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Abstract

Planetary atmospheres exist in a seemingly endless variety of physical and chemical environments.
There are an equally diverse number of methods by which we can study and characterize atmospheric
composition. In order to better understand the fundamental chemistry and physical processes un-
derlying all planetary atmospheres, my research of the past four years has focused on two distinct
topics. First, I focused on the data analysis and spectral retrieval of observations obtained by the
Ultraviolet Imaging Spectrograph (UVIS) instrument onboard the Cassini spacecraft while in orbit
around Saturn. These observations consisted of stellar occultation measurements of Titan’s upper
atmosphere, probing the chemical composition in the region 300 to 1500 km above Titan’s surface.
I examined the relative abundances of Titan’s two most prevalent chemical species, nitrogen and
methane. I also focused on the aerosols that are formed through chemistry involving these two
major species, and determined the vertical profiles of aerosol particles as a function of time and
latitude. Moving beyond our own solar system, my second topic of investigation involved analysis of
infra-red light curves from the Spitzer space telescope, obtained as it measured the light from stars
hosting planets of their own. I focused on both transit and eclipse modeling during Spitzer data
reduction and analysis. In my initial work, I utilized the data to search for transits of planets a few
Earth masses in size. In more recent research, I analyzed secondary eclipses of three exoplanets and

constrained the range of possible temperatures and compositions of their atmospheres.
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Chapter 1

Preface

1.1 Introduction

An atmosphere (or lack thereof) is perhaps a planet’s most defining feature. It exists as the boundary
between the bulk mass of a planet and the vacuum of space, often existing at a range of temperatures
and pressures that provide myriad pathways for planets’ chemical and physical evolution. Our solar
system hosts a wide variety of atmospheres, from nearly airless bodies like Mercury or the Moon, to
massive gas giants like Jupiter. Here on Earth, our atmosphere is fundamental to sustaining life as
we know it, from the oxygen we breathe to the ozone layer that helps block harmful radiation from
reaching the surface, so it is no surprise that we spend so much time and effort studying Earth’s
atmosphere in great detail. On the other hand, the study of other planets’ atmospheres allows us to
put that of Earth in better context, as well as to improve the physical equations on which we base
our theoretical models of atmospheric behavior, wherever they exist in the universe.

This thesis focuses on atmospheric observational studies for two categories of planetary bodies.
Chapters 2, 3, and 4 involve analyses of the upper atmosphere of Titan, Saturn’s largest moon.
The analyzed data is acquired during UV stellar occultation observations by the Cassini spacecraft,
currently in orbit around Saturn. Moving beyond our own solar system, Chapters 5 and 6 examine
recent studies in the relatively new field of exoplanets and exo-atmospheres. §1.2 and §1.3 describe
more of the background of these projects in greater detail. Each chapter stands on its own as either

an accepted journal article (with citation) or an article in preparation.

1.2 Cassint and Titan

Since the arrival of the Cassini spacecraft in 2004, we have acquired a wealth of new information
about the Saturnian system. This is particularly true for Titan, as over 100 flybys of the moon
have occurred in the past decade. There are many instruments onboard Cassini, each with its own

unique investigative strengths, but the instrument suite used in this work is the Ultraviolet Imaging
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Spectrograph (UVIS). The basic capabilities of this instrument allow for analysis of both emission
and absorption features in the extreme and far ultraviolet wavelengths (EUV and FUV, combined
coverage from 500 - QOOOA). For probing the composition of Titan’s upper atmosphere, the spacecraft
was oriented during flybys such that the UVIS instrument detects the light from a UV-bright star,
and then measures the intensity of this source as Titan passes in front of it. This basic geometry can
be visualized in Figure 1.1. By measuring how ultraviolet light is absorbed at various wavelengths,
information about the composition of Titan’s atmosphere can then be inferred based on the known
cross-sections of absorption for various chemical species.

The starlight observed by UVIS passes through several layers in Titan’s atmosphere, and so is
sensitive to multiple levels simultaneously. To deconvolve this effect and determine the local density
of a given chemical species with altitude, I utilized the well-known equation that relates the line of
sight abundance of a molecule as a function of ray height to the local number density as a function
of altitude, given a spherically symmetric atmosphere. This relationship is shown in Equation 1.1,
where p(r) is the density at altitude r as measured from Titan’s center, and 7(y) is the measured

line of sight abundance at ray height .

e (L.1)

us dy Y2 —r2

Chapters 2, 3, and 4 go into further detail on my research utilizing this technique.

1.3 Exoplanet Surveys and Atmospheric Characterization

The study of planets beyond our solar system has advanced rapidly in the last decade. Both ground-
and space-based observatories have discovered thousands of planets that exist in a wide variety of
stellar environments. The planets themselves range from small, rocky terrestrial planets up to
massive gas giants, and they are found at practically all distances from their host stars. The two
primary techniques used to discover and characterize exoplanets are radial velocity measurements
and transit surveys. The radial velocity method takes advantage of the gravitational interaction
between a host star and its planet. While we often think of a planet orbiting a star, in reality
the two bodies orbit their common center of mass. For that reason, relative to an outside observer
the star may have an oscillating motion resulting in red or blue shifting of its spectral lines. By
measuring the width of this shift, we can infer the presence of a planet and know something about the
planet/star mass ratio. The relevant equation in this case is for the radial velocity semi-amplitude
of the star, given by Equation 1.2, where G is the gravitational constant, P is the period of the
planet’s orbit, m, is the planet mass, m, is the stellar mass, ¢ is the orbital inclination with respect

to the observer, and e is the orbital eccentricity.
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Figure 1.1 : The observed spectra of a UV-bright star as seen by UVIS at several different ray heights.
The spectrum acquired above Titan’s atmosphere (purple) corresponds to unfiltered starlight, while
three spectra acquired at levels deeper in Titan’s atmosphere (green, blue, red) show increasing

amounts of absorption.
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The second method works for planets that are found to transit, or pass in front of, their host stars.
In these instances, some amount of starlight is blocked by the planet, and we can infer information
about the planet both from the depth of the transit as well as its duration and shape. In addition, a
similar dip in detected light occurs when a planet passes behind the star around half an orbit later;
this is called a secondary eclipse. The wavelength dependency of transit or eclipse depth is used to
determine the properties of the planet’s atmosphere, based on models for how the atmosphere emits
or absorbs light.

