image plate defects. The absorption cross section spectra in each set were then averaged
to obtain a final spectrum at the given temperature. The resulting spectra are listed in Table 4.3. As
an example, data from the filtered series and the final merged spectrum measured at 298 K and 1 A
resolution are shown in Figure 4.4.

As commented previously, during the measurements performed in Meudon an increasing with time
opacity of the chamber windows was noted. This was due to deposited material while the experiment
was being performed, motivating the regularly clean up of the windows. For these experiments the
sample gas was irradiated with a beam composed by all the wavelengths in the spectrum of the VUV
lamp, at once. The irradiation time was 8 min per spectrum. Thus, the question arose about the
possibility of generation of chemical products and deposition, triggered by c-C4Hy dissociation. The
molecular nature of the solid responsible for opacity of the windows was not studied further and
remains unknown.

4.3.3 Absorption cross section derivation and uncertainties

From the transmission spectra, the absorption cross section was calculated using the Beer-Lambert
law in the form
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Figure 4.4: Absorption cross section form several filtered measurement series at 298 K, measured at 1 A, with a deuterium
lamp as a source. The result of each measurement series is a c-CzHg absorption spectrum at a particular pressure and
temperature. The final merged spectrum is also shown.
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where the transmission as a function of wavelength, T, is the ratio of the sample spectra I and the

(4.1)

vacuum spectra Iy, as explained in the previous section. The absorption cross section is &, in units

of amagat~! cm™!

the temperature in the cell, Ty = 273.15 K, and py = 1013.25x103ubar. The absorption cross section

. The optical path through the absorption cell is I, p and T are the pressure and
presented in the following sections is calculated according to

o = dng (4.2)

o in units of cm? and ng is the Loschmidt constant 2.6867774x 10" ¢m 3.

The uncertainty in the derived cross sections is mainly due to the uncertainty in the actual pressure
inside the cell. For a particular spectrum the uncertainty is calculated as the relative difference between
absorption cross sections measured at two extreme pressures, and is given by Equation 4.3,

5oy = O \,plow — O\ phigh (43)
O\, plow + O \,phigh

where plow and phigh represent the lowest and highest pressures measured in the wavelength range
considered. This results in different uncertainty associated to different spectra and wavelength regions,
according to different experimental conditions. For spectral regions where only one pressure was avail-
able, the uncertainty can be estimated from measurements in neighboring wavelength regions and/or
measurements at similar temperatures. Table 4.2 summarizes the derived uncertainties corresponding
to each spectra presented, the limits of the wavelength regions indicated are approximative.
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Table 4.2: Uncertainties corresponding to each spectra derived in this work and presented in Table 4.3. The limits of
the wavelength regions indicated are approximative.

Absorption cross section uncertainty (%) for measurements with deuterium lamp source

Temperature (K) Wavelength range (A)
1710 - 1740 1740 - 1830 1830 - 1910
295, 245, 215 10 5 20
Absorption cross section uncertainty (%) for measurements with SR source
Temperature (K) Wavelength range (A)
1150 - 1360 1360 - 1600 1600 - 1800 1800 - 2040
298 (1 A resolution) 4 7 3 3
298 (0.5 A resolution) 3
250 <14 <14 <14
230 7

It is very difficult to obtain acceptable absorption measurements in a whole wavelength range
where the absorption varies significantly within the range. Lower gas pressure in the absorption cell
will allow clear measurements of strong absorption regions, but noisy measurements in regions of
weak absorption, where the latter cannot be clearly determined. Higher gas pressures in the cell will
allow measurements of smaller absorption coefficients, but might saturate strong absorption features.
Sometimes experimental constrains, like the positioning of the photosensitive plates in the Meudon
Observatory experiment, determine the wavelength region used in the measurements. In the range
1700 - 1900 A the absorption cross section vary in a factor bigger than 12. The region around
the maximum of absorption was given priority in this work. As a result, the measurements from
the Meudon experiment above 1840 A are very noisy. Nevertheless, the whole measured range is
kept to provide a comparative value with the measurements performed with the SR source. The
instrumental bandwidth is greater than the line width (see for example Pantos et al., 1978) of the
Rydberg transitions, therefore the absorption cross section values for the peaks in the spectra are in
these cases underestimated due to this experimental constraint. The valence transitions measured do
not suffer from this problem.

4.4 Absorption cross section results and interpretation

This section presents the results of the absorption measurements and absorption cross section calcu-
lations described in Section 4.3. The characteristics of the final spectra are presented in Table 4.3.
These spectra are shown in Figure 4.5.

Table 4.3: List of measured spectra. Spectra from the bibliography shown in
Figure 4.6 are also included for reference.

Reference Temperature (K) | Range (A) Resolution (A)
This work, SR 298 1153 - 2062 | 1

This work, SR 298 1203 - 2103 | 0.5
This work, 2H 295 1715- 1911 | 1

This work, SR 250 1153 - 2103 | 0.5
This work, 2H 245 1715 - 1912 | 1

This work, SR 230 1723 - 1823 | 0.5
This work, 2H 215 1715 -1912 | 1
Pickett et al. (1951) 298 1538 - 2119 | n*
Hammond and Price (1955) | 298 1610 - 2130 | n*
Pantos et al. (1978) 293 - 300 1780 - 2530 | 2.5
Rennie et al. (1998) 298 348 - 1342 1.7-23

2 n = not specified
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Figure 4.5: Benzene absorption cross section derived from the experiments and analyses described in Section 4.3, at dif-
ferent temperatures and different resolutions. The wavelength range of the UVIS instrument used to retrieve hydrocarbon
density profiles (see Subsection 2.1.1) is shown as dashed lines for reference.

The measurements are in general self consistent according to the reported uncertainties and possible
temperature effects. The only exception is the spectrum corresponding to 250 K. It presents an
unexpected behavior for wavelengths above 1600 A, the values being systematically about 10% greater
than those corresponding to 298 K. This could not be explained and is attributed to some experimental
error. Moreover, it was also noted that the measurements from the SR facility measured with 1 A
resolution showed less structure than the ones measured at the Meudon Observatory facility, with the
same resolution. This might indicate that the resolution calculated for the monochromator system at
the SR facility might have been overestimated. Taking this into account, the wavelength resolution
corresponding to the measurements from the SR radiation referenced in this text should be considered
nominal. In practice, the measurements with resolution 0.5 A from the SR experiment will be compared
with those at 1 A from the deuterium lamp experiment.

As can be seen in Figure 4.5, it is difficult to identify band system onsets in the spectrum due to
the overlapping of the neighboring systems and the presence of a continuum. In VUV spectroscopy
of polyatomic molecules, transitions between states in the valence shell of the molecule mix with
transitions to states in which the excited electrons occupy diffuse (Rydberg) orbitals with a principal
quantum number larger than that of the valence shell. In single-photon absorption experiments
four Rydberg series have been observed converging onto the lowest ionization threshold and at least
three more onto higher limits. In addition, transitions into several low-lying valence states have
been identified below the ionization threshold. Thanks to multi-photon absorption, the assignments
of ten Rydberg series converging onto the first ionization potential (giving state 2FEj,) have been
confirmed (see Rennie et al. (1998) and references within). A detailed description of the Rydberg
series is out of the scope of the present work. Grubb et al. (1985) have summarized the ungerade and
gerade Rydberg series converging onto the lowest ionization potential (9.25 eV), excited in single- and
multi-photon studies. Even at the moderate resolution of the presented measurements some band
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systems and transitions can be identified. The ultra-violet absorption spectrum of benzene in the
region presented may be divided into 4 regions. The first of these is a diffuse absorption region 2050 -
1850 A, of maximum about 1980 A. The second is an extremely strong absorption region covering
approximately from 1600 to 1850 A, with a maximum about 1790 A. The third region of absorption lies
below 1600 A till approximately 1350 A. Here series of strong, narrow, bands of Rydberg type occur,
converging to the first ionization potential of benzene. Below 1350 A, the fourth region presents strong
bands which are thought to be the first Rydberg bands leading to the second ionization potential of
benzene (11.5 eV, Grubb et al., 1985). The absorption below the range covered here corresponds to
other Rydberg states (see for example Rennie et al., 1998) converging to higher ionization potentials.
Benzene absorption in the wavelength region studied here is 3 order of magnitude bigger than the
other well know forbidden absorption region around 2500 A (see for example Fally et al., 2009). This
explains the dramatical fall of the absorption cross section above 2050 A.

There are two electronic transitions in the region 2050-1700 A: a system of very diffuse bands
between 2050 and 1850 A (responsible for the absorption of maximum around 1980 A) and an ex-
tremely strong broad absorption with a few sharp peaks and an underlying continuum in 1850-1700 A
(responsible for the strong 1790 A absorption, as argued already by Price and Walsh, 1947). The
absorption in the region from 2000 to 1800 A was interpreted in three different ways (see Pickett
et al. (1951); Herzberg (1966) and references therein). It was believed by Carr and Stiicklen (1939)
and Hammond et al. (1950) to constitute the first member of the second Rydberg series previously
reported by Price and Wood (1935) and co-workers. It has also been associated with the forbidden
transition lAlg — By (see for example Feng et al., 2002; Koch and Otto, 1972). This assignment
was already suggested by Nordheim et al. (1940), although these authors also suggest that the system
may alternatively be ascribed to a forbidden 'A;, — 1E; 7 electronic transition. Craig (1949) has
supported this assignment. The structure in this region is interpreted as a ring-breathing vibration
by Pickett et al. (1951).

The region 1800 - 1600 A is believed by Pickett et al. (1951) to represent two transitions, a
Rydberg series overlying a valence transition of type lAlg — !By, —this is the only symmetry-
allowed transition in the c-C Hy point group (Hammond and Price, 1955). The peak at 1789 A in
our spectrum (1789 A in Pantos et al., 1978, 1790 A in Pickett et al., 1951, 1787 A in Koch and
Otto, 1972) and the accompanying sharp bands were suggested to represent the first member of the
second Rydberg transition in Price and Wood (1935), converging to the first ionization potential of
9.247 eV (Koch and Otto, 1972). Price and Walsh (1947) were convinced about this assignment both
by the position of the band and by its accompanying vibrational pattern. They also suggested the
overlaying continuous hump of absorption to come from C-H dissociation. Nordheim et al. (1940) also
suggested this association for features observed in 1650 - 1850 A, the series being assigned to transitions
1A19 — 'E1,. The continuous background is also interpreted as possibly due to a transition involving a
C-H dissociation by the last authors. The association with a lAlg — 1E,, 7 electron transition is also
done in Herzberg (1966) and Pantos et al. (1978). The ‘shoulders’ with maxima at 1781 A and 1804 A
in our spectra are confirmed by Koch and Otto (1972) to be part of the underlying 7 excitation.

