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ABSTRACT

We developed radiative transfer models to reproduce Titan’s visible and near infrared
spectra, to determine the effects of the haze, and retrieve the methane abundances during
Titan’s current southern summer. With ground-based high resolution spectra of CH3D
absorption at 1.6 um, we measured the global CH3D abundance. Combined with obser-
vations of 8.6 um emission of CH3D and CHy4 that indicate their relative abundances, we
thus determined the global CH4 abundance. We expanded on these ground-based mea-
surements, with improved radiative transfer models based on the Huygens DISR models,
and spectra which resolve the spatial variation of the CH3D lines. The profiles of CH3zD
thus obtained revealed that the methane abundance on the lowest 10 km of Titan’s atmo-
sphere does not vary by more than 20% over 32°S-32°N. With the extensive coverage of
Cassini VIMS observations at 0.35-1.6 um, we determined the latitudinal variation of the
methane at 20-50 km and of the haze. We find an ambiguity between the methane and
haze abundances, so their gradients become coupled. At the lower limit of the methane
gradient, the spectral variation observed can be reproduced with no methane change, and
a haze density increase of 60% between 20°S and 10°S. The largest methane variation
allowed by the data, derived assuming no haze variation with latitude, is a drop of 60%
over latitudes 27°S to 19°N. Our analysis indicates that the latitudinal variations in Titan’s
visible to near-IR albedo, the North/South Asymmetry, result primarily from variations
in the thickness of the haze above 80 km altitude. The range of methane latitudinal varia-
tions allowed between 27°S to 19°N indicates temperature variations of no more than 1.5

K at 20-30 km, altitudes where the Huygens profile is saturated.
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CHAPTER 1

INTRODUCTION

1.1  General characteristics of Titan’s atmosphere

Titan’s dense atmosphere, which reaches 1.44 bar at the surface, consists primarily of
molecular nitrogen (N», 95.11“%:2% of the bulk abundance) and methane (CHy, 4.9ﬂ:8%
of the bulk abundance, Penteado et al. (2005); de Bergh et al. (1988); Coustenis et al.
(1989, 2003); Orton (1992)), while the other components are at the 103 or lower abun-
dance level (Courtin et al., 1995; Flasar, 1998; Flasar et al., 2005). The methane abun-
dance in the atmosphere is controlled by its cycle between gaseous, liquid and ice, and
between the atmosphere and surface sources. Transient methane clouds are frequently
observed in the troposphere, and methane rain is possibly the source of the lakes and dry
fluvial features observed at the surface. In the stratosphere, methane and nitrogen are
destroyed by UV photolysis, and the byproducts recombine into larger hydrocarbons and
nitriles. These grow into the haze particles, which display the scattering properties of
fractal polymers comprising up to 3000 monomers of 0.05 ym or smaller (Tomasko et al.,
2008c).

Titan’s dense haze strongly affects the radiative heating and cooling of the atmosphere.
In the stratosphere, the haze absorbs solar radiation in the ultraviolet to near infrared,
which powers gaseous emission in the mid infrared, and continuum thermal emission in
the far infrared (peak black body radiation for Titan’s 82 K effective temperature is at 35
um). Figure 1.1 shows Titan’s vertical temperature profile. The tropospheric temperature
is set predominately by heating by sunlight absorption at the surface and near surface
atmosphere, with convective and radiative cooling above it. In the stratosphere, the in-
creasing haze optical depth and solar flux in the UV and visible causes higher heating
from CH4 and haze absorption towards higher altitudes, up to 300 km. At 300-600 km,

the increasing efficiency of cooling by emission from ethane creates Titan’s stratopause
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and the mesosphere, with a temperature drop up to the mesopause, at 600 km, above

which the increasing solar EUV flux causes increasing heating with altitude.

1000
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L \ LT \ troposphere | § Heating from absorption
80 100 120 140 160 at surface and low atmosphere

temperature (K)

Figure 1.1 Temperature profiles over Titan’s atmosphere. Blue line: model from Yelle
etal. (1997). Red line: mesosphere derived from 8.6 um CHy4 emission lines, from Griffith
et al. (2005b). The black lines indicate the limits between the atmospheric regions. The
red labels indicate remote observations that probe each altitude region. The green labels
indicate the main processes responsible for heating and cooling of each region.

Figure 1.2 shows the altitudes where the direct solar and diffuse fluxes reach half
their maximum value. It indicates that at wavelengths shorter than 0.6 ym, the haze
absorbs most light in the stratosphere, with decreasing haze optical depths towards longer
wavelengths. The other main feature in figure 1.2 is the effect of the methane bands,
which are optically thick enough (such as at 0.89 um) to prevent observations below
the stratosphere, and at the IR windows (starting at 0.94 um), are thin enough to allow

visibility to the surface (figure 5.2).

1.2 Previous observations of atmospheric and surface methane

Measurements of the global methane abundance and distribution of clouds and surface

fluvial features, coupled with theoretical studies, partially constrain the methane cycle.
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Figure 1.2 Altitudes where the model downward and upward (black and red, respectively)
fluxes on Titan’s atmosphere reach half their maximum value, in the region covered by
the VIMS VIS channel. The downward flux is the sum of the direct solar flux and diffuse
flux from scattered light. The altitudes for the upward flux are an approximation of the
altitude region where the spectra are most sensitive to the methane and haze. The altitudes
for the downward flux are an approximation to the altitude region where most absorption
and scattering occurs.

The only measurement of the methane mixing ratio profile was taken at 10°S latitude,
192°W longitude, by the Huygens Gas Chromatograph and Mass Spectrometer (GCMS).
It indicates 45% relative humidity (to liquid phase) at the surface, with a near constant
mixing ratio above it, until saturation is reached (Niemann et al., 2005; Tokano et al.,
2006). Previous ground-based measurements of the methane column density on Titan
indicate global average values ranging from 0.4 to 5.5 km-am (de Bergh et al., 1988;
Lellouch et al., 1989, 1992; Courtin et al., 1995; Lemmon et al., 2002; Penteado et al.,

2005). This wide range of derived methane column abundances results partly from high
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uncertainties in absorption coefficients. Titan’s high methane column density saturates its

strong bands, while the non-saturated lines are difficult to measure in the laboratory.
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Figure 1.3 Methane mixing ratio in Titan’s lower atmosphere, measured by the Huygens
Gas Chromatograph and Mass Spectrometer (Niemann et al., 2005). This profile, taken
at 10°S latitude, 192°W, is the standard used in the models discussed in chapters 4 and 6.
The mixing ratio stays nearly constant from the surface to 8 km, which is the level where
saturation is reached (Tokano et al., 2006).

Trafton (1975) estimated Titan’s methane column abundance to be 1.6 km-am, using
spectra of the 3v3 band of CH4. Fink and Larson (1979) compared spectra of Saturn,
Titan, Uranus and Neptune at 0.8-2.5 um and estimated from the 1.3 yum and 1.6 um bands
an abundance of 1 km-am. With the refractivity profiles from Voyager 1 and spectra of
the 1.1 um absorption band of CHg4, Lellouch et al. (1992) found a column abundance of

4 km-am.
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Lemmon et al. (2002) measured the CH,4 absorption bands in the region 0.6-1.1 um,
with the band curves of growth derived from laboratory data and spectra of Jupiter, Saturn,
Titan, Uranus and Neptune by Karkoschka (1998). A maximum column abundance of
3.5 km-am was derived assuming no haze, while their haze model resulted in a column
abundance of only 2.634+0.17 km-am. Tables 3.1 and 3.2 summarize the current estimates
of the isotopic ratio and total methane column density.