Chapter 5 describes my work on searching for transits of super-Earth sized planets utilizing data
from the Spitzer space telescope. The planets shown in Figure 1.2 had already been discovered in
radial velocity surveys, but if found to transit, would have possibly provided a rare chance to study
the atmospheres of planets in this size range, as only a handful have been characterized thus far.
Though no transits were detected, this approach is still valuable in finding planets like Earth that
have characterizable atmospheres, and may yield more results in the future.

Spitzer can also be used to observe secondary eclipses, and in Chapter 6, I analyze eclipse
light curves for three gas giant planets with relatively cooler temperatures (~1000K), estimating
the relative emission in the 3.6 and 4.5 pum bands in order to test the predictions of equilibrium
chemistry models. These three targets are just a handful from a larger sample that will provide

better insight into trends among exoplanets in this size and temperature range.
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Figure 1.2 : These six targets were detected through radial velocity measurements, and had some
a priori probability of also transiting (shown at right, estimated as the ratio of stellar radius to
planet semi-major axis). Stellar radius and planet semi-major axis are shown to scale. Additional
information in Chapter 5.



Chapter 2

Observations and Modeling of
Hydrocarbons in Titan’s Upper
Atmosphere

2.1 Summary

We extract hydrocarbon and nitrile vertical profiles in the range 300 - 1200 km from Cassini-UVIS
stellar occultation measurements at Titan and utilize them to constrain global chemical model calcu-
lations. The species analyzed are CH,, C,H,, C,H,, C,H,, C4Hy;, HCN, HC4;N, and the end-product
tholins. The derived profiles are found to be in good agreement to those of the Cassini INMS and
CIRS experiments, which probe the regions above 1000 km and below 400 km, respectively. The
results of a chemical model parameterized to fit the UVIS observations show the total mass produc-
tion rate of tholins to be 1.5-10713 g cm™2 57!, larger than previous estimates. Significant structure
is apparent in the hydrocarbon and tholin density profiles and can be only roughly approximated

by current modeling.

2.2 Introduction

Titan is one of the largest and most distinctive moons in our Solar System, and its atmosphere in
particular has been the object of significant study in the Cassini mission to Saturn. Measurements
of the state of the atmosphere include those of Flasar et al. (2005) and Waite et al. (2005). Cassini
UVIS occultation results have been reported earlier by Shemansky et al. (2005), as well as Liang et al.
(2007). Research on atmospheric evolution and structure has been reviewed extensively by Brown
et al. (2009). The atmosphere has evolved into its current state through complex photochemical
processes (Strobel, 1982; Yung et al., 1984; Wilson and Atreya, 2003), involving nitrogen (N,) and

methane (CH,), the dominant molecular species in the atmosphere. It has been proposed that
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this mixture may be analogous to what existed on the early Earth, as it certainly provides a rich
abundance of hydrocarbons from which early life may have arisen (Coustenis and Taylor, 1999;
Lunine, 2005).

Modeling the physical chemistry of Titan’s atmosphere is an area of active research (Lavvas
et al., 2008a; Krasnopolsky, 2009). Tholins and other aerosols are a primary end product of Titan’s
atmospheric chemistry (Khare et al., 1984), and much effort has gone into modeling its formation
in order to better understand the chemistry involved (Wilson and Atreya, 2003; Liang et al., 2007).
Models improve as observations better constrain both the composition and spatial and temporal
variability of Titan’s atmosphere. Among the Cassini experiments, the Ultraviolet Imaging Spec-
trograph (UVIS) provides one of the few direct probes of the region between 300 km and 1000 km

in altitude where much of the photochemistry on Titan occurs.

2.3 The UVIS Instrument

Cassini-UVIS has provided an abundance of data on the Saturn system since orbital insertion
(Esposito et al., 2005). Several of these observations include solar and stellar occultation events
through the upper atmosphere of Titan. The wealth of this information from UVIS has proven
a challenge to analyze as quickly as it has been acquired; as a result there are a large number of
occultation data sets that have been only partially reduced.

A full description of the UVIS experiment is contained in Esposito et al. (2004). The spectral
range of the UVIS instrument is 563 - 1182A(EUV) and 1115 - 1912A(FUV). It is in the FUV
range that the stellar occultation data sets are examined here, as this region provides strong ab-
sorption features of the hydrocarbon species detected in Titan’s atmosphere. The species analyzed
in the absorption spectra that follow are CH, (methane), CoH, (acetylene), C,H, (ethylene), C,H,
(diacetylene), C4Hg (benzene), HCN (hydrogen cyanide), HC3N (cyanoacetylene), and tholins.

Over 20 stellar and solar occultation events were observed from 2004 through 2009, and are
referenced by the Titan flyby label (e.g., Tb or T10). The Tb and T21 stellar occultations, as well
as solar occultations T10, T26, and T32, have been previously analyzed (Shemansky et al., 2005).
The stellar occultations analyzed in this work include two from the Tb flyby in 2004 and one from
the T21 flyby in 2006, as well as two from the T41 flyby in 2008. Others continue to be processed,

and will be explored in greater depth in future work.

2.4 Retrieval Methodology and Results

The process of retrieving hydrocarbon densities from the raw observational data is carried out in

three steps. Records from the UVIS instrument initially consist of integrated stellar flux for each



8

wavelength bin in the FUV region, generally acquired over a 2 km to 20 km step in occultation ray
height, depending on the relative motion of the Cassini spacecraft, Titan, and the pointing direction
of the star. An absorption spectrum is then calculated using Equation 2.1, where 7(A, k) is the line
of sight optical depth for a given ray height h and wavelength A, I(\, h) is the stellar flux at that
height and wavelength, and Iy()) is the UV spectrum of the star measured above the atmosphere.

(A h) = —In @3&?) (2.1)

A profile of optical depth as a function of wavelength and occultation ray height is shown in
Figure 2.1. Significant structure is immediately apparent, but the observed spectra are the effective
result of cumulative absorption by a mix of species in the spectrograph line of sight. The partitioning
of the species contributing to the observed spectrum depends on a forward modeling process that
produces a best fit of cross-section vectors of the species recognized to be present in the observed
spectrum. These cross-sections are obtained from laboratory work at several facilities, including
temperature dependence where available (Shemansky et al., 2005; Vervack et al., 2004).