The bands in the region region 1600 - 1360 A get weaker and closer together towards shorter
wavelengths, and eventually merge into a weak continuum around 1360 A. Price and Wood (1935)
found that the sharp bands in this region could be arranged into two Rydberg series with their corre-
sponding vibrations, which had approximately the same limit corresponding to an ionization potential
of about 9.2 eV. These features are also identifiable in our measured spectra, the discrepancies with
the reported wavelengths for the main members of the series being in most of the cases smaller than
our spectral resolution (0.5 A). Price and Wood (1935) mentioned the possibility of more vibrational
progressions for some of the electronic bands, due to their high intensities. They did not found any.



4.4. ABSORPTION CROSS SECTION RESULTS AND INTERPRETATION 91

The identification of such progressions in our spectra at 0.5 A resolution might be possible, but was
not explored. The intensity of both the Rydberg series definitely points to the fact that they are due
to allowed transitions. Both series can be assigned to allowed transitions of symmetry 1A1g — By,
according to Nordheim et al. (1940). Four Rydberg series were identified by Wilkinson (1956), each
with 8 to 10 members, and many with vibrational structure. The assignment to Rydberg series is also
done in further references (for example Herzberg, 1966; Pantos et al., 1978; Grubb et al., 1985).

The region 1360 - 1150 A includes the first ionization potential: 9.25 eV or 1340.4 A. The features in
this region were seen by Price and Wood (1935) considerably more diffuse than those at wavelengths
longer than 1360 A. The first band in the long wavelength end is clear in our spectrum (at about
1355 A). Also identified by Hammond et al. (1950), this feature corresponds to the first member
of a Rydberg series converging to the second ionization potential of ca. 11.5 eV. Koch and Otto
(1972) confirm with the help of photoelectron spectra from Turner (1970) that the band groups seen
in our spectra are the first (n=3, the group at longer wavelengths) and second (n=4, the group
at shorter wavelengths) members of a Rydberg series and associated vibrations, converging to the
second ionization potential of 11.45 eV, giving state 2E29. In a latter publication Koch and Otto
(1976) identify other 2 Rydberg series, with a first member in the long wavelength structure and a
second member at shorter wavelengths still in the range of our measurements. One of these two series
converges to a third ionization potential of 11.7 eV (Whetten et al., 1983). This region has been
remeasured and interpreted with the aid of photoelectron spectra by Rennie et al. (1998).

Khvostenko et al. (2003) has questioned the conventional assignments proposed in the preceding
literature. Correlating measured excited state energies with calculations from MNDO/d they deduced
the electronic configuration of the excited states of benzene derivatives, then interpreted the spectrum
of benzene on the light of the results. They assigned the bands around 2000 A to a 7 — 7% Eiy,
transition (instead of the conventional By,) and the bands around 1790 A to a o — ox Ey, transition
(instead of the conventional m — 7). Under the lack of further references, to the best of the author’s
knowledge, that confirm this new assignment I decided to use the conventional one for the discussion
above.

Pantos et al. (1978) underlined the importance of the effect of the instrumental bandwidth. The
Lambert-Beer law is correctly used to obtain the cross section only when the exciting light bandpass
is much less than the inherent line width of an absorption line. This is the case for the 'Bj, and
L Fy,, transitions, for which they found no variation with bandwidth. But for the Rydberg bands our
bandwidth is larger than the widths of the lines (line widths of approx 0.1 A should be expected in the
Rydberg region according to Pantos et al., 1978). In these cases the derived absorption cross sections
are underestimated. This makes not much harm to the identification of benzene on Titan by means
of UVIS observations, as this is based on the large feature associated to the ' E;, valence transition.
However, the peak associated to the first member of the second Rydberg series in Price and Wood
(1935) is some 1.7 times bigger than the mentioned transition. Thus it can have an influence in the
detection. According to the variation of calculated extinction with bandwidth in Pantos et al. (1978),
a very important error can be expected in this peak. However, our results imply a less steep variation
of extinction with bandpass when passing from 1 A to 0.5 A bandwidth, so the error might not be
that important. Further analysis should be performed to better estimate this possible deviation from
the real absorption cross section and, if this peak is seen to play an important role in the detection of
benzene in a future analysis, for example with a higher resolution than that of the UVIS instrument,
attention should be paid to the resolution of the absorption cross section used.

Figure 4.6 shows the absorption cross section measured at 298 K and 0.5 A nominal resolution,
and results from other works (Pickett et al., 1951; Hammond and Price, 1955; Pantos et al., 1978;
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Rennie et al., 1998). Tabulated data from the first, second and forth references were downloaded?
already in the units plotted here. Data from the third reference was read from their Fig. 3. For the
first three references, extinction coeflicients vs. wavenumber have been read from the original work
and converted to absorption cross sections (conversion factor 3.8235x1072!) vs. wavelength. The
absorption cross section presented in Suto et al. (1992) and measured at 1 A resolution (not shown
here) agree with those from Pantos et al. (1978) within the 10% uncertainty in the newer results.
Improved resolution in our work permits to identify vibrational features absent in the old spectra,
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Figure 4.6: Benzene absorption cross section measured with SR as a source, at 298 K and nominal 0.5 A resolution.
Measurements from other work are shown for comparison (see text for references). The inset better shows differences in
absolute values and resolutions.

particularly the bands around 1759 A and 1767 A. The best agreement in absolute value is with the
data from Pantos et al. (1978). There is a shift in wavelength between our curve and theirs, maybe
due to the reading process or the higher resolution in our data. The peaks at 1781, 1789 and 1804
A in our data agree well with the values of 6.96, 6.93 and 6.87 eV assigned to different transition
in Bolovinos et al. (1981, 1982). In this last reference the benzene spectrum from Pantos et al. (1978)
is included for reference.

4.4.1 Temperature variations

One of the main motivations for doing the presented spectroscopic measurements was to study the
temperature behavior of the benzene absorption cross section. From the pure spectroscopic point of
view, even at the moderate resolution of our measurements, this would be useful to see the reaction of

*Downloaded from http://www.atmosphere.mpg.de/
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the different band systems to lower temperatures and compare with theoretical calculations. The rele-
vance of the temperature variation in the absorption cross sections for atmospheric VUV spectroscopy
has been commented in Chapter 2. In that chapter it was underlined the importance of being in
possession of absorption cross sections measured at temperatures relevant for the upper atmosphere
of Titan (~ 150 K, see Section 5.2), or to have the confirmation of the absence of significant vari-
ations with temperature, at least at the resolutions concerned. Pickett et al. (1951) mentioned that
the relative intensity of the first two bands in the 2000 A region (reading the spectrum from the long
wavelength end) measured at 253 K showed no measurable change, with respect to the measurements
at room temperature. Apart from this comment, no systematic study of temperature variations of
the benzene absorption cross section in the VUV region studied here was found in the bibliography
consulted. For these reasons we measured absorption at different temperatures in Berlin and Meudon
and analyzed the variation in the absorption cross sections as a function of temperature. The results
are presented in this subsection.

To quantify temperature effects it is convenient to calculate a percentage fractional change in
absorption cross section (see for example Ferradaz et al., 2009). This coefficient is given by equation
4.4,

Pop =100 x 2L 728 (4.4)
0298

where a positive value means the absorption cross section at temperature T is greater than that at room
temperature. Figure 4.7 shows the P, 1 coefficient calculated for some of the spectra in Table 4.3, in the
region 1735 - 1820 A, the region for which measurements at more than two different temperatures are
available. Accordingly to the previous discussion about the resolution of the spectra, the measurements
with the deuterium lamp source at 1 A resolution are compared with the measurements with SR at
nominal 0.5 A. The maximum uncertainty in the absorption cross section is also shown in Figure 4.7.
The reference used for the calculation of the P, 7 in this case is the absorption cross section spectrum
measured at 298 K using SR as a source.

Even though most of the variations observed remain within the measurement uncertainty, sig-
nificant variations as a function of temperature are observed for some of the curves. Among those
curves within the uncertainty limits, the variability observed for the measurement at 295 K does not
represent a real variation with temperature but a measure of the repeatability of the measurements
(with 2 different instruments). Indeed, this curve and the reference correspond to the same spectra,
at almost the same temperature, performed with the two different experimental setups presented in
the previous section. The fact that the pink solid curve is within the limits marked by the uncertainty
in the measurements verifies the coherence of the results, and validates further comparison of results
derived from the different experiments. The curve corresponding to the measurements at 250 K is
shown for completeness, yet the problems commented before for these measurements eliminate all
validity from the temperature variation observed in the figure. The curves for 245, 230, and 215 K
present a common overall behavior. The absorption cross section decreases with decreasing tempera-
ture in most of the wavelength range shown, the bigger decrease observed for wavelength at the local
minima in the absorption cross section. For some of the local maxima the behavior is opposite, the
absorption increasing with decreasing temperature, while the width of the associated peak diminishes.
This is evident for the local maxima around 1760 A (only for the 230 K curve) and for the global
maximum in the region, close to 1790 A. This maximum is one of the significant variations, reaching
out of the uncertainty limits. This behavior is what can be expected for transitions involving low
energy states, which become more populated, and therefore more absorptive, when the temperature
decreases. Some peaks representing weaker transitions, at the sides of a stronger one, decrease with
decreasing temperature. These correspond to transitions from higher energy levels, whose population
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Figure 4.7: Fractional change in absorption cross section, P. 7, for some of the spectra in Table 4.3, in the region
1735 - 1820 A. The maximum uncertainty in the absorption cross section is also shown.

decreases with decreasing temperature and consequently the intensity of the associated absorption.
Other significant variations are seen for some of the minima, mainly for the curve corresponding to
measurements at 215 K. Nonetheless, the variation for the three lowest temperatures remain significant
for the minimum on the long wavelength side of the absolute maximum of absorption.

The P, coefficient calculated for the spectra measured at 250 K is shown in Figure 4.8, for
the region 1210 - 1650 A. Some variations are attributed to the fact that the peaks get thiner and
thus increase in height when the temperature decreases. Although some of the significant variations
observed correspond to real changes with temperature (see Figure 4.9), variations in wavelength smaller
than the 0.17 A measurement precision should not be taken into account.