The methane can also be measured from the abundance of CH3zD combined with the
CH3D/CHy ratio. Considering Titan’s near-IR spectrum, de Bergh et al. (1988) identified
and analyzed two 3v, features where the CH3D contributions are most clearly distinct
from those of CH4. A CH3D/CHy ratio of 66 x 107 best fit the data. Coustenis et al.
(1989) analyzed Voyager 1 spectra of the 8.6 um CH3D band to measure an isotopic ratio
of 6032 x 107>, Orton (1992) also recorded the 8.6 um band with observations at the
NASA Infrared Telescope Facility (IRTF) and found that the temperature uncertainties did
not strongly influence the inferred isotopic ratio of CH3D/CH4 = 3149 x 107>, The most
recent observations of the v4 CH3D band were made with the Infrared Space Observatory
(Coustenis et al., 2003), and indicated an isotopic ratio of 351’%_36 x 107,

The only previous measure of methane variation was obtained from CHy4-N> collision-
induced absorption in Voyager IRIS spectra at 17-50 um. These spectra indicate a higher
methane concentration at the equator, and more methane in the summer hemisphere
(Samuelson et al., 1997). This latitudinal profile, however, has the methane supersatu-
rated at the tropics, which was not observed by Huygens GCMS (Niemann et al., 2005).
This disagreement suggests that the opacity structure of Titan’s atmosphere at 17-50 ym
is not fully understood.

An important part of Titan’s methane cycle is the presence and distribution of methane
clouds. Clouds were discovered from Titan’s full disk spectra, recorded in 1995 (Griffith
et al., 1998, 2000), and in 2000 first imaged over the south pole (Roe et al., 2002; Brown
etal., 2002), where they have been most frequently observed in the past 12 years (Gendron
et al., 2004; Gibbard et al., 2004; Hirtzig et al., 2005; Bouchez and Brown, 2005; Schaller
et al., 2006a). Clouds have also appeared at 40°S latitude (Roe et al., 2005b; Porco et al.,
2005; Griffith et al., 2005a; Brown et al., 2006; Schaller et al., 2006b). More recently,
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cloud activity has decreased in the southern polar region, and clouds were observed at the
latitudes of the northern polar lakes (Brown et al., 2009), which may represent the change
from southern summer to fall (Schaller et al., 2006b).

Similar to Earth’s convective clouds, Titan’s methane clouds evolve in timescales of
hours, (Griffith et al., 2000), and can reach the tropopause, where they are spread by
zonal winds (Griffith et al., 2005a). Figure 1.4 shows near infrared images of typical
midlatitude methane clouds, observed with Cassini VIMS. Figure 1.5 shows the optical
depth and altitude evolution of these clouds, derived from the radiative transfer models

that best reproduced the observed spectra.

Obs 1 Obs 2 Obs 3 Obs 4 Obs 5 Obs 6
1481589008 1481591044 1481592213 1481593382 1481595491 1481598962

Figure 1.4 Midlatitude cloud evolution over a period of 167 min. The images are a
composite of VIMS bands at 2.3 um (red), 2.00 um (green), and 2.13 ym (blue). The
observations were taken during the TB flyby, on 13 December 2004. The clouds labeled
2-4 are near 40°S latitude, and cloud 1 is at 61°S. Figure from Griffith et al. (2005b).

Lakes and cryovolcanism have been suggested as one of the factors determining the
nonunifomity of the cloud distribution. Since the atmospheric methane is destroyed by
UV photolysis, a source is required within the past 20 million years to explain the current
atmospheric inventory of methane (Yung et al., 1984). Models for Titan’s interior struc-
ture suggest the methane may be replenished by outgassing from Titan’s interior (Tobie
et al., 2006). This hypothesis is consistent with the rarity of craters, though the current
cryovolcanic candidates (Barnes et al., 2005; Sotin et al., 2005; Lopes et al., 2007) do not
correlate with observed cloud locations.

Near infrared and radio observations from Cassini (Porco et al., 2005; Elachi et al.,
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Figure 1.5 The optical depths and altitudes that resulted in the best fits to the spectra of
the clouds shown in figure 1.4. Each panel shows, from left to right, the time evolution
of the indicated cloud, in optical depth (top half) and altitude (bottom half). The interval
between the frames is 20, 20, 35 and 58 min, for panels A, B, D (observations 2-6 figure
1.4), and 34, 20, 20 and 35 min for panel C (observations 1-5, figure 1.4). Figure from
Griffith et al. (2005b).
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2005; Soderblom et al., 2007) indicate lakes rather than global oceans (West et al., 2005).
So far, the commonly found fluvial features, and the lakes larger than 10* km? identified
on Cassini RADAR observations (Stofan et al., 2007) do not correlate with the preferen-
tial location of all methane clouds: The lake identified near the south pole, Ontario Lacus
(Brown et al., 2008), might explain the south polar clouds, and recently small clouds have
appeared at the latitudes of the northern polar lakes (Brown et al., 2009), but no surface
features correlate with the prominent southern midlatitude clouds. Some observations
point to a dry equatorial region, such as the rarity of clouds on Cassini observations (Grif-
fith et al. 2009, submitted) the absence of liquid surfaces on the Huygens DISR (Descent
Imager and Spectral Radiometer) images, and the distribution of channels observed by
Cassini RADAR (Lorenz et al. (2008), though channels smaller than the RADAR reso-
lution could be common in the tropics). However, Huygens observations also indicate
abundant rainfall in the past: images show a variety of dark fluvial channels that end on
dark basins (Tomasko et al., 2005; Keller et al., 2008), and signs of fluvial erosion at
the landing site (Tomasko et al., 2005). Huygens GCMS (Gas Chromatograph and Mass
Spectrometer) and SSP (Surface Science Package) measurements indicate the surface soil
is moist with methane (Niemann et al., 2005; Zarnecki et al., 2005), though the relative
humidity is only 45% (Niemann et al., 2005).

1.3 Previous observations of Titan’s haze

Titan’s haze acts as both a tracer and a radiative forcer of global circulation (Rannou et al.,
2002): haze particles are transported from the summer to the winter hemisphere, and the
haze absorbs 40% of the incident solar radiation. The haze, while uniform with longitude,
displays latitudinal variations, with a pronounced north/south asymmetry, first detected
from Pioneer 11 images (Tomasko and Smith, 1982), Voyager images (Sromovsky et al.,
1981), and Voyager IRIS spectra at 200-1500 cm~!. At 17 um, IRIS spectra indicate
a 2.5+0.3 increase in opacity between 70°N and 53°S latitudes (Coustenis and Bezard,
1995). Continuous monitoring since the Voyager observations in 1980 (after the northern

spring equinox) has shown that the haze asymmetry is seasonal. The summer hemisphere
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is darker at 0.9 um and brighter at 0.4 um (Lorenz et al., 2004; McKay et al., 2001; Lorenz
etal., 2001, 1997), with haze optical depths at southern winter solstice increasing by 15%
at 0.64 um, from 80°S to 70°N (Lorenz et al., 1997; Tokano et al., 1999). However,
prior efforts to determine latitudinal variations in haze were compromised by a lack of
information on the vertical haze profile, now available at the Huygens site.

The only measurement of the vertical profile of haze optical properties at 0.4-1.6 um
below 150 km altitude was derived at the Huygens site, with observations from the De-
scent Imager and Spectral Radiometer instrument (DISR, Tomasko et al. (2002)). With
decreasing altitude, haze particles become brighter, and the slope of the wavelength
variation in opacity decreases, suggesting increasing particle sizes due to condensation
(Tomasko et al., 2008c¢).

The global circulation is also manifested in the ethane clouds observed most promi-
nently at 2.8 ym in Cassini VIMS images. These large diffuse clouds have been present
constantly in the north polar region since their detection in 2004. Their altitudes, de-
rived with radiative transfer models, are in the range 30-50 km. These clouds, shown
in figure 1.6, are the result of ethane condensation from the decrease in temperature as

stratospheric air subsides near the poles (Griffith et al., 2006).