After processing with an instrument simulation code, a forward model for conversion of species
abundances to optical depth is constructed. The model vectors are then adapted for use in a fitting
algorithm derived from the work of Rodgers (2000). This algorithm utilizes an a priori estimate of

the species abundances and iterative minimization of a cost function shown in Equation 2.2.

J(@) = (v —2a)" S (v — wa) + (y — Ko) " ST (y — Ku) (2:2)

In this case, y is the observed absorption spectrum and Kz is a linearization of the forward model
of this spectrum; x is the vector describing the hydrocarbon abundances at a given height, and z,
is the a priori estimate of these abundances. S, and S, are the covariance matrices for the a priori
estimate and the observational data, respectively, and represent the uncertainty in each. Lastly, K
is the Jacobian matrix for each species, describing the relative change in optical depth observed at
a given wavelength with a corresponding change in abundance.

Several examples of results of this fit at different heights in the Titan atmosphere are shown in
Figure 2.2. At levels above 1000 km, background noise is a limiting factor, and generally only CH,
can be retrieved satisfactorily. Optical depths larger than 5 are generally at the dynamic range limit
in signal measurement. This constrains measurements of CH, to above 700 km, while other species
are accessible down to 400 km or below, depending on absorption vector properties.

The final step in reduction is extraction of vertical density profiles from the abundance profiles
using an inverse Abel transform method, assuming a spherically symmetric atmosphere. The profiles
are shown in Figure 2.3 for the hydrocarbons CH,, C,H,, C,H,, C,H,, C4Hyz, HCN, HC3N, and
tholin, with comparison to the INMS (Magee et al., 2009) and CIRS (Vinatier et al., 2010) instrument
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Figure 2.1 : Stellar occultation of star eCMa during Titan ingress flyby T41. This contour plot
shows line of sight optical depth from 7 < 0.5 (blue) to 7 > 5.0 (red) in interval steps of 0.5.
Distinct horizontal layers of relatively higher optical depth are apparent at around 725 km and 500
km. Major features include the broad absorption region below 1400A dominated by CH,, while the
distinct peaks between 1400A and 1800A primarily correspond to a combination of C,H,, C,H,,
and C,H,. Below about 400 km the rest of the FUV region is absorbed by tholins.
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Figure 2.2 : Model fit (red) to UVIS optical depth data (blue) from the T41 ingress stellar occulta-
tion. Each plot corresponds to a different occultation ray height in Titan’s atmosphere - 1000 km,
900 km, 800 km, and 700 km, respectively.
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measurements.

The tholin vertical profiles shown in Figure 2.3 show layered structure in the 700 - 800 km and 400
- 500 km regions. The inversion structure in the 700 - 800 km region was first recognized by Smith
et al. (1982) in a Voyager 1 solar occultation in 1980, indicating that this is a persistent feature. A
comparison of the UVIS and Voyager 1 lightcurves is shown in Figure 2.4. The implication of an
inversion is a severe reduction in the extinction at the pause in the occultation profile. In these regions
the tholins are inferred to be depleted by orders of magnitude relative to the regions immediately
above and below, suggesting strong regional loss processes and vertically distributed production of
the species. The solar He IT 304A line has an optical depth of 25 at 750 km, so this feature could not
be responsible for tholin destruction. The physical implication of this severe depletion is that tholin
particles are entirely regenerated immediately below, possibly with composition and size differences
from the particles above. A uniform particle extinction cross section was assumed in the derivation
of the tholin vertical density profile. Some hydrocarbon species above the order of CH, tend to
show population peaks in the vicinity of 750 km and depleted populations at lower altitudes with

no evident inverted extinction curves.

2.5 Photochemical Modeling

A one dimensional Caltech/JPL photochemistry-transport model (Yung et al., 1984; Yung, 1987;
Moses et al., 2000; Liang et al., 2007) is applied to simulate the diurnally-averaged vertical distri-
butions of major gas species and tholin from 50 to 1500 km. 83 species are selected, along with
88 photo-dissociation and about 410 neutral chemical reactions. Eddy diffusivity is the same as in
Liang et al. (2007). In order to explain the observed CH, abundances in the upper atmosphere, the
volume mixing ratio of methane at the lower boundary is fixed as 2.5%, which is larger than the
CIRS observed value of 1.6% (Flasar et al., 2005). Consistent with previous studies (Yelle et al.,
2006, 2008; Liang et al., 2007), the scale height of the simulated CH, density profile is generally
larger than the observations above 1000 km (Figure 2.5, CH,, dashed line). One way to resolve this
is to apply a maximum (diffusion-limited) methane escape flux (~ 5.5-10% cm s~! in this case) at the
upper boundary, as suggested by Yelle et al. (2008). Alternatively, ionosphere physical chemistry can
also be introduced to increase loss rates. Making use of diffusion-limited upward flux for all species
allows the scale height of the methane density profile to be more consistent with the observations
(Figure 2.5, CH,, solid line).

The primary purpose of this model is to explain empirically the abundances of tholin and hy-
drocarbons simultaneously. The tholin radius in our model is assumed to be a constant value of
~7.6 nm, which is the monomer size derived from solar scattering observations. A Stokes settling

velocity on the order of 0.1 cm s=! (Cabane et al., 1992; Lavvas et al., 2010) is used for tholin dry
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Figure 2.3 : Plots of hydrocarbon density retrievals for 5 stellar occultations: Tb - aVir (red), Th
- ASco (blue), T21 - oFri (green), T41 - eCMa ingress (black) and T41 - eCMa egress (orange).
Also shown are INMS globally averaged densities at 1050 km (Magee et al., 2009), as well as CIRS
data below 400 km for C,H,, C,H,, HCN, C,H,, and HC3N at a latitude of 20.5 South during T27
(Vinatier et al., 2010). The UVIS retrieval results appear to be roughly consistent with those of
both INMS and CIRS.