The data presented in this work, particularly the temperature variations measured, are a valuable
new addition to the benzene absorption cross section databases. The relevant variations observed
happen at separate wavelength intervals within the spectral range covered by the A;4, — F1,, continuum
absorption, and are at most of some 14%. The identification of benzene in the UVIS spectrum is based
on the Ay, — FEj, continuum absorption, and in less extent on the over-imposed Rydberg peaks. The
noise in the optical depth measured by UVIS in this region is bigger than the relevant temperature
variations shown here (see for example Koskinen et al., 2011). Therefore, the effects of the observed
temperature variations on the detection of benzene on Titan with UVIS should be negligible. On the
other hand, the lowest temperature explored here is 215 K, while Titan’s thermosphere can be as cold
as ~120 K (see Section 5). Thus, an absorption cross section temperature effect affecting the UVIS

c-CgHg retrieval can not be fully discarded until absorption measurements at lower temperatures are
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Figure 4.8: Fractional change in absorption cross section, P. 7, for the spectra measured at 250 K, for the region
1210 - 1650 A. The maximum uncertainty in the absorption cross section is also shown.
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available.
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4.5 Summary of chapter

Benzene has been detected in experiments modeling Titan’s atmosphere, included in models of it, and
actually detected in the atmosphere itself. Its importance for Titan’s atmospheric chemistry is based
on the fact that it can be the precursor to the formation of a whole host of heavier hydrocarbons,
including polycyclic aromatic hydrocarbons. Benzene density profiles in the upper atmosphere were
obtained from the analysis of UVIS data. The knowledge of the benzene absorption cross section is
mandatory for its detection with UVIS. The absorption cross sections have been thoroughly explored
in the past, but an analysis of their temperature dependence was lacking, and presented in this chapter.

This chapter presented absorption cross sections in the range 1153 - 2103 A, at 1 A resolution and
covering 5 temperatures in the range 215 - 298 K. The absorption cross sections were obtained in two
different international facilities, the BESSY II synchrotron in Berlin, and the Meudon Observatory
spectrograph in Meudon. The measurements are self consistent and compare well with previous
work. The absolute values reported here for sharp transitions might be underestimated due to the
experimental bandwidth being larger than the width of some of the transition. This is expected not
to affect significantly the detection of benzene by the UVIS instrument. No significant variation of
the absorption cross sections with temperature was observed. The effect of this insignificant variation
on the detection of benzene on Titan with UVIS should be negligible. Nevertheless, an effect of an
absorption cross section variation with temperature on the retrieval of benzene from UVIS data can
not be fully discarded, until absorption measurements at lower temperatures than those presented
here are available.
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This chapter presents the composition and temperature of Titan’s upper atmosphere derived from
the stellar and solar occultation analyzed, in the form of column density profiles and number den-
sity profiles, and averaged temperatures. Synergy among the FUV and EUV channels in UVIS is
underlined, as well as comparison of CH, and N, profiles with measurements derived from data of
other instruments. Particular attention is called on the Ci;Hy profile derived using the absorption
cross section presented in Chapter 4. The last section presents the temperature values as a function
of several geometric and temporal variables, accompanied with brief discussions about variability of
the atmosphere.

5.1 Column density and number density profiles

5.1.1 Abundance of minor constituents, from stellar occultations measured in the
FUV

The column densities of the minor constituents derived from stellar occultations measured during the

T41 and T53 flyby are shown in Figure 5.1 and 5.2, respectively. The Q-probabilities associated
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Figure 5.2: Column densities derived from a stellar occultation during flyby T53.

to the x? start to be bigger than 107 for altitudes above 924 km for T41, and 827 km for T53,
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which would mean that fits for lower altitudes are not good. However, the reduced x? for most of the
altitudes in T41 fall in the range 0.75 - 2.5, the range being 0.8 - 1.6 for T53, implying a good fit. This
casts doubts on the applicability of the Q-probability criteria used, or its implementation in this work.
Based on the x? values obtained, the overall results of the simulations and the general agreement of the
number densities with previous works (see below), most of the column densities shown are considered
to describe well the state of the atmosphere at the different altitudes. Figures 5.1 and 5.2 show the
column densities after the filtering commented in Section 3.3, which determines the altitude range of
the profiles. For the case of T41, most of the CH; column densities are interpolated values, which
means that for most of the altitudes the procedure could not find appropriate values to fit the data.
The profile, therefore, lacks of physical significance. The same applies for the profile of HC;N above
1000 km and the AER profile above 685 km. For the rest of the species and altitudes, only a few
of the values shown are interpolated results. The CH; column densities from T53 deserve the same
comments as the CH; profile from T41. The same applies for the T53 profile of C,H, below 440 km,
HC,;N above 928 km, and the AER profile above 660 km. For the rest of the species none or only a
few of the altitudes contain interpolated values.

The number densities of the minor constituents derived from stellar occultations measured during
the T41 and T53 flyby are shown in Figure 5.3 and 5.4, respectively. The figures show the profiles after
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Figure 5.3: Number densities derived from a stellar occultation during flyby T41. Solid lines are profiles from Koskinen
et al. (2011).

the filtering commented in Section 3.4, which determine the altitude range of the profiles. Results for
CH, are shown for completeness, but following the comments for the corresponding column densities
above, they lack physical significance.

The several sources of uncertainties were briefly described along with the analysis procedure in
Chapter 3. The uncertainty coming from the Poisson counting statistics affecting the detector mea-
sured counts is propagated in the calculation of transmission and optical depth. The uncertainty in
the column densities is that given by the MPFIT routine as the 1-o0 uncertainty of the calculated
parameters. The systematic uncertainty coming from the measured absorption cross sections (up to
10% in the worst cases), are not taken into account for the calculation of the uncertainty bars shown in
the plots. Finally, the uncertainties in the derived number densities is the square root of the diagonal
elements of the number density covariance matrix (Equation 3.11), dependent on the column density
covariance matrix, and calculated during the column density inversion. Note that for some altitudes
in the column density or number density profiles, the calculated 1-0 uncertainties are smaller than the
symbol used for the plots. According to the simulations presented in Section 3.6, it is the 2-0 uncer-
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Figure 5.4: Number densities derived from a stellar occultation during flyby T53. Solid lines are profiles from Koskinen
et al. (2011).

tainty interval that better characterizes the results. Similar considerations apply to the uncertainties
in the abundances of the major constituents (see below). The uncertainties in the spectral fitting,
however, do not apply in the case of solar occultations, the uncertainties in the column densities are
derived through traditional error propagation in these cases.

The number density profiles in Figures 5.3 and 5.4 are in good agreement with those from Kosk-
inen et al. (2011), shown as solid lines in the plots, derived with the same techniques but different
implementations. Some differences are, however, worth noting. The altitude coverage of the profiles
derived here is similar to that in Koskinen et al. (2011), although for some species the profiles in
this reference reach lower altitudes—especially for C,H,, extending 150 km lower—and, rarely, higher
altitudes—Ilike for C,H, extending some 50 km higher. This might be due in part to the conservative
criteria used in this work to limit the altitudes considered to have valid transmission values (see Sec-
tion 3.3). For species HC3N and CgHy it is the profiles from this work that cover higher altitudes than
those in Koskinen et al. (2011), some 40 km and 80 km, respectively. The C,H, profile from this work
goes a few km lower. Although the profiles from the present work show a denser altitude sampling it
should be kept in mind that the altitude resolution is dictated by the spread of the averaging kernel
characterizing the column density inversion. This resolution, calculated according to the procedure
described in Section 3.4, is about 20 - 30 km for the profiles shown in Figure 5.3 (T41), except for
HC;3N (~35 km); and 15 - 25 km for the profiles shown in Figure 5.4 (T53), except for C{Hg and HC3N
that have resolutions of about 30 km and 35 km, respectively. Number density variations along several
tenths of km are coincident in the profiles from this work and those from Koskinen et al. (2011), but
some of the profiles derived here present more oscillations. This might be artifacts of the inversion
technique, caused by the dispersion in the column densities (see for example the column densities of
C¢Hg for altitudes above 800 km, in Figure 5.1).

The number density profiles present maxima of abundance, the most prominent located about
510 km, 600 km and 730 km for T41. These coincide with strong absorption observed in the trans-
mission as a function of altitude for the corresponding observation, motivating their interpretation
as absorption layers. This kind of absorption is clear in Figure 2.11 (corresponding to T53) for one
of the characteristic absorption bins of C,H,. Unfortunately, the retrieved number densities do not
reach that low, probably, again, due to the conservative altitude filtering. There are also depleted
regions. Many profiles present an overall leveling-off below 800 km (T41) or 640 km (T53). A level
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off in hydrocarbon column densities was also observed by Shemansky et al. (2005) in data from the
Tb flyby. There are also several depletion layers, the most prominent located about 560 km and
670 - 690 km for T41. This is less evident for T53 because the retrieved profiles do not reach such
low altitudes as in the case of T41. Nevertheless, the increase in transmission around 520 km evident
from Figure 2.11 for the characteristic absorption bin of C;Hg can be correlated with its depletion
seen in Figure 5.4. Koskinen et al. (2011) presented an interpretation of these layers in terms of
gases-dominated absorption at high altitudes and aerosol-dominated extinction at low altitudes. This
interpretation is further validated by the characteristics of the measured aerosol extinction.