1.4 Determinations of the methane abundance and spatial distribution

In order to understand how methane cycles on Titan’s surface and atmosphere it is thus
necessary to measure its abundance on the atmosphere, and its spatial and temporal vari-
ation. In this work, the methane abundance and its variation is measured from analysis
of visible and near infrared spectra, both ground-based and from Cassini VIMS. Chap-
ter 2 describes the radiative transfer models we developed to reproduce Titan’s spectrum.
With these models, we derived the global methane abundance (chapter 3) from ground-
based (IRTF) observations of CH3D absorption at 1.6 um, with the CH3D/CHy4 ratio from
emission lines at 8.6 um. As discussed in section 1.2, only the weakest CH4 bands are
not saturated on Titan’s spectrum, and these bands have large uncertainties in the labora-

tory determinations of their absorption coefficients. Since CH3D has a lower abundance,
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Figure 1.6 VIMS 2.8 um image, scaled by the function (u+ o) /ud> (u and o being the
cosines of the incidence and emission angles, respectively), to decrease the effects of the
strong illumination gradient. NP indicates the direction of the north pole, the contours
indicate the latitudes, the yellow arrows indicate the illumination direction, and the white
"x" indicate the subspacecraft location. In this colormap, the ethane clouds are the bright
features near the north pole. The other bright regions at the limb pixels are an artifact
caused by the high and variable emission angle. The observations were taken on passes
TB (A, 13 December 2004), T6 (B and C, 22,21 August 2005), and T7 (D, 7 September
2005). Figure from Griffith et al. (2006).

the 1.6 um CH3D lines are not saturated on Titan’s spectrum, and their available absorp-
tion coefficients have low uncertainties, thus it is possible to measure the CH4 abundance
through the CH3D. Additionally, at 1.6 um the haze effects on the derived methane abun-

dances are not as strong as at visible or shorter near-IR wavelengths, and these lines
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are weak enough to be sensitive to the methane down to the surface. Observations with
enough spatial and spectral resolution to measure the spatial variation of the CH3D bands
are possible with the use of adaptive optics with the 10 m Keck telescope. We recorded
and analyzed these observations, to derive a latitudinal profile of methane at altitudes 0-20
km (chapter 4).

Due to the strong effects of Titan’s haze on the shorter wavelength methane bands, we
needed to determine the spatial variation of the haze, and how it affects the derivations of
methane abundance. We derived the latitudinal variation of Titan’s haze and the methane
at 20-50 km, as described in chapter 6, with Cassini VIMS observations, and comparing
them to the Huygens DISR constraints for the methane and haze at 0.35-1.6 ym. The
VIMS observations, described in chapter 5, record Titan’s 0.35-5.12 ym spectrum, with

extensive coverage at varied geometries and high spatial resolution.
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CHAPTER 2

RADIATIVE TRANSFER MODELS FOR TITAN’S SPECTRUM

Titan’s dense atmosphere strongly affects its visible to near infrared spectrum, mostly
from scattering and absorption by haze particles, and absorption by methane. This chapter
describes the radiative transfer models we developed to reproduce Titan’s spectrum from
0.3 to 5 um and near 8 um, to derive the atmospheric properties from the observed spectral

features.

2.1 Characteristics of Titan’s spectrum

From 0.3 to 5 um wavelengths, only the tropospheric and stratospheric regions (below
300 km altitude) of Titan’s atmosphere significantly affect the reflection spectra. Over
this region, the temperatures are low enough (less than 170 K) for continuum thermal
emission to be negligible compared to scattered sunlight. Line emissions at these wave-
lengths are generally detectable only in night and limb observations, which were not used
in this work. Therefore the most relevant information in these spectra is not the observed
intensity (I), but the fraction of the incident solar flux (F) that is observed at a particular
direction (I/F, also referred to as albedo, or flux reflectance). A typical spectrum of Ti-
tan at 0.4 to 5.1 um is shown in figure 2.1. Its main features are high albedo regions at
wavelengths shorter than 2 um set by surface reflection and light scattered by the haze,
and broad methane absorption bands, the strongest being optically thick enough to com-
pletely obscure Titan’s lower atmosphere and surface. In addition to these main features,
the spectra also show the effects of scattering by varied cloud types, and less promi-
nent absorption by other molecules. Thus the visible and near infrared spectra provide
constraints on Titan’s haze, methane, clouds and surface features. In this work, Cassini
VIMS and ground-based IRTF and Keck observations at those wavelengths were used to

measure Titan’s methane and haze, as detailed in chapters 3, 4 and 6.
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Figure 2.1 A typical reflection spectrum of Titan at low incidence and emission angles,
taken by Cassini VIMS. The large absorptions bands are due to methane. This same
spectrum is expanded in figure 5.1.

With ground-based observations from IRTF at 8.6 um, we determined Titan’s
CH3D/CHy ratio, to measure the methane abundance, as detailed in chapters 3 and 4.
Due to the difference in effective temperatures of the Sun (5800 K) and Titan (82 K), in
the mid infrared, at wavelengths longer than 5 ym, the main source of radiation changes
from sunlight to emission from Titan’s atmosphere. Thus Titan’s spectrum changes from
reflection to emission, and the most relevant observation is the recorded intensity, not
albedo. The emissions come mostly from the stratosphere and higher altitudes (above 100
km). These altitudes are heated by haze absorption of sunlight in the ultraviolet to near
infrared, and cooled by infrared emission. Thus these wavelengths become most useful to

determine the temperature profile and gaseous composition of Titan’s high atmosphere.

2.2 Discrete ordinates modeling of Titan’s near infrared spectrum

To calculate the radiative flux leaving Titan’s atmosphere, it is necessary to integrate at

every wavelength the radiative transfer equation

dl(t,u,0)
H drt

for the intensity I, as a function of cosine of emission angle (u), emission azimuth (¢),

= —I(T7/J,(1))+S(’C,‘Ll,¢), (21)
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and optical depth (7, used as the vertical dimension), subject to the boundary conditions of
incident flux and reflection at the surface. The first term on the right is the total extinction
(scattering and absorption), and the second is the source function S, which includes light
scattered into the observer’s direction, and emission,

o(t)

m / ! / / / / /
S=0(tu)+ 52 [ do' [ d Pl o T ) 0. (2.2)

Where Q is spontaneous emission. Stimulated emission can be accounted for more
easily by changing the first term in (2.1), as a "negative absorption", since it is propor-
tional to the incident radiation, but it is of no relevance here, since there is no significant
stimulated emission in Titan’s spectra used. Only at the 8.6 um spectra there is significant
emission, from CH3D and CHy4 lines, which is well reproduced with the assumption of

local thermodynamical equilibrium, and thus the source term is isotropic

Q1) = (1- (1)) B(T (1)), (23)

where o is the single scattering albedo, B is the Planck function, and T is the temper-
ature, as a function of T (the vertical coordinate).

The second term on the right of (2.2) is the scattered light, where P is the scattering
phase function. It is this term which makes the intensity at one point dependent on the in-
tensity from the rest of the atmosphere, and creates the difficulties in solving the radiative
transfer equation.

The most direct numerical solution is to simulate the flux of photons, either from the
source or backtracing them from the observer. These methods, referred to as Monte Carlo
or raytracing, compute the statistics of a large number of photons sent through the atmo-
sphere, where the absorption and scattering optical depths determine the probability that a
photon will be absorbed or scattered. When a scattering event occurs, the scattering phase
function is the probability distribution function for the direction the photon is scattered to.
These methods can yield accurate solutions, and account for any geometry (of particular
interest to planetary atmospheres, spherical geometry), and non uniform surfaces (both

in geometry and albedo), but tend to be too computationally intensive for studies where
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large numbers of model spectra are necessary.