13

1200 - - ' ' '
3
.
\ --------- Voyager 1 UVS (1980)
| ,“? --------- Cassini UVIS (2004)
1000} - T
. .
e W
= L
:E .‘3‘.!'
e TN
= 800} "“;.
z 5
& 5
g c" . :"‘
nl".\
600} .
%,
S
R L
. LTI
400 : : ' ‘ '
0.0 0.5 1.0 1.5 2.0 2.5 3.0
Optical Depth
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occultation 1980 DOY 318, latitude 2.74 North, and Cassini UVIS stellar occultation at Th 2004
DOY 348, latitude 35.9 South. The photometric curves were centered at ~1650 A. The curves
show some differences in extinction level but both have a common inversion structure between the
altitudes 700 and 800 km, indicating that the tholin vertical structure in this region is a temporally
stable structure.
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Figure 2.5 : Chemical modeling results are shown above: for CH,, both without escape (dashed
line), and with escape (solid line); for the rest of the species, only the case with best fit for CH,
escape is shown (solid line). For CgHg, the improved case with an additional downward molecular
flux of 108 ecm~2 s7! is plotted as a dot-dashed line. For tholins, two cases with a downward flux of
1.8-1073 g em ™2 57! (dotted line) and 3.6- 10713 g ecm ™2 s=! (dot-dashed line) are shown. Shaded
regions indicate variability of UVIS density retrievals for each species. Also shown for comparison
are INMS globally averaged densities at 1050 km (Magee et al., 2009), as well as CIRS data below
400 km (Vinatier et al., 2010).
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deposition. A simplified heterogeneous loss scheme is applied for the hydrocarbons above 500 km,
with a sticking coefficient of ~0.001. This scheme provides a source of tholins, as well as a sink
for the hydrocarbons in order to explain the CIRS measurements below 400 km (Figure 2.5). In
addition, a linear chemical loss scheme above 900 km is applied to convert additional C, and higher
order hydrocarbons into tholins. The loss timescales are assumed to be 2 - 10° s. This scheme is a
rather rough approximation, but allows the simulated hydrocarbons to be more consistent with the
UVIS and INMS observations. It also simultaneously provides the source of the tholins in the upper
atmosphere with a column mass production rate ~ 4.4 - 107 g cm™2 s~!, which is about half of
that from heterogeneous reactions (1.1-107! g em™2 s7!). The tholin profile is shown in Figure
2.5 (solid line). The total mass production rate of tholin is ~ 1.5 - 107!* g em~2 s~! in our model,
larger than in previous results (Liang et al., 2007; Lavvas et al., 2009, 2010).

When a similar magnitude of downward tholin flux (~ 10713 g cm™2 s7!) is applied at the top
boundary, the model results could be in better agreement with observations (Figure 2.5, Tholins,
dotted and dot-dashed lines), which implies that there is a source of tholins from ion chemistry in
the upper atmosphere and that it is on the same order as from neutral chemistry. The C;Hy density
from our model is much less than the observations (Figure 2.5, C4Hy). However, the addition of a
downward flux of 10% cm™2 s~! at the top boundary produces an improved match to the observed
data in this region. This also implies an unaccounted source of C4H; in the upper atmosphere, such

as production from ion-neutral chemistry.

2.6 Conclusions

The hydrocarbon density retrievals from Cassini-UVIS have shed light on a region of Titan’s at-
mosphere that was previously poorly understood. By adjusting our chemical model to match these
densities approximately, we can better constrain the atmospheric chemistry on Titan, though it
appears a more complete accounting of ion-neutral interaction is needed to explain the observations
comprehensively, especially for the observed structure of some hydrocarbons like C4Hg. This will
be examined in future research, and incoming UVIS occultation data will be processed in order to
improve our knowledge of both the spatial and seasonal distribution of hydrocarbons and tholins on

Titan.
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After this work was completed, we became aware of similar results by Koskinen et al. (2011)
using Cassini-UVIS data, with an emphasis on physical structure. The inversion techniques used
and work done in these two independent investigations are distinct, however, as Koskinen et al.

(2011) did not carry out a comparison between the observations and a photochemical model.
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Chapter 3

Composition of Titan’s Upper
Atmosphere from Cassini UVIS
EUYV Stellar Occultations

Originally published as:
Kammer, J. A., et al. 2013, Planetary and Space Science, 88, 86

3.1 Summary

Identifying seasonal and spatial variability in Titan’s atmospheric structure is a key factor in improv-
ing theoretical models of atmospheric loss and understanding the physical processes that control the
loss rate. In this work, the extreme ultraviolet (EUV) stellar occultation lightcurves from the Cassini
Ultraviolet Imaging Spectrograph (UVIS) experiment are analyzed. N, and CH, atmospheric pro-
files between 1000 and 1400 km are determined by using an optimized grid search retrieval method
to provide a complete x? surface for the two species abundance parameters at each level in the
atmosphere. Kinetic temperature is extracted from hydrostatic analysis of the N, profiles, and indi-
cates a high level of variability related to energy deposition in the upper atmosphere. These results
are compared to in situ measurements by the Ion Neutral Mass Spectrometer (INMS), which also

probes this region of Titan’s atmosphere.

3.2 Introduction

The stellar and solar occulations at Titan using the Cassini UVIS experiment provide measurements
of the vertical profiles of chemical species over an altitude range of 400 km to above 1500 km. The
published results to date (Shemansky et al., 2005; Liang et al., 2007a; Koskinen et al., 2011) have

provided vertical profiles obtained from selected occultations. These results are used to constrain
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rates of chemical production and dynamics in atmospheric models. Titan’s atmosphere is of partic-
ular interest because for a small planetary body it has a significant mass, with a surface pressure
1.5 times that of Earth, but with an inferred loss rate because of low gravity (Hunten, 1982; Yelle
et al., 2008; Strobel, 2009; Bell et al., 2010, 2011; Mandt et al., 2012). A thorough characterization
of the chemical composition and physical properties of Titan’s upper atmosphere is highly desirable
both to utilize it as a natural laboratory for understanding low temperature, low pressure chemical
reaction rates and mechanisms, as well as to trace the forcing of Titan’s seasonal variability.