The aerosol extinction is shown in Figure 5.5. As the extinction is derived using the measured
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Figure 5.5: Aerosol extinction derived from stellar occultations during flybys T41 and T53. Solid lines are profiles from
Koskinen et al. (2011).

optical depth and not the filtered column densities, the aerosol profiles can extend to lower and
higher altitudes with respect to those from the molecular species. Nevertheless, the values higher than
1000 km present big uncertainties and are in a region where the procedures failed to retrieve extinction
in the simulated data (see Section 3.6). Below 1000 km the profiles from the two occultations seem
to be anticorrelated. Both present an oscillating behavior, with clear extrema. The more evident
maxima happen at 515 km and 800 km for T41 and at 465 km and 595 km for T53. The peak in
extinction at 465 km correlates well with the dip in the curve of transmission as a function of altitude
for the wavelength bin [1800, 1900] A (see Figure 2.11), that is supposed in this work to be dominated
by aerosol extinction, and that was indeed used to derive the extinction in Figure 5.5. The second
maximum at about 595 km correlates better with the dip in the transmission of the C;H,; wavelength
bin [1740, 1819] A, which overlaps 20 A with the AER bin (although the maximum in CgHg; absorption
is about 1790 A). Therefore, for the interpretation of this high altitude maximum in terms of extinction
layers, the consideration of a combination of aerosols and hydrocarbons could be more appropriate to
interpret the results. For T41 a similar analysis can be done, although in this case the layer at 515 km
correlates not only with a dip in the AER bin, but also with the C4Hg and C,H, bins. Moreover, the
maximum of extinction at about 800 km has no evident counterpart dip in the transmission curves.
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It should be noted that the simulations suggest that extinction is not well retrieved below 675 km,
but the agreement of the profiles with the previous work motivates a reconsideration of the validity
of the values for these altitudes. Aerosol extinction profiles for T41 and T53 derived with the same
techniques as here but different implementations are presented in Koskinen et al. (2011); they are
reproduced as solid lines in Figure 5.5. The profiles presented here are in good agreement with those
from the cited reference from 450 km till 700 km in the case of T41, and till 550 km in the case of T53.
Koskinen et al. (2011) used the bin [1850, 1900] A to characterize aerosol extinction, which leaves
out the eventual extinction below 1850 caused by hydrocarbons. This might be the reason for the
difference in the profiles above 700 km (T41) or above 550 km (T53). The discrepancies mentioned
call for a more detailed analysis of the atmospheric extinction in the long wavelength end of the FUV
detector, which is certainly a challenge considering the low S/N ratio in this part of the spectrum.

Benzene

An introduction about benzene in Titan was made in Section 4.1, where the relevance of this molecule
in the context of Titan’s upper atmospheric chemistry was put into evidence. The number density
profiles for CsHy in the upper atmosphere obtained in this work from stellar occultation measure-
ments are plotted in Figure 5.6. It is reminded once more that high frequency oscillations should be
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Figure 5.6: Benzene number density profiles derived from stellar occultations during flybys T41 and T53. The solid line
is a profile calculated from those in Vuitton et al. (2008), scaled by a factor 100.

interpreted with caution, as they might be due to artifacts of the retrieval technique. The two profiles
agree in the range 560 - 600 km and from 715 - 775 km. They present a marked difference in the
region between these two, with a depletion of an order of magnitude in the T41 profile. Above 780 km
it is difficult to identify real differences, although the T41 profile is bigger than the T53 profile by a
factor ~2.

Vuitton et al. (2008) proposed a formation of benzene via CgHZ electron recombination (also used
by Wilson et al. (2003) but with a different reaction list, obtaining a very low benzene production rate)
near 900 km, the main formation region; and from neutral radical reaction in the stratosphere where a
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second peak of production is predicted in their model. Benzene is then rapidly depleted by photolysis,
the main loss process according to them, producing CzHj, the main photodissociation product (3
times more abundant than CgHg). This radical diffuses downward and is converted through reactions
with other radicals to heavier aromatics in the 800 - 350 km region. This process is responsible for
the rapid decrease in benzene mole fraction below 900 km. The model in Vuitton et al. (2008) was
constrained with INMS and CIRS data, the resulting C4Hy mole fraction profiles reproduce well the
measurements of these instruments around 1000 km and 100 km, respectively. From the C4Hyz mole
fraction profile and N, number density profile used in the neutral chemistry model in Vuitton et al.
(2008), a C4Hy number density profile was calculated assuming a pure N, atmosphere. The solid line
in Figure 5.6 represents this calculated profile multiplied by a factor 100 (small oscillations in the
profile come from the digitalization process). Even when the photochemical models are subject to
several uncertainties including those in reaction rates, and even when they are sometimes limited to
particular geometrical and illumination conditions, the discrepancy with the profiles derived here is
striking and calls for further analysis in the future.

The retrieval techniques used to derive the density profiles of the species are based on their ab-
sorption cross section. But the technique itself is unable to determine the identity of a molecule given
an absorption cross section spectrum, the identity of the molecule is determined by the ‘user’, based
on confidence of not only the absorption cross section corresponding to the molecule of interest, but
the correlated features in the measured spectrum too. The question might then arise about the true
identity of a particular species, particularly when isotopic substitution or substituted molecules (like
substituted benzenes) can lead to absorption spectra similar to the molecule of interest. The sets of
absorption bands obtained in both light and heavy benzene are essentially similar (Price and Wood,
1935; Rennie et al., 1998). However, those of the latter suffer a small shift to the violet relative to
those of the former. Moreover, the H/D ratio measured for Titan by different techniques is about 10~%
(Table 10.4 in Soderblom et al., 2009b). Other benzene derivatives present absorption cross sections
similar to that of benzene (see for example Hammond et al., 1950; Suto et al., 1992). But the main
valence transition and the over-imposed Rydberg transition around 1790 A in the benzene absorption
cross section (see Chapter 4), that actually determines its characterization in the UVIS spectrum, is
shifted in the references commented beyond the UVIS spectral resolution (except maybe for benzotri-
fluoride). The absorption of halogen-substituted benzenes is reported to be similar to that of c-CyHg
(Herzberg, 1966). However, these species are barely mentioned in the literature regarding detections
and modeling of Titan’s atmosphere. It can be therefore concluded that the absorption features in
the UVIS/FUV spectrum associated to benzene in this work are indeed so and, correspondingly, the
profiles shown in this section.

5.1.2 Abundance of major constituents, from FUYV stellar and EUV solar occul-
tations

The column densities of the major constituents were derived from the stellar occultations described
in Table 2.4 and solar occultations described in Table 2.5. The column densities for CH, are shown in
Figure 5.7, the N, column densities in Figure 5.8. The CH, column densities from solar occultations
were derived from the absorption in the bin around 1085 A. The N, column densities for each solar
occultation shown in Figure 5.8 is calculated as the mean of the column densities derived from each
bin involved in the analysis (584 A and 630 A) for altitudes where the column densities overlap. For
altitudes with results from only one bin, this value was taken as the column density for that altitude.
The uncertainty from the individual column densities was propagated to the averaged value.

Figure 5.9 and 5.10 (Left) show the CH, and N, number densities, respectively. The N, number
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Figure 5.7: Methane column density profiles derived from all stellar occultations and all solar occultations analyzed in
this work.

densities are determined separately from the column densities for each of the two bins involved in
the analysis (584 A and 630 A). The CH, profiles derived from stellar occultations reach a few tens
of kilometers lower in the atmosphere thanks to smaller CH, absorption cross section in the FUV,
compared to that in the EUV bin used in the case of solar occultations (see Figures 2.10 and 2.20).
There are some oscillations in some of the profiles, for example in that from T26. These should be
interpreted with caution, as might be due to divergences from the real profile caused by the noise in
the column densities, not smoothed by the regularization procedure. Koskinen et al. (2011) derived
CH, number density profiles from the same UVIS stellar occultations analyzed here: T41 and T53.
The profiles are shown as solid lines in Figure 5.9. The results agree well for most altitudes. The
profiles from this work reach some 100 km higher; those from the mentioned reference extend to lower
altitudes, till 610 km. The results for N, are consistent: on most of the cases, either the number
density values derived from one bin are comprised in the uncertainty interval of the number densities
derived from the other, or the uncertainty intervals overlap. Effective N, number densities for each
occultation were calculated as the mean of the number densities derived from each bin for altitudes
where the number densities overlap. For altitudes with results from only one bin, this value was taken
as the number density for that altitude. The uncertainty from the individual number densities was
propagated to the averaged value. The final number densities are shown in Figure 5.10 (Right). It
is worth noting the dispersion of the values for a given altitude. Even for profiles derived from one
flyby but different occultations (like data from T62) the profiles not only do not overlap but present
a different scale height. Further analysis of the differences is presented in Section 5.2.

The resolution associated with the CH, number densities is about 20 - 30 km for T10, T26, T53
and T62 egress; about 60 km for T62 ingress and T78 egress; and some 100 km and 90 km for T58 and
T78 ingress, respectively. The resolution associated to the N, number densities is about 20-35 km for
T26, T53, T58 and T62 egress; around 20-50 km for T62 ingress, 60-75 km for T10 and T78 egress;
and 50-100 km for T78 ingress. The final altitude resolution depends on the width of the averaging
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Figure 5.8: Nitrogen column density profiles derived from all the solar occultations analyzed in this work.

kernels (which in turn depends on the amount of regularization or smoothing applied by the retrieval
process), and on the effective atmospheric sampling (after the altitude averaging of the measured
intensities). An averaging kernel (AVK) for a particular altitude for each species is overplotted in
Figure 5.12. The AVK of the N, inversion using the 584 A or the 630 A bin are almost identical, but
this is not always the case, resulting in the span of values for the N, profile resolution commented
above. In some cases, the characteristics of the column density profiles requires more iterations of the
regularization procedure to achieve convergence. As every iteration degrades altitude resolution of
the derived number densities, they can present low altitude resolution (the T58 CH, number densities
are an example of this). The altitude averaging is performed based on the size of the Sun at the
atmosphere level, aiming to reduce the effect of overlapping projected disks (see Subsection 2.4.2). As
a consequence, occultations with bigger projected Sun (like T78 ingress) will have a sparse effective
altitude sampling and their number density profiles will have lower altitude resolution.

One of the main contributions of this work is the simultaneous derivation of N, and CH, number
density profiles for the same location in the atmosphere. This provides an independent measurement
of the profiles of these main components at mid and high altitudes in the upper atmosphere; from them
the mixing ratio of CH, can be derived directly, an important parameter to constrain photochemical
models. Moreover, stellar occultations and solar occultations can take place during the same flyby.
These happen at different locations, providing a measurement of CH, abundances at two different,
well defined, geographical coordinates within a time span of some hours. An example of this happened
during the T53 flyby, when UVIS measured a stellar occultation before measuring a solar one (see
Tables 2.4 and 2.5). The N, and CH, profiles from the solar occultation and the CH, profile from the
stellar occultation during flyby T53 are shown in Figure 5.11. These results from the solar occultation
are a revisited version of those from Capalbo et al. (2013). The profile derived from the same stellar
occultation by Koskinen et al. (2011) is also shown as a solid line. Interestingly, the CH, profile from
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Figure 5.9: Methane number density profiles derived from all the stellar occultations and all the solar occultations
analyzed in this work. Solid lines are CH, number density profiles derived in Koskinen et al. (2011) from the T41 and
T53 stellar occultations.

the solar occultation differs from the UVIS stellar occultation profile by a factor of about 1.5 from
900 km to 1100 km, and up to 2.5 above that. The profiles are closer at lower altitudes and coincide
near 860 km, the lower altitude in the CH, profile derived from the solar occultation. It is possible
that the factor of 1.5 arises because the stellar and solar occultations probed different latitudes under
different illumination conditions.