Analytical solutions for the radiative transfer equation with scattering exist only for
simplified cases, such as where the medium is homogeneous, and the illumination is pro-
vided only by the unscattered light. In this case, most of the scattered radiation coming
out of the medium was scattered only once, and it is thus referred as the single scattering
approximation. This approximation cannot be used for Titan, since the haze and methane
on Titan’s atmosphere are too optically thick and variable over the visible and near in-
frared wavelengths up to 5 um.

For observations that intercept the surface, in geometries around normal incidence
and emission, the curvature of the atmosphere can be neglected, thus allowing for plane-
parallel models, in which the atmosphere is a collection of plane horizontal homogeneous
layers. The conditions for validity of the single scattering approximation already suggest
one algorithm for numerical solutions: divide the atmosphere in layers thin enough to
be homogenous and involve only one scattering event, and use the analytical solution
for each thin layer for the boundary conditions of the next. This approach, referred to
as doubling and adding, allows for accurate solutions for layered media, and requires
no assumptions regarding the form of the intensity field or scattering phase functions.
The main limitation of this method is the potentially high number of layers in which
the atmosphere has to be divided, to accommodate the assumptions of homogeneity and
low scattering optical depth - from 0.9 to 0.4 um, Titan’s optical depth increases from
3.5 to 15 (Tomasko et al., 2008c). These methods are considerably faster than Monte
Carlo methods, but still too slow to calculate the ~10° model spectra necessary for our fit
algorithms to reproduce Titan’s spectrum (chapters 4 and 6).

Approximations regarding the form of the intensity field and the scattering phase func-
tions further reduce the required computing power. A common choice for the spectra
of planetary atmospheres is to quantize the intensity field by a small number of values.
The integral of (2.1) is expanded in polynomials of I and P in u and ¢, truncated at a
low number of elements. Two-stream models achieve this by approximating the intensity
functions by two values at each optical depth, either as a constant for each hemisphere (up

and down), or as a linear function of the cosine of emission angle (the latter also referred
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to as Eddington approximation). The phase function in these models is usually quan-
tized by only one value, its first moment, frequently referred to as the asymmetry factor.
While two-stream models are generally the fastest algorithms, the use of only two values
to characterize the intensity at each level results in low accuracies when the diffuse flux
constitutes a large fraction of the illumination (which is the case at Titan’s troposphere
in most of the spectrum at less than 2 ym), and at viewing geometries far from vertical
incidence and emission. Thus in this work we use discrete ordinates algorithms, which
are a generalization of the two-streams approximation, to resolve I and P in an arbitrary,
larger number of terms. The order of the approximation (the number of streams) can then
be chosen for each application to obtain sufficient accuracy at the lowest computational
cost.

The discrete ordinates implementation used is DISORT, described in detail by
Stamnes et al. (1988); Stamnes and Conklin (1984); Stamnes and Swanson (1981);
Stamnes and Dale (1981); Thomas and Stamnes (1999). The phase function is approxi-
mated by a Legendre polynomial, its order given by the even number of streams N in the
model, and the intensity function approximated by a Fourier series in azimuthal angle.
The radiative transfer equation becomes, for each of the N Legendre orders, a system of
N coupled linear differential equations in T, one for each of the N emission angles. The
atmosphere is separated into L layers where the scattering properties are constant, so that
in each layer it becomes possible to integrate these equations in y. This integration is
done with a double Gaussian quadrature, chosen because it is symmetrical around u=0.5,
and it concentrates the points at the two ends (u=1 and u=0), where most of the structure
in typical phase functions occur (the forward and backward scattering peaks). These sys-
tems of equations have solutions that are linear combinations of exponentials, where the
homogeneous part is set by scattering and absorption. The particular solutions are set by
the isotropic thermal emission, which is solved by approximating it as a polynomial in 7.

At each layer, the neighboring layers provide the boundary conditions, except at the
top and bottom of the whole atmosphere, where the boundary conditions are set by the
incident illumination and surface reflection, respectively. The illumination used in our

models is a simple, parallel flux, as the models are used for daytime observations. The
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surface reflection is Lambertian, since there were no detailed constraints to the surface
reflection properties, and the surface has a small effect at the wavelengths we used to
measure the methane and haze.

DISORT solves for the solution coefficients by inverting a system of N? x L? linear
equations. Thus the order of the approximation (number of streams) that provides the
best compromise between precision and running time can be chosen independently of the
model implementation, according to the constraints of a particular dataset, as described
in chapters 3, 4 and 6. Another advantage is that since the solution is analytic for the
sets of coefficients of the intensity polynomials, the models can provide intensities at any
observer direction. The number of streams used determines only the precision of the

result, not the directions where the intensities are calculated.

2.3 Legendre polynomial fits to the scattering phase functions

An important limitation of the discrete ordinates approximation became evident with the
use of detailed constraints on the haze scattering provided by the Huygens DISR team
(chapters 4 and 6). The observed phase functions are strongly concentrated on forward
scattering (0-15°), with a peak that is hundreds of times higher than the structure at higher
angles, as shown in figure 2.2. These functions are challenging to reproduce with Legen-
dre polynomials, as required by DISORT. To properly reproduce the scattering properties

of these phase functions:

* The polynomial must be smooth.
* The polynomial must be positive.

* The area in the forward scattering peaks of the original function and the polynomial
must match. The detailed shape of the peak is not important, only the area contained

within the first 15°.

* The polynomial must reproduce the structure of the original functions at high phase

angles.
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* The first coefficient of the fit (order 0) must be the largest in absolute value.
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Figure 2.2 Top: Scattering phase function derived from DISR observations (black), and
Legendre fit to it (red). Middle: cumulative areas of both functions in the top plots,
showing that despite their different shapes at the forward peak, they both have similar
areas. Bottom: difference between the two curves in the middle plot.

Direct least squares fits based on the differences between the polynomial and the phase

function are not suitable, as these are biased toward low errors on the forward peak,
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with strong and unphysical oscillations at angles larger than 20°. Without additional
constraints, fits are easily found that have low errors, but are unacceptable because if
sampled at higher resolution they show strong oscillations between the data points, or
because they do not have the property of the first coefficient as the largest in absolute
value.

Replacing the forward peak with a lower, broader peak of the same area, plus under-
sampling the phase function at low angles and oversampling it a high angles also inhibits
oscillations in the fits, but alone is not enough to obtain acceptable fits. Incorporating all
the constraints directly into the fit makes the problem non linear. A linearized singular
value decomposition inversion was developed to obtain solutions with all constraints, and
produced phase functions with all the necessary properties at low orders (16-22), but since
it is a linearized model to a non linear problem, it occasionally fails to converge into an
acceptable solution, due to the large number of local minima in the parameter space. Thus
we had to revert to another, linear fit. We first replace the forward peak with a Gaussian
function such that its area is conserved, and its peak is lower, then use a singular value
decomposition fit. The constraint of the absolute value is enforced iteratively, by taking
each solution and changing the coefficients larger than the first, and setting those as con-
stants, before doing the next fit for the remaining coefficients. This algorithm was able to
produce acceptable solutions for all phase functions, though at the cost of higher orders.
One measure of the distribution of scattering between the forward peak and the rest of the
angles is the first moment of the phase function, the asymmetry factor, which indicates
how anisotropic the scattering is. It can be used to parametrize scaling transformations,
which treat the photons in the forward peak as unscattered, and with changes in the opti-
cal depths and single scattering albedos, provide easier (less anisotropic) phase functions
for numerical solutions. We find that to reproduce the DISR phase functions the order of
the fits has to be at least 32. At this order, the complements of the asymmetry factors (1-
asymmetry factor) and the fits matched to within 1%, and the angular dependence of the
spectra becomes similar to that produced by the DISR doubling and adding model (which
does not use approximations on the form of the phase function). Thus we used 32 streams

in the discrete ordinates models for the analyses of chapters 4 and 6. One representative



Legendre fit is shown in figure 2.2.
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CHAPTER 3

MEASUREMENTS OF GLOBAL METHANE ABUNDANCE IN TITAN FROM
GROUND-BASED OBSERVATIONS

We measured the CH4 column abundance in Titan’s atmosphere through an analysis of
Titan’s monodeuterated methane (CH3D) spectral features. CH3D is several orders of
magnitude less abundant in Titan’s atmosphere than CH4. Thus, unlike CHy, the strong
and well studied CH3D 3v; lines are not saturated and provide a sensitive measure of its

column abundance.