Modeling the complex suite of reactions that occur in such an atmospheric system is currently
an area of active research (Yung et al., 1984; Yung, 1987; Lavvas et al., 2008a, 2011a; Krasnopolsky,
2009). Aerosols are an important end product of Titan’s atmospheric chemistry, and much effort
has gone into modeling their formation (Cabane et al., 1992; Wilson and Atreya, 2003; Liang et al.,
2007a; Lavvas et al., 2009, 2010, 2011b). These models improve as observations constrain the
spatial and seasonal changes in Titan’s atmosphere. Along with the Cassini INMS and VIMS
experiments (Yelle et al., 2006; Garcia-Comas et al., 2011), the Ultraviolet Imaging Spectrograph
(UVIS) has the capability of probing the region where much of the chemistry driven by solar and
magnetospheric input on Titan occurs. UVIS observations of emission from N, airglow have been
examined previously (Ajello et al., 2007, 2008; Stevens et al., 2011). Solar occultation observations in
the EUV using UVIS have also been analyzed (Capalbo et al., 2013). The stellar occulation analysis
has to date been restricted to measurement of the hydrocarbon components, because sufficiently
accurate N, cross sections have not been available until the last few years (Liang et al., 2007b). This
paper provides measurements of N, and CH, by the UVIS extreme ultraviolet (EUV) spectrograph,
obtained for the first time utilizing stellar occultation observations from Cassini.

Details of the instrument and of instrumental effects on observations are discussed in §3.3. Pre-
vious work (Shemansky et al., 2005; Liang et al., 2007a; Koskinen et al., 2011) has examined stellar
occultation lightcurves in the far ultraviolet (FUV) region of the spectrum, revealing density pro-
files for hydrocarbons including CH,, C,H,, C,H,, C,H,, C;H;, HCN, HC;N, and tholins. In this
work, the extreme ultraviolet (EUV) lightcurves are analyzed to determine the densities of the two
dominant species in Titan’s atmosphere, N, and CH,. Kinetic temperature of the upper atmosphere
is extracted from hydrostatic analysis of the N, profiles. The retrieval methodology used to derive
these quantities is described in §3.4, and the results, along with comparison to results from the
Cassini Ton Neutral Mass Spectrometer (INMS), are discussed in §3.5. Conclusions are summarized

in §3.6.
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3.3 The UVIS Instrument

3.3.1 FUYV and EUV Spectrographs

A full description of the UVIS experiment is contained in Esposito et al. (2004), but the relevant
components of interest for this work are the EUV and FUV spectrographs. The spectral range of
the spectrographs is 563 - 1182A (EUV) and 1115 - 1912A (FUV); these spectral regions provide
complementary atmospheric composition information during simultaneous exposure. Stellar flux in
the FUV region generally can be detected down to observation tangent heights of about 400 km,
revealing the profiles of a wide range of hydrocarbons, including CH,, C,H,, C,H,, C,H,, CzHy,
HCN, HC3N, and tholins. On the other hand, EUV stellar flux is largely absorbed at tangent heights
of about 1000 km; however, observations in the EUV present the unique opportunity to study N,
which does not have absorption features in the FUV. The ionization continuum of methane in the

EUV allows extraction of the CH, profile.

3.3.2 Instrument Model

Details for modeling of species abundances from the UVIS measurements are described by Shemansky
et al. (2005) and Shemansky and Liu (2012). The absorption spectra are forward modeled using a
high resolution blanketed model of the stellar source with simulation of the instrument response to
the source spectrum. The simulation process includes analytic functions matching the wavelength
dependent point spread functions (psf) that characterize the spectrographs. The stellar model and
simulation process are also described in Chapter 9 of the Cassini UVIS Users Guide (2012), available
in the NASA PDS. Examples of the impact of the psf on the analysis are given by Shemansky et al.
(2005); Liang et al. (2007a); Shemansky and Liu (2012). In the present work the filtered raw data
is used to produce the extinction profiles. The mechanics of the occultation process in the Cassini
spacecraft system are described in the supporting online material of Shemansky et al. (2005). High
resolution photoabsorption cross sections for the N,X(0) state at a temperature of 150 K were
obtained from coupled channel calculations by A. N. Heays and B. R. Lewis (Liang et al., 2007b).
These cross sections were obtained with a resolving power of ~10° at increments of 1 em™!. CH,

cross sections used in the reduction process are taken from Kameta et al. (2002).

3.3.3 Spacecraft Pointing Issues

The accuracy of the extinction spectrum in occultation observations, apart from photon counting
statistics, is limited by the stability of instrument pointing. Normally the spacecraft reaction wheels
retain pointing well within the limits required for accurate spectral records. During flybys of Titan,

however, transitions are necessary between thruster and reaction wheel control, and observations may
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Table 3.1. Analyzed Stellar Occultations

Titan Flyby  Date (Year-Day)  Stellar Target  Latitude Longitude Log Ng (cm™2)® T (K)P

T21 2006-346 a Eri 35S 116 W 20.1719-55 149.6715-8
T35 2007-243 o Sgr 35S 320 W 16.4719-58 225.0725°9
T41-1 2008-054 e CMa 48 333 W 20.8170-89 136.9710:}
T41-11 2008-054 e CMa 24 S 173 W 21.8610:99 124.81710

?Best-fit parameterized density from model calculations.

b Best-fit parameterized temperature from model calculations.

occur in a transition period, introducing instability in the position of the image on the detector.
These events significantly affect the process of obtaining accurate extinction spectra. While it may
yet be possible to correct for these shifts in flux, the effects are highly nonlinear, and thus the initial
analysis of occultation data is limited to cases where little or no pointing issues occur. These cases

are presented below in §3.3.4.

3.3.4 Occultation Spatial/Seasonal Coverage

Over 20 Titan stellar occultation events were observed by the EUV spectrograph from 2004 through
2010; of these, there are four stellar occultations during Titan flybys T21, T35, and T41 that present
stable observations. The details of these occultations are shown in the first part of Table 3.1. The
occultation latitude and longitude is determined based on the projection of observation geometry
for tangent heights (impact parameter) between 1000 and 1400 km; in this region these projected

values vary less than 1-2 degrees due to trajectory motion during the course of the observation.