The measurements in Figure 5.9 and 5.10 complement the measurements from other instruments,
like INMS and UVS. As commented earlier the optimal measurement conditions for INMS and UVIS
are different, so it is uncommon to have both type of measurements in the same flyby. However,
INMS performed measurements of N, and CH, in the upper atmosphere during flybys T26 and T58.
The profiles from the inbound and outbound legs of these flybys are compared with the UVIS solar
occultation results in Figure 5.12. The INMS profiles shown include a 2.9 factor increase in the
density measured by INMS (see for example Koskinen et al., 2011; Snowden et al., 2013). Also shown
in the figure are the N, density profile derived from the Huygens Atmospheric Structure Instrument
(HASI) mass profile (Fulchignoni et al., 2005), assuming an atmosphere composed of nitrogen and
5% of methane; and the N, and CH, density profiles from Vervack et al. (2004) derived from UVS
data. Table 5.1 presents temporal and geographical information for the data in Figure 5.12. The
HASI-derived N, profile, measured close to the Equator and the only one measured close to Titan
northern winter season, is above all the other profiles shown, measured close to Titan Vernal Equinox.
The UVS profile agrees well with the T26 UVIS profile, measured almost 27 years later and at higher
latitude. Assuming no instrumental artifacts nor systematic errors, the differences between UVIS and
INMS, both measurements corresponding to the same flyby, should be due to spatial variations in
the atmosphere, or fast variations that could take place during the hours that might take a flyby.
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Figure 5.10: Nitrogen number density profiles derived from all the solar occultations analyzed in this work. Left: N,
number densities determined separately from the column densities for each of the two bins involved in the analysis (584 A
and 630 A). Right: N, number densities calculated as the mean of the number densities derived from each bin (see text
for details).

Table 5.1: Temporal and geographical characteristics for the set of measurements shown in Figure 5.12.
For INMS the latitude and longitude correspond to closest approach.

Measurement (mTHllr;l;y) Close to Titan Season Aifu)iljil;y La(m‘gég)d ¢ Lk(;r;’ilt\l;/(;e
UVIS T26 solar occ. 03/07 Vernal Equinox Low -76 — -77 39 — 29
UVIS T58 solar occ. 07/09 Vernal Equinox Low 86 — 85 239 — 236

HASI 01/05 Northern winter Low -9.5 186.2
UVS solar occ. 11/80 Vernal Equinox High 4 107
INMS T26 06,/07 Vernal Equinox Low 31.7 358
INMS T58 07/09 Vernal Equinox Low -52.2 178

The geographical information in Table 5.1 corresponds to Cassini’s closest approach. The spacecraft
coordinates may vary significantly during the flyby and so the INMS profile corresponds to a range of
latitudes/longitudes. For example, the INMS N, number densities at 1300 km for T26 corresponds to
10° in latitude; for T58, to -30° (inbound) and -69° (outbound). The N, profile derived from the solar
occultation during T58 corresponds to a latitude of 85°. Similar comments apply for CH,. Further
comparison of UVIS/EUV solar occultation results with INMS, UVS and HASI results is presented
in Capalbo et al. (2013). There, the T53 CH, and N, densities are compared with corresponding
INMS results from the inbound and outbound passes in flybys T51 and T55, that took place some
months before and after T53, respectively. As noted in the cited reference, comparison of results with
densities derived by other experiments is complicated by the possibility of temporal and geographic
variations as well as differences in retrieval methods or uncertainties in instrument calibrations (see
e.g. Cui et al., 2009). Nitrogen and methane densities measured at 1100 km by INMS can vary
between Titan encounters by factors of ~5.5 (Westlake et al., 2011) and ~2.7 (Magee et al., 2009),
respectively. Considerable variability in CH, structure between flybys has also been observed from
analysis of INMS data by Cui et al. (2012). From the analysis of different data sets, a study of the
atmospheric variability in Titan’s upper atmosphere has been emerging in the last years.
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Figure 5.11: Nitrogen and methane number density profiles from the solar occultation and the methane profile from the
stellar occultation during flyby T53. Solid line is the methane profile derived in Koskinen et al. (2011) from the same
stellar occultation.

5.2 Temperature and variability

Average temperature in the upper atmosphere was calculated from the N, number densities derived
from EUV solar occultations, with the procedures described in Section 3.5. For each occultation
two temperatures were calculated, each from densities derived from a different bin of the two that
characterized N, absorption (584 A and 630 A). A representative temperature for each observation
was calculated as the mean of the two temperatures, uncertainty propagated accordingly. The tem-
peratures for each flyby are shown in Figure 5.13. It is worth noting that temperatures for the
upper atmosphere were not measured before for most of the flybys whose data was analyzed here
and, moreover, the information derived from the T78 flyby is the most up-to-date sample of Titan’s
thermospheric temperature the author is aware of. The content of this section provides therefore an
important contribution to the analysis of the thermospheric structure. The temperatures for particu-
lar flybys also analyzed in previous work are shown in Table 5.2. The average global temperature is
also shown. It should be noted that the global average of (144 + 2) K derived in this work comes

Table 5.2: Global temperature derived averaging all temperatures obtained from the UVIS EUV
solar occultations and temperatures for specific flybys. Comparison is done with equivalent
temperatures from previous work that based the analysis in INMS data.

Reference This Work  Cui et al. (2009) Westlake et al. (2011)  Snowden et al. (2013)
Global average 144 + 2 151.0 £ 0.5 153.0 £ 1.2 150.7 4+ 4.2
T26 139 £ 7 - 1429 + 1.3 141.0 £ 6.5 P
T58 119 £ 3 - ~140* 118.1 + 0.6 ©
Instrument UVIS INMS INMS INMS

& Approximate value from Figure 4 in the reference.
b Inbound leg, high altitude density level.
¢ Inbound leg, low altitude density level.

from only 8 measurements, the other references in Table 5.2 use temperatures determined from several
tens of flybys. Moreover, in the case of Snowden et al. (2013) the value (150.7 + 4.2) K shown here
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Figure 5.12: Methane and nitrogen number density profiles derived from solar occultations T26 and T58. On the right,
the AVK for a particular altitude for each species and from each occultation. Also shown are the profiles for both species
measured by UVS in Voyager 1 during a solar occultation in 1980, the profiles from INMS measured during T26 and
T58, and a nitrogen profile calculated from the density measurements performed by the HASI instrument during the
Huygens probe descent through Titan’s atmosphere, in January 2005.

corresponds to values for a particular height of a temperature profile, and not to an average of the
upper thermospheric temperature as in this work. All global temperatures derived from INMS data
are about 4% higher than the value derived here, the uncertainty interval of this value does not overlap
with those from the references. On the other hand, it should be noted that the standard deviation of
the set of 8 temperature values derived here is 19 K.

As was commented in the introduction, variability is important in Titan’s atmosphere. This is also
evident from Figures 5.9 and 5.10 presenting all CH, and N, profiles derived. In the present work,
the study of variability is limited to the analysis of possible effects on the measured temperatures.
Measured temperatures can vary roughly between 100 - 200 K (see for example Snowden et al., 2013)
from flyby to flyby. The combined effects from the different variables affecting the behavior of the
atmosphere (day/night, season, position in the magnetosphere, etc.) are very complex, the variables
cannot be easily decoupled, especially when dealing with limited data sets, with poor statistic and
easily biased by outliers, like in the present case. Nevertheless, this section presents the temperatures
derived as a function of those variables to see if some correlation is evident.

Figure 5.14 shows the temperatures from all the solar occultations as a function of latitude. The
measurements present a good latitude coverage, with a gap only for mid northern latitudes. Equatorial
and mid latitude temperatures are in general bigger than high latitude ones. An exception, showing
the opposite behavior, is the temperature measured during T10. The temperature as a function of
longitude is shown in Figure 5.15. The longitude coverage leaves gaps around 100° and 300° W, leaving
the wake region of Titan local plasma interactions unexplored by the observations. No correlation
is evident from the figure; three different temperatures, spanning the whole range of temperatures
measured, correspond to longitudes in the region 230° - 240° W.
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Figure 5.13: Upper atmosphere temperatures for all flybys analyzed in this work. Temperatures calculated from densities
derived from each of the two bins that characterized N, absorption, as well as the mean temperature for each occultation
are shown.

Miiller-Wodarg et al. (2008) used data from 13 targeted flybys of Titan (T5 - T32, between April
2005 and June 2007, i.e. 2.5 years, just after the northern hemisphere Winter solstice) to construct
an empirical model based on INMS observations that describes the mean state of the thermosphere
in the northern hemisphere. By fitting density and CH, mixing ratio for different latitudes and then
interpolating in altitude, they extended the information from INMS measurements onto a grid in those
variables. This permits to overcome the effect on derived temperatures of the error associated to cal-
culations from densities taken along any single trajectory (Miiller-Wodarg et al., 2006). Considerable
latitude differences are present in the temperatures below 1200 km. Near 1000 km altitude, temper-
atures reach (164 £ 6) K at 20° N and (131 £+ 6) K near 80° N. In contrast, Titan’s thermosphere
appears in their analysis nearly isothermal with latitude above 1200 km with an average temperature
of (146 £+ 13) K. The temperatures for the northern hemisphere determined in this work are either
some 15 K above or some 20 K below 140 K. Again, it has to be taken into account that the sampling
of the northern hemisphere is sparse in this work, that average temperatures for an altitude range of
approximately 1200 - 1500 km are presented, and that the corresponding flybys took place from mid
2009 on. Due to the characteristics of the spatial and temporal coverage of the data sets, Miiller-
Wodarg et al. (2008) did not investigate variations with other geographical or temporal variables (like
longitude, time of the day, or season).

Cui et al. (2009) studied composition and thermal structure of the upper atmosphere based on the
analysis of INMS data from 15 Titan flybys spanning 2.5 years, from April 2005 till November 2007.
They classified the temperatures obtained according to bins in latitude, longitude, magnetospheric
environment, etc. Although based on different procedures to derive temperature than Miiller-Wodarg
et al. (2008), both works show that the equatorial region in Titan’s thermosphere appears to be
warmer than the north polar region. Cui et al. (2009) give a temperature difference between the
equator and north pole of ~10 K. These authors, in contrast to Miiller-Wodarg et al. (2008), make
notes about zonal variations. Their results show that the magnetospheric ram side (270° W longitude)
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Figure 5.14: Upper atmospheric temperatures as a function of latitude.

and facing-Saturn side (0° W longitude) of Titan appear to be warmer than the wake side (90° W
longitude) and anti-Saturn side. However, Titan’s wake side is poorly sampled in the data set they
used. Therefore the interpretation of a cooler wake side on Titan deserves some caution. Cui et al.
noted that the restricted sampling of the available INMS data at the time of publication did not allow
a firm conclusion on the realistic horizontal variations to be made.