3.1 Observations

Near infrared observations were recorded on 2001 November 13 at the NASA Infrared
Telescope Facility (IRTF), using the Cryogenic Near-IR Facility Spectrograph - CSHELL
(Greene et al., 1993). Spectra were obtained in five adjacent intervals and later combined
in a spectrum covering the entire 1.542-1.560 um region with a nominal resolving power
of 20,000. For each interval, 12 5-minute exposures were taken of Titan and 12 30-second
exposures of the solar analog G4V star HR1656 (HD32923), which was used to obtain a
reflection spectrum. The flux was calibrated to match a reference spectrum recorded on
1999 September 23 at the United Kingdom Infrared Telescope (UKIRT) with the Cooled
Grating Spectrometer (Griffith et al., 2000), which closely matches our observing geom-
etry. This reference spectrum covers 1.45-2.1 um, with a resolving power of ~ 330. Our
final calibrated spectrum has an estimated maximum noise level of 0.5%.

On 2001 November 16 we recorded emission spectra of CHy and CH3D with the
Texas Echelon Cross-dispersed Echelle Spectrograph, TEXES, (Lacy et al., 2002) at the
IRTE. The spectra have a resolving power of R=70,000, and extend from 1151.8 cm™!
(8.6819 um) to 1159.8 cm~! (8.6222 um). The asteroid 4 Vesta was also observed, and

after the pipeline reduction, the final spectrum of Titan was divided by that of Vesta to
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Figure 3.1 Titan’s emission spectrum at the main CH3D and CH4 bands. Black full line:
observed spectrum; Red dashed line: the best model fit; Blue dotted line: the best fit
without the CH3D lines.

eliminate the effects of telluric absorption and flux calibrated to match the spectrum of
Orton (1992). The main lines in the resulting spectrum are shown in figure 3.1.

We recorded the observations shortly before Titan’s northern winter solstice (on Oc-
tober 2002). The sub-Earth point was at latitude -25.6°. The sub-Earth longitude was
336-340° for the 1.56 um observations and 44-45° for the 8.6um observations. All spec-

tra sample Titan’s entire disk.
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3.2 Analysis of Titan’s infrared spectrum

Titan’s 1.6 um spectrum contains both CH4 and CH3D lines. However, as a result of
the uncertainties of the CHy4 absorption coefficients, a reliable CH4 abundance cannot be
directly derived. Therefore we analyzed the data to constrain only the CH3D column
abundance. Titan’s 1.6 um spectrum also depends on the surface reflection and haze
scattering. These properties were determined by analyzing the UKIRT spectrum at 1.58
um where the atmosphere is most transparent, to obtain the surface albedo, and at 1.63-
1.73 um, where haze most strongly affects the observed spectrum. The CHy lines in
the 1.55 um region were then fit by varying the CH4 vertical profile. These absorption
features provide a continuum for the CH3D lines, which were then fit to determine the
CHj3D abundance.

Spectra at 1.6 um were calculated by approximating the radiative transfer equation
with a discrete ordinates algorithm (Stamnes et al., 1988). We resolve the atmosphere
into parallel layers of constant temperature, pressure and composition, and calculate the
scattering and absorption of sunlight at each layer. The spectrum is determined at 21
different airmasses, from the center of the disk to the limb, and integrated to obtain a
spectrum of the entire disk.

The model assumes the equatorial temperature-pressure profile determined from Voy-
ager radio occultation and IRIS spectra (Lellouch et al., 1989). Titan’s 1.58 um spectrum
indicates a surface albedo of 0.15 (Griffith et al., 2000). We approximated the scattering
properties of the haze by assuming brightly scattering spherical particles with radii 0.3
um. We first assumed that the haze density follows the pressure scale height (consistent
with Titan’s infrared spectrum of Samuelson 1983). Then the haze profile was further
adjusted to match Titan’s 1.63-1.73 um albedo to the UKIRT spectrum, as discussed in
Griffith et al. (2000). The fit for the 1.55 ym continuum for the CH3D lines was obtained
by varying only the CHy4, by changing the saturation level between 100% and 200% sat-
uration, and the surface humidity between 30% and the saturation level. The CH3D was
then varied to fit the CH3D lines.

For CH3D, at 1.55 um, we calculated the line intensities and energy levels using the
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coefficients from Boussin et al. (1998, 1999), and Lutz et al. (1983). To model the CH4
lines in Titan and Uranus at 1.55 ym, de Bergh et al. (1986, 1988) used spectra of Saturn
as the reference cold spectrum. Saturn’s spectra were analyzed with a radiative transfer
model, and once a best fit was found the remaining differences were attributed to errors
in the populations of the energy levels. The values for the J quantum numbers were then
changed to match the required populations. We modeled the 1.55 um spectrum using both
the unaltered laboratory line data and the corrected parameters of de Bergh et al. (1988),
and found that without the corrected parameters, a good fit for the whole spectrum was
not possible. We also verified that the lines of ?CHy4 and '3CHy are almost always over-
lapping, a result of their preserved symmetry. These two isotopes were treated as a single
component, with a fixed 13CH4/'2CHy ratio of 1.116 x 1072, To avoid the uncertainties
from errors in the identifications and strengths of CHy we disregarded spectral regions
where CH3D clearly overlaps with strong CH4 features.

The ratio of CH4 to CH3D was determined from the analysis of stratospheric emission
lines of CH3D and CH4 at 8.6 um. We modeled the emission spectrum at 8.6 um with a
non-scattering LTE model of Titan’s atmosphere, which calculates the radiative intensity
of the atmosphere from the surface to 450 km altitude, divided into 152 parallel layers.
These calculations occur at 8 different airmasses, added to obtain the radiance from the
whole disk. The line optical depths are calculated assuming Voigt profiles and using
the CH4 and CH3D line parameters of the HITRAN database (Rothman et al., 2003).
For this region we also treated '3CH,4 and '>CHy as a single species with a constant
ratio of 1.116 x 1072, We assume the nominal temperature profile of Yelle et al. (1997),
and consider variations thereof to evaluate our uncertainties. Haze scattering was not
included due to its low efficiency at these wavelengths, which are much larger than the
typical particle size. To account for the continuum observed in the data we included a
haze layer of constant optical depth in the lower stratosphere. The optical depth required
depends on the assumed temperature profile, and thus was adjusted for each temperature
profile considered. The uncertainties resulting from this haze layer are incorporated into
the temperature induced uncertainties. We also ran tests using non-LTE source functions

(R.V. Yelle 2005, private communication) in atmospheric models extended up to 1300
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km altitude, and found that the maximum difference between intensities in the standard
model and the non-LTE model is 2.6%, much smaller than the differences between the

fits and the data.