3.4 Methodology

3.4.1 Forward Model

In order to retrieve the abundances of N, and CH, from each spectrum that UVIS records during
an observation, a forward model is constructed that utilizes the species cross sections in the EUV.
This model simulates the instrument response to a calculated extinction spectrum of the transmitted
stellar source model through a model atmosphere, as described in §3.3.2.

The generation of a reference database allows for fast and efficient forward modeling of species
abundances (7;) to optical depth (7)) in the EUV. In this case, the database includes a tabulated
grid of values for both N, and CH,, at 50 line of sight abundances ranging from 1 = 10'* to 101°
ecm ™2, and 512 wavelength values corresponding to the UVIS windowed EUV mode (A = 870A to
1180A). This database is represented by:
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7 =7 (N, 7cw,) (3.1)

A spectrum corresponding to the clear atmosphere view of the target star is obtained from
instrument observations taken above an impact parameter of 1800 km. This [y spectrum completes

the forward model in Equation 3.2:

Iy =1Ioexp(—T») (3.2)

Statistical uncertainty in the Iy spectrum is determined by calculating the standard deviation at
each wavelength of the observations made above 1800 km. Figure 3.1 shows an example of the I
spectrum and the standard deviation for Titan flyby T41-I during the occultation of the star e CMa,

as well as a sample spectrum taken deeper into the atmosphere.

3.4.2 Retrieval Algorithm

In a multivariate system with a forward model containing many independent parameters, it becomes
computationally infeasible to conduct a brute force grid search in order to determine the marginal-
ized posterior likelihoods for each variable in a x2 sense. Such is the case for previous examinations
of UVIS spectra in the FUV (Koskinen et al., 2011); in order to simultaneously fit for many dif-
ferent hydrocarbon species, a Levenberg-Marquardt routine was adopted similar to that of Rodgers
(Rodgers, 2000). This routine and similar ones take advantage of the assumption of Gaussian pa-
rameter uncertainties in order to speed up calculations, and in general provide the fastest retrieval.
Other statistical studies have also experimented with the use of Markov Chain Monte Carlo (MCMC)
algorithms and their derivatives (Andrieu et al., 2003), which can be computationally intensive but
are beneficial in situations where an assumption of Gaussian uncertainties is invalid.

For this work there are only two parameters adjusted in the forward model: nx, and ncp,. This
computational advantage, combined with a highly parallelized grid search retrieval code, allows for a
complete determination of the two parameter x? surface for combinations of N, and CH, abundances
at each level in the atmosphere. This avoids making any assumptions about the shape of parameter
uncertainties, and is therefore a more robust method for estimating the uncertainty in retrieved
column densities than assuming Gaussian errors. An example of a retrieved reduced x? contour
map is shown in Figure 3.2. Reduced x? is equivalent to x?/v, where v is the number of degrees of
freedom, given as N — n, where N is the number of data points and n is the number of fitted model

parameters. In this case, N =512 and n = 2, thus v = 510.
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Figure 3.1 : Intensity and optical depth spectra during occultation T41-1. The top panel shows
the Iy stellar flux, taken as the median of all 5-second integrated records at tangent heights above
1800 km. Error bars are the associated standard deviation of the flux. The middle panel shows the
equivalent spectrum at a height of 1092 km, with stellar flux (black) compared to the best fit model
(red). The bottom panel provides the same comparison using optical depth units.
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Figure 3.2 : Contour map showing an example of the two parameter grid search method used to
determine the reduced x? surface. Grid resolution for each parameter is 0.01 in log abundance space.
This fit is for flyby T41-1 at an occultation tangent height of 1092 km. The process is repeated for
each tangent height made during the observation.
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3.4.3 Conversion from Abundance to Density Profiles

Once the x? surface has been calculated, the marginalized posterior likelihoods for each parameter
can be obtained by projecting the total y? along each parameter axis. Several examples of these
marginalized posteriors at different heights are shown in Figure 3.3. These distributions are then
used to calculate the best fit pair of parameters, along with their corresponding 1o uncertainties.

Though approximately Gaussian in shape, the N, posterior probability distributions are asym-
metric near the top and bottom of the observation region. Above about 1500 km, there is only
enough absorption to provide upper limit constraints; likewise, as tangent heights of 1000 km are
reached, too few EUV photons remain to constrain N.

The initial retrieved values, in physical terms, are line of sight column abundances - an example of
a full profile of N, and CH, abundances is shown in Figure 3.4. In order to make the conversion from
abundances to densities, spherical symmetry of the atmosphere is assumed such that the well-known

inverse Abel transform may be applied, as in Equation 3.3:

p(r) = 1 /TOO % \/hjhﬁ (3.3)

In this case, p(r) is the local density as a function of the distance from Titan’s center, r; n(h)
is the retrieved line of sight abundance as a function of the tangent height, h, also calculated as
distance from Titan’s center. The limits of integration extend to infinity, but the UVIS measurements
generally only begin or end at tangent heights of approximately 2000 km or so above the surface
of Titan; a method of extrapolation is needed to account for the unobserved atmosphere above this
region, therefore a simple exponential decrease with altitude is fit to the observed data. It should
be noted that the sensitivity of the retrieved density profiles to this extrapolation region is minimal,
and its use is primarily to avoid nonphysical solutions.

The species density uncertainties at each altitude are determined using a series of 1000 random
draws from the abundance posterior distributions in order to propagate the calculated parameter
uncertainties. This creates a set of 1000 density profiles, which represent at each altitude the
propagated uncertainty in species density. The median of this distribution is taken as the best fit
solution, and the 68% confidence interval represents the 1o uncertainty. An example of the resulting

profile, including the best fit densities and their 1o uncertainties, is shown in Figure 3.5.