Westlake et al. (2011) presented an analysis of INMS data from 29 flybys, taking place from Octo-
ber 2004 till August 2009. The authors studied mainly how the upper atmospheric thermal structure
responds to the different plasma environments, though they also classified flybys according to other
variables like latitude and longitude. Their results refer mainly to 1100 km upwards, with the most
important differences happening above 1250 km, therefore overlapping with the region studied in this
work. Although thermal plasma processes energy deposition is dominant over solar processes only
above 1300 km, throughout the flybys covered in the mentioned study the Sun was in a particularly
quiet solar minimum, and the external heating from solar EUV /UV photons is expected to have a di-
minished effect on the resulting temperatures. Although they observed a decrease in temperature from
their low northern latitude group of measurements to their high northern latitude group, Westlake
et al. (2011) find no global correlation with latitude that would indicate that the upper thermospheric
structure is solar driven. They suggest that the coincidental correlation between the plasma envi-
ronment and the latitude may have led to the assessment in Miiller-Wodarg et al. (2008) that the
thermospheric structure was latitudinally dependent rather than dependent on the plasma environ-
ment. This is a variable that is not going to be studied in the present work and yet worth mentioning
briefly. Westlake et al. (2011) concluded that a magnetospheric effect on Titan’s thermospheric struc-
ture is likely. The 29 K effective temperature increase observed between encounters taking place in
the plasma sheet versus those in the plasma lobes is indicative of the large magnitude of the heating,
and was the largest deviation observed between data groupings used in Westlake et al. (2011). On
the other hand, Snowden et al. (2013) found that although at low altitudes Titan’s thermosphere is
colder when Titan is observed in Saturn’s magnetospheric lobes compared to Saturn’s plasma sheet,
at higher altitudes the lobe passes are hotter than the plasma sheet passes. Moreover, they found
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Figure 5.15: Upper atmosphere temperatures as a function of longitude.

no correlation between the temperature of Titan’s thermosphere and ionospheric signatures of en-
hanced particle precipitation, which suggests that the correlation between position in the plasma and
temperature is not indicative of a physical connection.

Snowden et al. (2013) derived vertical temperature profiles from INMS N, density measurements
from 32 Cassini passes, from mid 2006 till mid 2010. They derived temperatures fitting with the
hydrostatic equilibrium equation the average N, density profiles for several regions of Titan’s atmo-
sphere. The authors found a similar trend with latitude in the northern hemisphere as Cui et al.
(2009) and Westlake et al. (2011): the temperature of the northern high latitude region is coldest and
the equatorial region is warmest. However, the same trend does not hold in the southern hemisphere,
where the mid-latitude region is warmer than the low latitude region. This is consistent with the
temperature derived here from the T10 flyby being warmer than that derived from the T53 flyby (see
Figure 5.14). Finally, they find an insignificant difference in the temperature calculated in different
longitude regions. Snowden et al. (2013) also derived temperature profiles. They found that the
median temperature of Titan’s thermosphere varies significantly from pass-to-pass between 112 and
175 K. To investigate the horizontal structure of Titan’s thermosphere they also plot the temperature
at two N, density levels (representing Titan’s mid to lower thermosphere and Titan’s upper thermo-
sphere) versus latitude, longitude, date of flyby, and magnetospheric environment. They found no
strong correlation of temperature with latitude or longitude.

Titan’s atmosphere presents also temporal variability. The temperatures derived here from the
solar occultations are presented following as a function of temporal variables. Figure 5.16 shows
temperature as a function of Titan Local Solar Time (LST). Logically, the temperatures correspond
to either the morning or evening terminator, although due to Titan’s orbit inclination these do not
always correspond to 06:00 and 18:00 hs, respectively; particularly for occultations at high latitudes.
Measurements in the morning terminator could be considered representative of an atmosphere coming
out the night, and those from the evening terminator representative of an atmosphere coming from a
day period. No day/night differences are evident in the results presented, measurements in the evening
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Figure 5.16: Upper atmosphere temperatures as a function of Titan Local Solar Time.

a 3-D General Circulation Model (GCM) of Titan’s thermosphere, found diurnal and hemispheric
variability of up to 10-20 K in thermospheric temperatures, resulting from solar EUV heating; the
variability was largest above 1300 km. On the contrary, Cui et al. (2009) found the nightside to
be warmer than the dayside. A similar trend is found in Westlake et al. (2011) and Snowden et al.
(2013); although the day/night temperature difference found by the latter is smaller than in previous
calculations and their final conclusion is that no relevant dependence on local time can be derived
from the observations. Figure 5.17 shows the span of the measured temperatures in time, the vertical
line showing approximately Titan’s Vernal Equinox in August 2009. Again, no correlation with time
or Solar activity is apparent, as neither is from the temporal trend shown in Westlake et al. (2011).
Snowden et al. (2013) state that the average temperature of Titan’s thermosphere may have decreased
by about 10 - 15 K in mid-2007, or around T32; this is not evident from the data set presented here.
Finally, Figure 5.18 shows the temperatures as a function of the position of Titan with respect to
Saturn in terms of its Saturn Local Time. Although not directly correlated to the position of Titan
in the magnetosphere of Saturn, this plot can provide qualitative information about it. For instance,
for positions close to Saturn midday, Titan can not be in the magnetospheric lobes; in the same way,
for positions close to Saturn midnight, Titan can be in the lobes or in the plasma sheet. No evident
correlation of temperature with SLT exists in the data set presented. Although Titan’s thermospheric
temperature vary considerably as a function of time and location, this variability might result from
a combined effect of the variables used here to study it, taking only one of them at a time could be
misleading.

5.3 Summary of chapter

The number density profiles, derived from stellar occultations, of minor constituents in Titan’s ther-
mosphere are valuable information about its composition. At the same time, it is worth underlying
that the main contribution of the present work in this respect are not the profiles themselves, but
the analysis of the detectability of different species and the characterization of the retrieval technique
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Figure 5.17: Upper atmospheric temperatures as a function of time. The vertical line shows, approximately, Titan’s
Vernal Equinox in August 2009.

(performed in Chapter 3). The fact that the profiles are in good agreement with equivalent profiles
derived in Koskinen et al. (2011) validates the results presented here. Results like the aerosol extinc-
tion are useful to study the evolution of extinction layers. However, this kind of analysis needs to
be deepen in order to understand the discrepancies of the extinction profiles presented here and in
the cited work; this would include the better identification of absorbers in the far FUV region. The
differences between modeled and measured benzene profiles shown in this chapter put in evidence the
complexity of the behavior of this molecule. The density profiles, derived from solar occultations, of
N, and CH, provide an independent and low uncertainty measure of the abundance of these main
constituents. This allows direct calculation of CH, mixing ratios.

Valuable and in many cases new information about the temperature of the upper atmosphere was
presented. The poor sampling of the data set did not permit to draw any conclusion about atmospheric
variability, but the values presented, for different times and locations, are to complement the existing
measurements and help in the study of this variability.
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This work dealt with observations of Titan’s atmosphere from the FUV and EUV channels of
the UVIS instrument, in the form of 2 stellar and 8 solar occultations, respectively. The EUV data
needed to be corrected from background and wavelength misregistration, the latter due to pointing
instabilities. The procedures developed successfully accounted for these two corrections. In some cases,
the wavelength recalibration implemented permitted the analysis of observations that, the correction
had not been made, would be useless for the purpose of atmospheric composition derivation.

A technique to retrieve atmospheric composition based on atmospheric radiative transfer theory
was implemented via a Levenberg-Marquardt (routine MPFIT) minimization algorithm and a regu-
larized (constrained or Tikhonov) inversion algorithm. A study about species detectability permitted
to determine a list of 11 molecules that could possibly be detected by UVIS. Although not exhaustive,
this study is expected to provide a basis for future analysis of UVIS absorptive occultation data.
Using the 11 candidate molecules, the retrieval techniques were characterized with simulated UVIS
data. To improve its performance MPFIT was wrapped in an iteration scheme that fixes successfully
retrieved parameters and re-retrieve the others. Retrieval results were observed to be dependent of
the initial guess, the output becoming unacceptable if the initial guess differs in a factor 3 or more
than the true profile, or in a factor 0.25 or less. The uncertainties for most of the column densities
derived from MPFIT were seen to be underestimated—Dby 35% for most of the species, about 90%
for the aerosols—in comparison with uncertainties derived from a Monte Carlo analysis, performed
for one altitude. MPFIT uncertainties are overestimated by less than 15% for CH, and HCN. The
column densities returned by MPFIT were filtered according to several criteria, including an altitude
filtering based on the transmission in characteristic absorption bins of the species included. Apart
from the limitations commented above, the technique retrieves well column density and number den-
sity profiles, although the altitude coverage of the final results might be over-restricted by the altitude
filtering implemented, and the derived number density profiles present oscillations around the real
profiles used to simulate the data. These oscillations are artifacts of the procedure, most likely due to
the noise in the retrieved column densities, that is not efficiently reduced in the regularized inversion.
On the other hand, an 11-species retrieval at UVIS resolution may be pushing the technique to its
limits, the use of less, but still appropriate species in terms of their features being identifiable in the
absorption spectrum, led to better retrieval results.

This work presents for the first time medium resolution absorption cross section spectra for benzene
at different temperatures. More than a year of measurements at Berlin and Meudon were invested
for this task. Although the variation with temperature observed is of the order of the measure-
ment uncertainty, some temperature effects could be qualitatively and quantitatively analyzed. These
temperature variations are expected to be insignificant for the analysis of UV absorption by Titan’s
atmosphere at UVIS resolution. Actually performing a retrieval with absorption cross sections mea-
sured at a different temperature and observing the effect on the resulting column densities could serve
to validate this assumption. In addition, larger variations of the Rydberg peak at 1790 A in higher
resolution measurements can not be discarded. The measured absorption cross sections will become
part of a more extensive data base of absorption spectra of molecules of astrophysical interest available
online to the scientific community!.