3.3 Results

In figure 3.2, we show the separate effects of CH4 and CH3D for the four best defined
features in Titan’s spectrum, among which are the two features studied by de Bergh et al.
(1988) at 1.550 and 1.556 ym. Four additional spectral regions at 1.5457 um, 1.5468
um, 1.5471 um, and 1.5586 um also display the effects of CH3D, yet these are strongly
contaminated by the CH4 bands, and thus are considered unreliable. Two other features,
at 1.5517 ym and 1.5591 um, also show CH4 contributions, though not as strong. The
best defined four spectral regions (1.5487 um, 1.5500 gym, 1.5512 ym and 1.5555um,
shown in figure 3.2) result in an abundance of 2.0 — 2.2 x 10~ km-am. The uncertainties
are caused mainly by the CHy4 absorption, dominating those from the haze scattering and
surface albedo.

Emission lines at 8.6 um are highly sensitive to the atmospheric temperature, therefore
we chose lines that are formed at similar altitudes in Titan’s stratosphere. We found that
the observed weak and strong lines could not be well fit simultaneously with a single
temperature profile, suggesting that the spectrum manifests spatial variations in Titan’s
thermal profile across the moon’s disk. We find that variations in the temperature by +5
K introduce an error of 10% in the derived ratio. Figure 3.1 shows the reduced Titan
spectrum at 1155 cm™! (8.6 um), along with the best fit model and a model that excludes
CH;3D lines. A total of 36 strong, well-defined individual lines were identified, with 10
due to CHy and 26 to CH3D.

We find the best fit for a haze altitude of 120 km and optical depth 0.05, though our
observations do not strongly constrain simultaneously the haze altitude and optical depth.
Our observations indicate a CH3D/CHy ratio of 50+5 x 107 assuming our nominal tem-
perature profile. The errors correspond to uncertainties of =5 K. Additional uncertainties

arising from the 1-6 noise level and considering the fits to different line strengths provide
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Figure 3.2 The four features that best reveal the absorption from CH3D distinctively from
CHy4. Black full lines: observed spectrum; Red dashed lines: best fit; Blue dotted lines:
fit without CH3D absorption.

an additional uncertainty, with a resulting range of 50410 x 107>,

3.4 Discussion

We derive an integrated CH3D column abundance of 2.1 +0.1 x 10~3 km-am. This value
agrees with the prior measurement of 1.4:1):‘7l x 1073 km-am (de Bergh et al., 1988) from
lower resolution spectra. Our derived CH3D/CHy4 ratio of 50 4 10 x 1077 agrees with
prior measurements by de Bergh et al. (1988), Coustenis et al. (1989), Coustenis et al.
(2003), and Orton (1992), while differing significantly from the early near-infrared results
(Gillett, 1975; Kim and Caldwell, 1982) (table 3.1).

Fouchet and Lellouch (2000) found that fractionation by methane condensation in

Titan’s atmosphere does not cause a detectable CH3D/CHy variation. Thus the strato-
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Table 3.1. Determinations of the CH3D/CHy4 ratio

Wavelength Instrument Resolution CH;D/CHy4 Ref.
8.6 um KPNO 2.1 m and 4 m 50 1.1x1073 1
8.6 um KPNO 2.1 and 4 m, IRTF, Voyager IRIS | 50, 66, 250 170 x 107 2
8.6 um Voyager IRIS 250 60735 x 1072 3
8.6 um IRTF IRSHELL 10000 3149x 1073 4
8.6 um ISO SWS 1900 3571 %107 | 5
1.6 um 4 m KPNO FTS 5400 66750 %107 | 6
8.6 um IRTF TEXES 70000 50+10x 1075 | 7

References. — (1) Gillett 1975; (2) Kim and Caldwell 1982; (3) Coustenis et al. 1989; (4) Orton
1992; (5) Coustenis et al. 2003; (6) de Bergh et al. 1988; (7) this work.

spheric isotopic ratio derived here combined with the CH3D column abundance indicates
a total CH4 column abundance of 4.2:1):3 km-am, 4.9ﬂ:8% of the total atmospheric col-
umn abundance. An atmosphere with 100% saturation in the troposphere and constant
mixing ratio above the tropopause has a column abundance of 4:1):3 km-am (considering
tropospheric temperature uncertainties as determined by Lellouch et al. 1989). We find
a best fit with a surface CH3D mixing ratio of 3.0 — 3.8 x 107>, which corresponds to
a methane mixing ratio of 5.0-9.5% (47-90% relative humidity with the nominal surface
temperature, or 37-109% with the surface temperature range of 92.5-95.7 K). It should
be noted that the CH3D absorption analyzed here is most indicative of the total column
abundance, and does not constrain well its vertical distribution.

Our results of 4.21'(1):3 km-am are consistent with the maximum estimated by Lemmon
et al. (2002) (3.5 km-am), but do not agree with their estimate of 2.63 +£0.17 km-am.
Perhaps this incongruity results from the greater transparency of the atmosphere in the
wavelength region that we analyzed, along with the availability of line parameters for
CH3D and a more detailed model of the multiple scattering. Our results do not exclude a

saturated atmosphere which never exceeds saturation by more than a few percent, as well
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Table 3.2. Determinations of the CHy total column abundance

Data Instrument Col. density (km-am) Ref.
CHy abs. at 0.5-1.2 um 2.7 m McDonald telescope 1.6 1
CHy abs. at 0.8-2.5 um 4 m KPNO 1 2
CH3D abs. at 1.6 um 4 m KPNO FTS 2.2 3
refractivity and CHy abs. at 7.7 um Voyager RSS and IRIS 0.4-3.0,< 6.9 4
CHy abs. at 1.1 um IRTF (CGAS) and CFH (FTS) 4+1 5
refractivity and abs. at 16-50 um Voyager RSS and IRIS 2.3-4.0 6
CHy abs. at 0.3-1.1 um HST STIS 2.63+0.17, < 3.5 7
CH3D abs. at 1.6 um and CH3D/CHy4 emiss. at 8.6um IRTF (CSHELL and TEXES) 42:%; 8

References. — (1) Trafton 1975, (2) Fink and Larson 1979, (3) de Bergh et al. 1988; (4) Lellouch et al. 1989; (5) Lellouch et al.
1992, (6) Courtin et al. 1995; (7) Lemmon et al. 2002; (8) this work.

as an atmosphere which achieves high levels of supersaturation in the middle troposphere
with subsaturation near Titan’s surface, as suggested by the Voyager IRIS data (Courtin
et al., 1995). It should be noted that some of the differences in the methane column
abundance might be the result of seasonal variations on Titan, combined with the different

latitude ranges sampled in each study.
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CHAPTER 4

GROUND-BASED MEASUREMENTS OF THE METHANE DISTRIBUTION ON
TITAN

Using échelle spectra taken with NIRSPEC (Near Infrared Spectrometer) and adaptive
optics on the Keck II telescope, we obtained spatially resolved spectra of the 3v, band
of monodeuterated methane (CH3D) at 1.56 um at a resolving power of 27000. Thus it
becomes possible to use the CH3D lines as discussed in chapter 3, to measure the methane
abundance in Titan’s troposphere at different latitudes. The analysis of these observations
also improves on those of chapter 3 by the use of the constraints to the methane abundance
and haze properties measured at the Huygens site (Niemann et al., 2005; Tomasko et al.,

2008c¢,a), which were not previously available.

4.1 Observations

Observations were recorded on December 18 2006 over a 2.5 h period centered at 15:05
UTC, with the Near Infrared Spectrometer (NIRSPEC, McLean et al. (1995)) on the Keck
IT telescope. The spectra, taken in échelle mode, cover the 1.46-1.64 um region at reso-
lution R~27000, sampled on 16 overlapping sections of 1024 pixels each. With the use
of adaptive optics, the spatial resolution along the slit was 0.04", sampled with 0.013"
pixels, which were binned in groups of 3 to attain 20 spatial resolution elements across
Titan’s disk. Figure 4.1 shows a typical slit camera image, recorded with the NIRSPEC-5
filter (covering 1.46-1.64 um), to indicate the location of the observations. The observing
night was near Saturn’s opposition, with a phase angle of 5.3°, and sub-observer point at
12.12°S, 196°E. At each grating setting, two spectra were obtained, with Titan on differ-
ent positions along the slit, to subtract the sky contribution between the two nods. The
initial flux calibration involved dividing Titan’s spectra by those of the nearby solar ana-

logue G5 star, HD 85258, of H magnitude 5.758. Titan’s apparent full disk H magnitude
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was 7.9, but that of the portion falling on each pixel was only 16.3.