3.4.4 Effective Temperatures from Fits to N, Scale Height

In addition to retrieved atmospheric composition in terms of N, and CH, densities, the effective
temperature of this region of Titan’s atmosphere can also be determined assuming a constant scale

height, Hg, with altitude. This is essentially identical to a procedure performed using Cassini Ion
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Figure 3.3 : Comparison between tangent heights. Shown are the marginalized posterior likelihood
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Figure 3.4 : Retrieved line of sight abundances. Shown here is the profile of N, (black) and CH,

(red) for occultation during T41-I. Methane abundances are highly constrained, while nitrogen is
less so.
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Figure 3.5 : Calculated species density profiles and isothermal fit. Density is determined from the
retrieved line of sight abundances using the inverse Abel transform of Equation 3.3. Here again, the
best fit N, profile is shown in black, with the associated 1o uncertainty; corresponding profiles for
CH, are shown in red. The isothermal, hydrostatic model (orange) is fit to N, density and used to
calculate the effective temperature in this region of Titan’s upper atmosphere.
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Neutral Mass Spectrometer (INMS) data by Westlake et al. (2011). Because the effect of gravity
cannot be assumed constant in this region of Titan’s atmosphere, the altitude used in the scale height

fit is replaced with a surface referenced geopotential height, simplifying the calculation. Thus,

h
= = 3.4
: 1 + h/RTitan ( )
o, = Meis (3.5)
msgo
N; (z) = Ngpexp (—z/Hy) (3.6)

In Equation 3.4, z is geopotential height, h is altitude, and Ryt is the radius of Titan. In
Equation 3.5, the scale height H, is determined by k, Boltzmann’s constant; T.sy, the effective
temperature; mg, the mass of species s; and gy, the gravitational acceleration at the surface of
Titan. Lastly, in Equation 3.6, the species number density Ny as a function of geopotential height
is assumed hydrostatic and isothermal with a parametrized surface number density N; o, allowed to

vary in the fit. An example of the model fit to the data is also shown in Figure 3.5.

3.5 Results and Discussion

3.5.1 Retrieved Abundance and Density Profiles

The results of analysis for all stellar occultations examined in this work are shown in Figure 3.6. The
abundances and their marginalized posterior likelihood distributions are used directly to calculate
local densities at each altitude level between 1000 and 1400 km. While global coverage of UVIS
EUV occultation data sets is relatively limited, results from measurements by Cassini INMS have
revealed in situ densities for 29 Titan flybys (Westlake et al., 2011). This allows for density retrievals
from UVIS to be understood in a broader context. For instance, even among a small number of
UVIS observations, there appears to be a significant amount of variability in the density profiles;
such variability is also strongly indicated in the INMS data (Cui et al., 2009, 2012; Magee et al.,
2009; Westlake et al., 2011). Figure 3.7 shows the comparison between this work and the collective
results from 29 flybys of INMS.

3.5.2 Effective Temperatures

Model fits of isothermal, hydrostatic nitrogen profiles for each stellar occultation examined in this
work are also shown in Figure 6. Effective temperatures and their uncertainties are shown in the

second part of Table 3.1. While too few in number to examine any possible correlation with plasma
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Figure 3.7 : Comparison with INMS results. Plotted are the mean values of the four N, (black) and
CH, (red) density profiles retrieved from the stellar occultation examined in this work, along with
their associated range of uncertainties. Density profiles for N, and CH, from 29 flybys of INMS are
shown in gray and light red, respectively (Westlake et al., 2011).
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environments as in Westlake et al. (2011), the UVIS results still show significant variability, including
an effective temperature difference of nearly 100 K between flybys T35 and T41. It is important
to note, however, that while this effective temperature calculation reveals trends for the upper
atmosphere as a whole, temperature cannot be constant starting at 1000 km; this is the location of
the ionospheric peak where the heating profile has a large slope. Future work is needed to extract

non-isothermal temperature profiles.

3.6 Conclusions

Stellar occultation observations from Cassini UVIS have confirmed Titan’s upper atmosphere to
be a dynamic environment. Analysis of data from the instrument’s EUV spectrograph complement
those previously derived from the FUV, and provide context for the bulk atmospheric properties
of the upper atmosphere. Though limited by the effect of pointing instability, a select number of
occultation measurements allow for additional constraints to be made on the profiles of N, and
CH,, as well as on the effective temperatures of the upper atmosphere between 1000 and 1400 km.
The results show that even averaged over thousands of kilometers, the column N, and CH, exhibit
large variabilities. The apparent changes observed in these physical parameters may indicate spatial
and seasonal differences in the deposition of energy, perhaps driven by magnetospheric input as

previously suggested by Westlake et al. (2011) using in situ results from INMS.
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Chapter 4

Atmospheric Profiles of Titan’s
High-Altitude Haze: Cassint UVIS
Stellar Occultation Measurements

4.1 Summary

We present retrievals of Titan haze optical properties derived from Cassini UVIS stellar occultation
observations of the upper atmosphere above 300 km. These measurements focus on the wavelength
region in the far ultraviolet (FUV) between 1850 - 1900A, where absorption by other hydrocarbon
species is minimal. While this work does not uniquely estimate haze particle absorptivity and
number density separately, we provide robust estimates of the combined effects of these two physical
parameters over multiple Titan flybys. The results provide valuable constraints for models of Titan

haze formation throughout this region of the upper atmosphere.

4.2 Introduction

Our understanding of the chemical composition and dynamics of Titan’s atmosphere has advanced
dramatically since the Cassini spacecraft entered orbit around Saturn in 2004. Perhaps one of
the more challenging areas of research, however, has centered around the characterization of Titan
tholins, one of the major end products of ion and neutral chemistry in Titan’s upper atmosphere.
Titan aerosol analogs have been created and measured in the laboratory (Khare et al., 1984; Thissen
et al., 2009; Cable et al., 2012; Horst and Tolbert, 2013; Yoon et al., 2014), and this approach has
led to better understanding of formation precursors and mechanisms, though it remains difficult
to entirely replicate the environmental conditions present at Titan. Computational models of both
the chemical and physical state of Titan’s atmosphere have also improved our knowledge of aerosol

formation (Krasnopolsky, 2009; Lavvas et al., 2008a,b, 2010, 2011a,b, 2013). Both laboratory and
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computational approaches require observational evidence in order to convince ourselves of their
accuracy, however. Cassini has provided a wealth of resources in this regard, and this work builds
on previous efforts to provide valuable constraints on the presence and properties of aerosols in
Titan’s upper atmosphere.