The benzene absorption cross sections measured were added to a bigger set of laboratory results
and used in the processing of two stellar occultations by Titan’s atmosphere (T41 and T53), to derive
column densities and number densities of hydrocarbons and nitriles, and aerosol extinction, in the
upper thermosphere. These results directly match the last main objective of this work, stated in the
introduction, about detection of species in Titan’s thermosphere. The local maxima in the number

! Available at http://www.lisa.univ-paris12.fr/ GPCOS/SCOOPweb/lesmoleculesdeSCOOP.htm
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density profiles of C,H,, C4Hg, and in the extinction profiles of aerosols could be correlated with dips
in the transmission curves measured at wavelengths representative of absorption (or extinction) by
those species. The resulting number densities agree well with those in Koskinen et al. (2011), derived
from the same occultations, and the only previous work that presented this kind of results. Only one
new molecule, CH;, was added to the model atmosphere in the present work; its retrieval failing for
both occultations. This might be due to the lack of sufficient information about its absorption cross
sections, and /or its low abundance in the regions probed. Although no significant new information was
added in the analysis of the two stellar occultations, the results obtained serve as a validation of the
retrieval procedure implemented here. The short altitude-scale oscillations shown in the profiles should
be interpreted with caution, in view of the known artifacts produced by the procedure, commented
above. Benzene was one of the species for which number density profiles were obtained from the
stellar occultations. The profiles obtained showed marked differences between each other, and with
a model profile calculated from a mole fraction profile in Vuitton et al. (2008). The discrepancy
with the profile in this reference is striking and calls for further analysis. This points to complex,
unknown, chemical and dynamical processes affecting the benzene vertical distribution, revealed by
measurements but out of reach by current models. Vertical profiles like the ones derived for benzene
are a fundamental reference to contrast and constrain the models, and improve our understanding of
Titan’s upper atmosphere.

This work also presented column and number density profiles of CH, derived from 2 stellar occul-
tations and 8 solar occultations, and N, profiles derived from the solar occultations. The occultations
analyzed sampled different latitude and longitude combinations, with a comprehensive coverage in
latitude. This is a strong point of the data set in view of a global and variability analysis. The pro-
files vary in density and scale height from flyby to flyby, denoting atmospheric variability. A similar
comment applies when comparing the profiles derived here with those from other measurements at
different times/locations. A further exploration of atmospheric variability in terms of abundance of
CH, and N, was deferred to a future work. The data presented here not only complement measure-
ments from other instruments but also demonstrates the potential of the synergy between stellar and
solar occultations with the case study of flyby T53. In this flyby, two CH, profiles were derived within
hours, one from a stellar occultation and one from a solar occultation, at two different locations in
Titan’s atmosphere. Oscillations in the CH, profiles presented might be artifacts from the technique.
A future simulation of density determination from a solar occultation might be useful to determine if
this is the case.

Three different methods to derive temperature from N, densities were proposed and analyzed with
a Monte Carlo procedure. The technique that integrates the hydrostatic equilibrium equation and
calculates a weighted average temperature, varying the reference altitude value, was chosen to derive
the temperatures in this work due to its robustness. The upper atmosphere average temperature
was calculated for each of the solar occultations analyzed, in many cases corresponding to times and
locations for which no experimental thermospheric temperatures were available in the bibliography.
This, together with the density profiles presented, fully fulfills the first objective of this work related
to the provision of observational data to constrain photochemical models. Some of the temperatures
where compared with temperatures derived from the same flyby but from other instruments, with
a good agreement in general. It has to be taken into account that a direct comparison is difficult
as different measurements correspond to different locations. Analysis of the eight temperatures as a
function of different geographical and temporal variables showed no evident correlation, except for a
small trend of temperature decrease towards the poles. This analysis matches the second objective of
this work, contributing to the observations of upper thermospheric temperature variability.

All the solar occultations in the PDS archive by August 2013 (to the best of the knowledge of the
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author) were commented in this report, all that could be analyzed were so. There are many stellar
occultations that are still waiting to be analyzed. The techniques implemented are ready for this
task. This could help in the further characterization of the absorption in the long wavelength region
of the FUV channel, where aerosols dominate. Furthermore, Cassini arrived at the Saturnian system
in 2004 and the mission is planned to be continued till 2017, so FUV and EUV observations during
4 more years are expected to be available. The study of the influence of a full solar cycle on the
atmosphere during the Cassini mission could be a goal for future variability studies. Comparison of
the high altitude results derived here with results for the lower atmosphere, for instance from the CIRS
instrument, would allow to further constrain the future photochemical models of Titan’s atmosphere,
and may provide an insight on the coupling of these two atmospheric regions. In terms of laboratory
work, high resolution absorption cross section measurements in the FUV and EUV ranges for N, and
CH, (just to mention some) would be very useful to deepen the analyses presented here.
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The calculation of the temperature in the upper thermosphere of Titan from the N, number den-
sities was a subject of study during this PhD. In this appendix, a brief analysis of three methods to
perform that calculation is presented. The three methods assume a constant temperature in the alti-
tude range considered. The first and second method consist in calculating the integral in equation 3.15
and equating the temperature as in Equation A.1,

_gmR* /11 1
r= kT (R—i—z R—i—z())(ln(n)—ln(n(zo)))’ (A1)

where the quantities are explained in Section 3.5. As the atmosphere may not fulfill the assumptions

made, and also due to the measurement uncertainties, the measured values do not follow exactly
the behavior of an isothermal, hydrostatic and diffusive atmosphere—particularly at the lowest and
highest altitudes. Thus, the value of the resulting temperature might be biased. Moreover, it depends
on the zp (and correspondingly n(zp)) chosen for the calculation. Several temperatures where then
calculated and weighted-averaged to obtain a final value; the weight used was the inverse of the
calculated uncertainty in the temperature values.

Method 1 calculates T varying z over all the altitudes covered by the measurements, and using
the lowest value as zy in each calculation. The infinite value corresponding to n = n(zp) is excluded
from the resulting values. A weighted mean temperature was calculated, iteratively filtering out the
values whose uncertainty interval did not overlap with the weighted mean absolute deviation interval
corresponding to all temperatures calculated. The uncertainty for the final mean temperature was
calculated via error propagation from the weighted mean average formula.

Method 2 calculates T varying z in all the altitudes covered by the measurements, one of them fixed
as zg. Sequentially all the values are chosen as zg and the calculation of T repeated each time. This
results in NxN values of temperature, where N is the number of altitudes in the measurement vector.
The infinite values corresponding to n = n(zp) were filtered out, as were all values with uncertainty
interval overlapping zero or negative values. A weighted mean temperature was calculated, iteratively
filtering out the values whose uncertainty interval did not overlap with the weighted mean absolute
deviation interval corresponding to all temperatures calculated. The uncertainty for for the final mean
temperature was calculated via error propagation from the weighted mean average formula.

Method 3 is radically different from the other two. First the physical altitude is replaced by a
geopotential altitude, that takes into account the variation of g with altitude. In this case, the new
variable and the new form of Equation 3.15 are

Y
Y0 =7 j z and  In(n(z)) = In(n(z)) — gk;f /y 0 dy/, (A.2)

where the quantities are explained in Section 3.5. After a readily integration, a linear relation is
obtained between the logarithm of the number densities and the geopotential altitude y, with the

slope given by Equation A.3,
1 mgs

H, kT’

(A.3)

where H is an effective scale height that will be call geopotential scale height. In this way H, can
be obtained from the measured number densities by a linear fit, and then 71" can be calculated from
it, its uncertainty derived from the uncertainty of the parameters in the fit and error propagation.
This method has been used before to derive temperatures from INMS measurements (Cui et al., 2009;
Westlake et al., 2011; Snowden et al., 2013). As noted in Westlake et al. (2011), this method relies
on the assumption of an hydrostatic, diffusive, isothermal, and N, dominated atmosphere; moreover
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it does not dependent on boundary conditions, and is in general not susceptible to uncertainties due
to systematic density perturbations occurring outside of the altitude range studied.

The methods were tested with a Monte Carlo (MC) simulation. A synthetic isothermal number
density profile was generated using altitudes, temperature and abundances representative of a purely
nitrogen Titan’s upper atmosphere. The number densities were perturbed in each run with Gaussian
random numbers centered on the unperturbed value of the profile and with a standard deviation equal
to 10% of this value. The uncertainties were modeled based on the uncertainties in the T53 number
density profile. They were modeled as a second degree polynomial in altitude, being minimum at the
half light point, being 20% of the theoretical number densities at the lowest altitude, and 80% of the
number densities at the highest altitude. The uncertainties were also perturbed in each run adding
to them random Gaussian values with a mean equal to the value of the theoretical uncertainty and a
standard deviation equal to 5% of this value. A theoretical profile for a particular run is shown as an
example in Figure A.1.

1400
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alt, km

1200

1100

1 1 1 1 111 | 1 1 1 1 11 11 | |
10" 10"
o, cm-3

Figure A.1: Example of simulated number densities to test the temperature calculation procedures.

The results of the MC simulations, consisting of 40000 runs each, for the three methods, are shown
in Figure A.2. In each plot, the histogram of the calculated temperature values is fitted with a Gaussian
function (red curve). Also shown are vertical lines corresponding to the theoretical temperature used
to generate the profiles + the median of the calculated uncertainties (blue lines). Finally, each plot
also shows vertical lines corresponding the mean value of the fitted Gaussian + its standard deviation
(red lines).