We determine the position of the slit on Titan’s disk from the slit camera images, as the
required precision is higher than the uncertainty in the telescope’s pointing information.
Titan’s disk is an extended source, with brightness variations smaller than the contrast
between the disk and background. Thus the surface of the disk has a relatively flat profile
over an extended area, such that the disk center cannot be found by simply fitting a sharply
peaked function as the instrument’s point spread function. The slit camera images were
filtered to remove noise and decrease the variations over Titan’s disk. Wavelet transforms
of the images with a radially symmetric kernel of the dimension of Titan’s disk result in
a function that is sharply peaked on the disk center, because here Titan’s disk coincides
with the positive part of the kernel. A least squares fit of a Gaussian surface to the wavelet
transform then provides the coordinates for the center of the disk, which were averaged
among all the slit camera images taken during each spectrum. The resulting coordinates
for Titan’s center have an uncertainty smaller than 2 sample pixels of size 0.013" , and
are shown in figure 4.2.

Following Penteado et al. (2005), we analyzed lines from the 3v, band of CH3D that
have well constrained absorption coefficients from laboratory measurements. The CH3D
lines are not saturated in Titan’s atmosphere, as are the well measured CHy lines, and
instead provide a sensitive measure of the abundance in the lowest 10 km of Titan’s atmo-
sphere. We chose a constant CH3D/CHy4 ratio of (50110) x 1072, previously derived from
unsaturated emission lines of CH3D and CHy at 8.6 um (Penteado et al., 2005), which is
consistent with previous studies (de Bergh et al., 1988; Orton, 1992; Coustenis et al.,
2003). However, as we derive relative variations in methane as a function of latitude, this
choice does not affect our results. Figure 4.3 displays the measured and calculated spec-
tra. The effects of high incidence and emission angles render the interpretation unreliable
at the 4 points nearest to the limb, that is, at latitudes 59°S, 51°S, 45°S and 32°N. The
methane abundance, as indicated by the weak CH3D lines, can be inferred by compar-
ing the observed and modeled spectra for several values of the surface relative humidity

(figure 4.4); only at 1.5552-1.5562 um is the CH3D absorption comparable to that of CHg.
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Figure 4.1 Geometry reference images. Top: Average slit camera image at 1.46-1.64
um. The lines are latitude and longitude contours, spaced at 30°, the thicker line is 180°
longitude. Bottom: A VIMS 1.56 um image, projected to the same geometry and similar
pixel scale, indicating the location of the observations. The difference in contrast is mostly
due to the broader wavelength range of the NIRSPEC image, which includes wavelengths
of high methane opacity around the 1.6 um window.

4.2 Radiative transfer modeling of Titan’s spectrum

To reproduce Titan’s spectrum, we developed a radiative transfer model that incorporates

the haze parameters and latitudinal variations derived from the Huygens DISR observa-
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Figure 4.2 Wavelet determination of Titan’s position, for one of the SCAM images taken
during the spectra. Top: original SCAM image, showing Titan’s disk has a broad and
irregular profile. Middle: convolution kernel used, made to match Titan’s size. Bottom:
Convolution result, showing a sharp peak for the kernel position that best matches Titan’s
disk center.

tions (Tomasko et al., 2008c) and the analysis of Cassini VIMS observations at 0.4-1.6 yum
(chapter 6 and Penteado ef al. 2009, submitted). The model approximates the radiative
transfer solution using a discrete ordinates algorithm (DISORT, Stamnes et al. (1988))

with 32 streams. The atmosphere was divided into 51 vertical homogeneous layers. We
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Figure 4.3 The 16 measured spectra (black lines), along with the best model fits (red
lines). The 3 southernmost and the 1 northernmost spectra are flattened by the higher
opacity near the limb. This loss of the methane feature, along with the high variation in
the lighting geometry within each pixel, makes the determinations of the model param-
eters unreliable at these locations. The vertical lines in the first spectrum indicate the
wavelength ranges used to measure the 3 indicators: 1.55572-1.55607 um for i (red),
1.55517-1.55522 for iy (green), and 1.55527-1.55557 um for i, (blue). The blue lines are
models calculated with the parameters that provided the best fits, at more wavelengths
than used for building the grids in model space.

start with the methane vertical density profile measured by Huygens GCMS (Niemann
et al., 2005). To fit the spectra, we either multiply the GCMS reference profile by a
constant factor, or specify the methane vertical profile from its relative humidity at the
surface. In the latter case, the mixing ratio is kept constant from the surface to the altitude
where saturation is reached, from which 100% saturation is followed until the tropopause.

The methane abundance thus is determined by a single parameter, the relative humidity
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Figure 4.4 Observation at 16°S latitude (black line), compared to models constructed
for 45% (green), and 100% (blue) relative humidity at the surface. A model calculated
assuming 45% CH4 humidity and no CH3D (red line) indicates the differing effects of
CH3D absorption and the poorly constrained CHy absorption. In the bottom plot the
models were smoothed to a lower spectral resolution, to better indicate how spectra vary
over the whole CH3D feature, without the effects of the high resolution CHy structure.

at the surface, which is varied to fit the different spectra.

The CH3D absorption was calculated with the coefficients measured in the laboratory
by Boussin et al. (1999, 1998), and Lutz et al. (1983). The CHy4 absorption coefficients in-
clude corrections to the laboratory measurements, derived from Saturn spectra (de Bergh
et al., 1988, 1986). As described by Tomasko et al. (2008c) and Penteado et al. (2009,
submitted), the haze phase function was determined directly from the DISR observations,

then fit to fractal particles. The haze optical depth is defined in 3 different regions: it
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decreases exponentially with a scaleheight of 65 km above 80 km, and increases linearly
with decreasing altitude following different slopes within the regions 80-30 km and 30-0
km. Its wavelength variation is a power law, with different coefficients at each of these
3 altitude regions. The single scattering albedo also follows different functions for each
of these 3 altitude regions, and is a linear interpolation in wavelength from the DISR
measurements at 0.4-1.6 um.

We interpret the data by matching it to calculated spectra at 3 wavelength regions (re-
ferred to as indicators), which are 1.55572-1.55607 um for indicator ig, 1.55517-1.55522
for indicator i1, and 1.55527-1.55557 um for indicator iy, as shown in the first spectrum
of figure 4.3. Figure 4.5 presents the latitudinal variations of the 3 indicators, along with
those of the best model fits. The indicators were chosen to maximize their different re-
sponses to changes in the methane abundance, haze scattering and surface albedo. As
shown in figure 4.6, ip is the most sensitive to the methane abundance, while 1; is satu-
rated over most of the methane abundance range considered. Variations in surface albedo
least affect i;, which therefore indicates the scattering due to clouds and haze. Intermedi-
ate between 1 and 11, is 12, which differentiates between changes in methane absorption
and surface albedo. Figure 4.7 displays the effect of methane variations on the indicators;
we can see that ig is sensitive to the methane abundance in the lowest 10 km of Titan’s
atmosphere. Uncertainties in the CH4 line parameters affect our results such that an error
of 20% in CH4 optical depths causes a change in the vertical contribution peak of 7% for
ig, 5% for 1y, and 0.5% for i;.