Ton production and chemistry plays an important role in initial aerosol formation (Dutuit et al.,
2013), and in situ measurements by the Cassini Ion Neutral Mass Spectrometer (INMS) have re-
vealed much about the starting material for Titan tholin formation (Vuitton et al., 2007, 2008, 2009;
Mandt et al., 2012). These measurements are limited to the atmospheric region above about 850
km, where the Cassini spacecraft makes its closest flybys. Remote sensing instruments are required
to probe the region of the atmosphere below this point, and the Ultraviolet Imaging Spectrograph
(UVIS) in particular excels at this task. Previous work has utilized solar and stellar occultation
observations with UVIS to detect a wide range of Titan’s chemical species, including Ny, CHy4, other
minor hydrocarbons, and aerosols (Shemansky et al., 2005; Liang et al., 2007; Koskinen et al., 2011;
Capalbo et al., 2013; Kammer et al., 2013). The results of Koskinen et al. (2011) also confirmed the
apparent collapse of the detached haze layer on Titan (Lavvas et al., 2009; West et al., 2011).

This work provides a deeper look at a full range of 13 stellar occultation observations from
T21 to T58. We derive profiles of aerosol attenuation coefficients (a, km™1) for the atmospheric
region between 300 - 900 km at a range of latitudes. §4.3 goes into greater detail on the available
datasets and selection criteria, while §4.4 describes the data processing and reduction methodology.
Discussion of the implications of these results and their impact on future work is found in §4.5 and

§4.6, respectively.

4.3 Cassint UVIS Stellar Occultation Observations

4.3.1 Titan Flybys

The work of Koskinen et al. (2011) went into detail for two Titan flybys, T4l and T53. They
obtained estimates for the height of the detached haze layer for several others, but did not provide
full profile retrievals for these additional observations. We revisit the datasets in this work, covering
a temporal and spatial range as listed in Table 4.1. Pointing stability has been an issue for many of
these observations, as pointing drift and oscillations can result in non-linear shifts in the observed
spectrum on the detector array. In this work we are able to analyze many of the previously unusable
datasets due to a focused selection of FUV wavelengths where aerosols are predominantly responsible

for absorption.
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Table 4.1. Titan Stellar Occultations

Flyby UT Start Date  Stellar target  Latitude  Longitude

T21 2006-12-12 o Eri 358 116 W
T23 2007-01-13 n UMa 48 232 W
T35 2007-08-31 o Sgr 338 328 W
T40 2008-01-05 a Lyr 53 N 33 W
T41-1 2008-02-23 e CMa 8 S 332 W
T41-11 2008-02-23 e CMa 27 S 175 W
T47-1 2008-11-19 n Uma 1N 24 W
T47-11 2008-11-19 B CMa 55 N 340 W
T48 2008-12-05 e CMa 19 N 320 W
T52 2009-04-03 a Eri 37N 313 W
T53 2009-04-19 o Eri 39 N 296 W
T56 2009-06-06 n UMa 43 S 80 W
T58 2009-07-08 n UMa 118 31 W

4.3.2 Wavelength Selection

This analysis focuses on a small part of the far ultraviolet (FUV) between 1850 - 1900 A, where
the dominant source of absorption is due to aerosols alone. To avoid issues with pointing drift, we
consider all wavelengths in this band as a single wavelength bin, which also improves simple photon
counting statistics. Chemical models do predict the possible existence of CgNg, which also absorbs
in this region. As discussed in Koskinen et al. (2011), it may be responsible for some absorption at
altitudes above the detached haze layer, and therefore the profiles derived here may be essentially

considered upper limits on the contribution from aerosol particles in the region above 700 km.

4.4 UVIS Data Acquisition and Reduction Methodology

Details on the UVIS instrument and initial data processing is contained in Esposito et al. (2004)
and online in the Cassini UVIS Users Guide (2012) available in the NASA PDS. After this initial
processing, reduction of the raw UVIS data proceeds in a relatively straightforward fashion. We
combine photon counting statistics for the selected wavelength region (1850 - 1900 A) with output
from Cassini onboard geometer to obtain a profile of observed photon counts with occultation ray
height. The occultation ray height is defined as the tangent height of the light rays as they pass from
the stellar source, through Titan’s atmosphere, to the UVIS instrument onboard Cassini. Significant
features, including extinction from the detached haze layer, are already apparent in the observed
profiles even at this basic level of processing. In Figures 4.1, 4.2, 4.3, and 4.4, the left panels show
the measured transmission for each Titan flyby. This measured transmission is given by Equation

4.1:

T=2"" (4.1)

In Equation 4.1, I(h) is the measured intensity at ray height h, and I is the measured intensity
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from the unattenuated stellar source above the atmosphere. The uncertainty associated with this
value is taken as the combination of the scatter in each ray height bin (adopted here as 20 km), as
well as the standard deviation of the measured I value from all records above a ray height of 1200
km. The resulting 1-o uncertainty in transmission is encapsulated as error bars in Figures 4.1 - 4.4.
The equivalent plots in line of sight optical depth are shown in the middle panels. Line of sight
optical depth is defined by Equation 4.2:

7(h) = —In <I§ZL)> (4.2)

The line of sight optical depths are the fundamental constraints on any forward model of atmo-
spheric absorption, but using a basic assumption of a spherically symmetric atmosphere along the
line of sight, the line of sight optical depths can be converted into the local aerosol properties as a
function of altitude. Without a priori knowledge of the aerosol size distribution or number densities,
the attenuation coefficient, v (km~1), is the physical parameter that describes the degenerate effect
of these two properties. This parameter is related to the line of sight optical depth through the

inverse Abel transform, shown in Equation 4.3:

1 [*dr(h) dh
a(r) = —;/T i e (4.3)

In this case, r is the altitude and h is the ray height defined relative to Titan’s center. The
uncertainties for optical depth are propagated through this formula, and result in the 1-o error bars

reported in the right panels of Figures 4.1 - 4.4.

4.5 Discussion

There appears to be a distinct correlation in features between Titan flybys of similar season and
latitude. The strongest similarities appear to be tied by season, as the four figures each contain
fairly consistent snapshots of the state of Titan’s haze layers over the course of a few months. The
profile from T47-II is a distinct outlier, however. No detached haze layer appears present at all, and
there is a monotonic increase in attenuation coeffi