Method 1 works well, although it underestimates the uncertainty that is implied by the MC
simulations—the blue vertical lines are closer to each other than the red vertical lines. Therefore,
it would be reasonable to take the standard deviation of the fitted Gaussian as the uncertainty for
this method, instead of the uncertainty calculated in the method as described above. Method 2 also
underestimates the uncertainty. Moreover, it has a systematic bias to lower temperatures. The reason
is unknown, although it might be due to the averaging of a bigger number of temperatures than in
method 1, which could have a similar effect of an averaging of many number densities in an altitude
profile. If the standard deviation of the fitted Gaussian would be taken as the uncertainty for this
method, it would be more precise than method 1. Method 3 also performs acceptably well, although
the systematic bias to lower temperatures is again present. The precision of the method falls between
those of the other two.
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Based on Figure A.2, method 1 seems to be, marginally, the better method, mainly because of
the absence of a bias. However, strange results were obtained with this method, in some cases, when
applied to a single data set. For example, after one or two iterations, very large temperature values
with very large uncertainties biased the final average, in spite of the weighting of the values by the
inverse of their uncertainty and despite the filtering. This led to a result of (162 & 5) K. If the weighted
mean absolute deviation of the averaged temperatures is used as uncertainty instead, the result was
(162 + 10) K. In any case, the 150 K corresponding to the synthetic atmosphere was not recovered.
Although this particular case could belong to the tail of the distribution obtained in the MC analysis
and, therefore, not invalidate the method, the erroneous result is possibly due to the fragility of the
iteration procedure. Such a fault in the method is not acceptable because when dealing with real data,
only one ‘run’ is available; thus, such a fragility could led to a completely wrong temperature. The
second best choice could then be method 3 which, although biased, seems to underestimate less the
uncertainty than method 2. However, this method also fails for individual retrievals. For example, one
of the results obtained was (159 + 5) K. Using the same set of synthetic number densities, method
2 gives (154 £+ 2) K. At the same time, if the weighted mean absolute deviation of the averaged
temperatures is used as uncertainty instead, the result is (154 + 11) K. For these reasons, although
method 2 could slightly overestimate the calculated uncertainty, and keeping in mind the dispersion
and uncertainty in the measured values for some of the solar occultations on which the method will be
applied, it was decided to use method 2 for the temperature calculations in the occultation analyses.
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Figure A.2: Results from the Monte Carlo simulations, calculating temperature with method 1 (top), method 2 (middle)
and method 3 (bottom). The histogram of the calculated temperature values (black) is fitted with a Gaussian function
(red curve). Also shown are the theoretical temperature £+ the median of the calculated uncertainties (blue vertical
lines), and the mean value of the fitted Gaussian =+ its standard deviation (red vertical lines).
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Although MPFIT implements a robust and well behaved minimization algorithm in a general
sense, it can suffer from slow convergence or convergence to an undesired local minimum if a poor
initial guess is used. For this reason, a study of the output of this routine for different initial guesses
used as input was done, using synthetic UVIS data generated according to the procedure described
in Section 3.6. The analysis and results of the behavior of MPFIT to different initial guesses are
presented in this appendix. The procedure used could be summarized as follows:

a- The use of MPFIT alone, run once (the routine itself might perform iterations which are trans-
parent to the user, and not modified in any way in this work)

b_ The use of a different column density profile as initial guess in each run mentioned in a_. These
initial guesses were: the true column density profile used to simulate UVIS data, the true profile
multiplied by a factor 2, 3, 4, 6, 10, 1/2, 1/3, 1/4, 1/6, and 1/10.

c_ For each run of MPFIT with a particular initial guess, column densities for 5 altitudes were
retrieved, representative of different regions along the full altitude range: 400, 600, 800, 1000, and
1200 km.

d_ Elapsed times, uncertainties, real errors (comparison with true profile), were taken into account
in the analysis of how well MPFIT handles different initial guesses.

The MPFIT routine was wrapped with the transmission filtering described in Section 3.1. The
comparison of results was made taking into account the uncertainties given by MPFIT, an ideal result
being one in which the ‘true’ profile falls within the 1-0 uncertainty interval around the retrieved value.
To evaluate the results a ‘retrieval matrix’ was generated. The rows of this matrix represent each
altitude studied, the columns, each species studied. The niches in the matrix are colored depending
on the output of MPFIT according to Table B.1. In summary, a full green matrix means a perfect

Table B.1: Table showing the criteria used to interpret the ‘retrieval matrices’ and evaluate the response of MPFIT to
different initial guesses.

Green error < o good retrieval
Orange o <error <20 acceptable retrieval
Red 20 < error < bo MPFIT uncertainties probably highly underestimated
Violet 50 < error unacceptable retrieval
Light grey o > 100% species not retrieved
Dark grey c=20 species not retrieved

technique, every orange niche means that the 2-0 uncertainties should be considered to characterize
the results, the other colors are marginally acceptable or unacceptable results, and grey niches mean
a failure of MPFIT to provide a result.

Figure B.1 shows, as an example, some of the resulting matrices obtained for the different initial
guesses used. For altitudes 400, 1000 and 1200 km, the results were worst: most species not retrieved,
huge differences with real values and huge or zero uncertainties. It is worth noting that even giving
the routine the true profile did not guarantee a good retrieval. When the initial guess is a factor of
3 or more bigger than the true profile, the general picture for altitudes 400 km and 600 km is worst,
although improving for some species. There is no much change when passing from a factor 3 to a
factor 6. When the initial guess is a factor of 1/4 or smaller, the retrieval is equal to the case of
the initial guess being equal to the true profile, but the lower layers are sequentially lost. This is
somehow worrying because the photochemical model profiles used as initial guess to analyze real data
can differ up to a factor of 10 from the measurements. This motivated the iteration scheme described
in Section 3.1, with the hope that re-scaling the initial guess would favor convergence to an appropriate
set of column densities. It should be kept in mind, however, that the re-iteration algorithm has its
limitations itself. Depending on the result from MPFIT, only some of the initial guess profiles might
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be altered, not necessarily the ones differing the most from the ‘true’ profile. Moreover, all altered
profiles are so by the same factor. The iteration can then result in a pointless delay of the retrieval,
so only 4 iterations were used.

The next step was then to repeat steps a_ - d_ above but wrapping MPFIT with the iteration
scheme described in Section 3.1. In this case the initial guesses used were the true column density
profile used to simulate UVIS data, the true profile multiplied by a factor 2, 4, 10, 0.5, 0.25, and
0.1. Figure B.2 shows, as an example, some of the resulting matrices obtained for the different initial
guesses used. The iteration scheme seems to be of little help and it takes much more time (sometimes 4
times more) than MPFIT running on its own, although in some cases it recovers some species/altitudes
from a bad retrieval. A close look at the results after each iteration revealed that the values and errors
did not change for good after the 2"? iteration, the 3" and 4" being useless (REM: in each iteration
the new initial value was obtained from the old one multiplying by 2“6’”(_1)””). Strangely, even when
the initial guess is smaller than the real profile, it is the dividing iteration that improves things. This
might imply that it is the fact of fixing some parameters that improved the fit, and not the change in
the initial guess. Only 2 iterations were used for the real data analysis.
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Figure B.1: Retrieval matrices generated to evaluate the results of MPFIT running alone, with no external iteration
scheme. The rows of this matrix represent each altitude studied (in km), the columns, each species studied. The niches
in the matrix are colored depending on the output of MPFIT, according to the criteria in Table B.1. The value in the
upper left of each matrix is the factor multiplying the true column density profile, to get the initial guess used to obtain
that retrieval matrix.
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Figure B.2: Retrieval matrices generated to evaluate the results of MPFIT running wrapped with an iteration scheme
of 4 iterations. The rows of this matrix represent each altitude studied (in km), the columns, each species studied. The
niches in the matrix are colored depending on the output of MPFIT, according to the criteria in Table B.1. The value
in the upper left of each matrix is the factor multiplying the true column density profile, to get the initial guess used to
obtain that retrieval matrix.
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An important characterization of the MPFIT routine in the context of this work concerns the
uncertainties provided by it. Under the assumptions stated in Section 3.1 about the distribution of
the uncertainties in the measured data, the uncertainties in the column densities derived with MPFIT
should be the formal 1-0 uncertainties, computed from their covariance matrix. However, as the
retrieved uncertainty intervals around the retrieved values did not include the true column density
value for some species/altitudes for some of the simulations performed, a Monte Carlo simulation was
performed to characterized the output uncertainties. The procedure and results are presented in this
appendix.

Synthetic UVIS data for 10 altitudes around 800 km were simulated with the procedure described
in Section 3.6. The I0 spectrum was calculated from a IUE spectrum, convolved, binned and reversed
calibrated according to the UVIS/FUV characteristics. Next, the column density retrieval experiment
was performed 3150 times, in each case ‘drawing’ different sets of synthetic measurements thanks to
the random perturbations applied to the simulated the data. This noise was added as random values
with zero mean and a standard deviation equal to the square root of the simulated counts (Poisson
uncertainties). The 10 synthetic altitudes were averaged to simulate the altitude binning in the
real data analysis, transmission was calculated and the column densities retrieved with the procedures
described in Section 3.1, using an initial guess equal to 2 times the true column densities, and wrapping
MPFIT with a scheme of 4 iterations as described in Appendix B. For each of the 11 species included
in the simulation (CH,, CyH,, HCN, C,H,, C,H,, HC3N, C;Hy, C4N,, CO, CH;, and AER) the
distribution of the column densities was compared with the ‘true’ values. The uncertainties output
by MPFIT when tested with simulated data, with similar initial conditions and iteration scheme (see
Appendix B) were compared to the standard deviation of the Monte Carlo results (see Figure C.1).

The general result is acceptable for most of the species: the maximum of the distribution falling
within the MPFIT-1-¢ interval around the ‘true’ value. In some of the runs some species were not
retrieved. Moreover, the true CH, value is not recovered within 1-o, it is overestimated. Similar
comments apply for the aerosols, but their abundance is underestimated. Although the truth is
recovered for HCN, low values are not retrieved, which imposes a lower limit for detectability, the
same happens for CqHg. In this last case, moreover, MPFIT did not return proper uncertainties (see
the 800 km row in the ‘retrieval matrix’ in Appendix B). The comparison of MPFIT uncertainties and
the standard deviation from the fitted Gaussian is shown in Figure C.2. The relative uncertainty in
the value of the standard deviation of the fitted Gaussian (MC sigma in the graph) is of the order of
10~2 for most species, and 10~! for HCN, HC,N, and CgHg. MPFIT uncertainties are systematically
too low for most of the species by less than 35%, about 90% for the aerosols. MPFIT uncertainties
are overestimated for CH, and HCN. As the results correspond to only one altitude, for which some
of the species might not be retrievable for some data sets (e.g. HCN), no systematic correction of the
column densities or uncertainties derived from MPFIT was implemented in the analysis of real data.
Nevertheless, it is worth keeping in mind that the MPFIT uncertainties shown in some of the results
might be underestimated, considering a safer 2-¢ interval when interpreting the results.
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Figure C.1: Distribution of column densities obtained with the Monte Carlo simulations. Overplotted, a Gaussian fit.
Solid vertical bars are the ‘true’ column densities used to simulate the UVIS data. Dashed vertical bars are uncertainties
derived by MPFIT in one of the retrievals with simulated data commented in Appendix B, for the same altitude used in
the MC simulations presented in this Appendix.
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Figure C.2: Comparison of standard deviation of the number density distribution obtained in the Monte Carlo simulation,
with the uncertainty derived by MPFIT in one of the retrievals with simulated data commented in Appendix B, for the
same altitude used in the MC simulations presented in this Appendix.
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