Our initial model adopted the DISR haze parameters and Huygens GCMS methane
profile, derived for 10°S latitude, which were adjusted to interpret spectra at other lati-
tudes. We find that only 3 parameters need to be changed to reproduce the 3 indicators
within their noise levels. The parameters are the methane abundance, the haze optical
depth above 80 km and the surface albedo, which affect the 3 indicators as shown in
figure 4.6. Model spectra were calculated in a uniform grid in the 3D space of these
model parameters, and the fits were obtained from the combination that resulted in the

best match on the 3D indicator space.
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Figure 4.5 Latitudinal variations of the 3 indicators, calculated for the data (black line)
and model spectra (red line). The anomalies at the 4 endpoints (3 to the south and 1 to the
north) result from the proximity to the limb, which causes a large variation in geometry
and optical depths within each spatial pixel. The uncertainties in the data indicators are
derived from the variation within the 3 spectra that were averaged to make each one of
the 16 spectra used.
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Figure 4.6 Variation in the 3 indicators as a function of changes on the 3 model pa-
rameters. For each curve, the two model parameters not being varied were kept at their
reference values (1.0 for methane abundance factor and high haze factor, 0.1 for surface
albedo). These curves, along with figure 4.7, indicate that i (solid line) is at a region of
saturated methane absorption. Thus variations in i; mostly indicate variations in the haze.

4.3 Results

The results are shown in Figure 4.8, along with the uncertainties that result from their

derivation from the mean data indicators. The noise level and overlapping effects of the
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Figure 4.7 Relative variation of the 3 indicators as a function of the altitude where the
methane abundance is changed. The abundance is changed in a 5 km region by a multi-
plicative factor that is a linear function of altitude, from 0.5 at the indicated altitude, to 1
(no change) 2.5 km away. These profiles, along with figure 4.6, show that ip (dashed line)
1s most sensitive to the methane, i; (full line) is most sensitive to the haze, and i, (dotted
line) is intermediary.

methane, haze and surface albedo prevent us from measuring relative methane variations

smaller than 20%. Above this level, we find no change in methane abundance over the
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range 32°S-32°N. These uncertainties equivalently permit variations smaller than 10%
for the humidity above the surface. We derive a 251“112% increase in haze optical depth
above 80 km from 10°S to the equator, in agreement with that determined from analysis of
VIMS data (chapter 6 and Penteado ef al. 2009, submitted). The derived surface albedos
agree with the values derived for the same terrain using VIMS observations at 1.5567 ym.
The ratio between highest and lowest surface albedos, 2.2‘:83, is larger than the range
found from the DISR observations at ~1.6 um, of a different surface terrain (Keller et al.,
2008).

Between 32°S and 51°S, the derived increase in haze optical depth, indicated by the
sharp increase in Titan’s albedo at 1.5552 um (ij, figure 4.5), suggests the presence of
methane clouds on that region. Methane clouds typically observed south of 40°S (Roe
et al., 2005a; Griffith et al., 2005a; Roe et al., 2005b; Porco et al., 2005; Griffith et al.,
2005a; Brown et al., 2006; Roe et al., 2005b; Schaller et al., 2006a; Gendron et al., 2004;
Gibbard et al., 2004; Bouchez and Brown, 2005; Schaller et al., 2006b) obscure the tro-
posphere and are brighter than the surface. Thus clouds decrease the depths of methane
absorption features. There is no independent constraint on the presence of clouds at the
time of the observation, because there were no coinciding VIMS observations. Also the
limited time available prevented us from recording lower resolution spectra, which would
have revealed the cloud effects (as discussed in Griffith et al. (1998)).

Our analysis demonstrates that high resolution ground-based data can measure
methane abundance in the lower troposphere across Titan’s disk. The 3v, CH3D lines
probe the methane down to the surface, and thus complement lower resolution spectra

(e.g. by Cassini VIMS, chapter 6) that measure the methane near the tropopause.
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Figure 4.8 The model parameters that resulted in the best fits to the data. These pa-
rameters are: the factor multiplying the Huygens GCMS methane profile (top), the factor
multiplying the haze optical depth above 80 km (middle), and the surface albedo (bottom).
The errorbars are the standard deviations in the determination of the 3 model parameters:
changes in the parameters within these ranges provide synthetic spectra that match the
observed spectra within their uncertainties.
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CHAPTER 5

CASSINI VIMS OBSERVATIONS OF TITAN

5.1 Instrument characteristics

Most of the work on this thesis is based on analysis of data from Cassini VIMS, including
characterization of different clouds (chapter 1), and spatial variation of haze and methane
(chapter 6). The complexity and large volume of this dataset thus required significant
work on systematic calibration, visualization and selection capabilities, discussed on this
chapter.

VIMS is an imaging spectrometer that produces 3 dimensional hyperspectral obser-
vations (commonly referred to as cubes) of two contiguous spatial dimensions, and one
contiguous spectral dimension. VIMS covers the visible and near infrared spectrum be-
tween 0.35 um and 5.12 ym in two channels that have independent optics and detectors,
and thus different characteristics. Figure 5.1 shows a typical Titan spectrum on each
channel, and figure 5.2 shows images at each band of that cube.

The VIS channel covers the region 0.35-1.05 ym, in 96 bands of constant 7.3 nm
width in wavelength, each formed by the sum of 5 1.46 nm pixels. It uses a telescope
with 143 mm focal length at /3.2, which provides a 1.83°x1.83° field of view. The
spatial coverage is resolved in up to 64x64 square 0.5 mrad pixels, each formed by the
sum of 3x3 0.167 mrad pixels. The detector is a 512x256 (for the spectral and spatial
dimensions, respectively) Si CCD. The detector has a 2D instantaneous field of view (one
spatial and one spectral dimension), with the other spatial dimension acquired moving the
mirror which projects the image on the CCD, so that the next CCD frame will contain the
adjacent spatial row.

The IR channel covers 0.85 to 5.12 um in 256 bands of constant 16.6 nm wavelength
width. Its image is provided by a 426 mm focal length telescope, at f/18.6, to also pro-

vide a 1.83°x1.83° field of view in up to 64x64 effective 0.5x0.5 mrad pixels, in normal
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resolution mode. In this mode, each spatial pixel is formed by combining 2 0.25x0.50
mrad pixels. In high resolution mode, the pixel summing is disabled, thus providing up to
64x64 0.25x0.50 mrad pixels. The IR channel InSb detector, contrary to the VIS channel
CCD, is 1D (256 pixels, for the spectral dimension). Thus the instantaneous field of view
in IR is 1 spectrum (1 spatial pixel). The IR cube is formed simultaneously to the VIS
cube, with the IR mirror moving across the direction of one row (taking successive CCD
reads, one for each spatial pixel), during the time that that row is exposed on the VIS
channel. The two channels have closely matching fields of view, shifted in their centers
by 1.29 and 1.94 pixels, so that cubes taken in normal resolution mode have very sim-
ilar spatial coverage between the channels. Despite the similar spatial coverage, due to
the different directions and possibly different shapes (depending on the IR channel res-
olution used) of their fields of view, matching the same spatial pixel on both channels is
not always possible. Even when the area of interest is contained in both fields of view,
matching the spectra of the same region in both channels is not a simple shift in pixel
coordinates, since the field of view shift is not an integral number of pixels, and pixels

may be of different sizes on each channel.

5.2 Data visualization

As a VIMS cubes contains images in up to 352 spectral bands, visualization and identifi-
cation of the structures with different spectral characteristics presents another challenge.
Simultaneous visualization of all bands is thus only possible by placing the image of each
band next to each other. Though subtle combined spectral and spatial variations are diffi-
cult to detect this way, these multiple images provide a convenient way to quickly review
the contents of all the cubes as they are received, and thus images as figure 5.2 were
produced systematically for all cubes received, after their radiometric and geometrical
calibration.

A monochromatic color mapping for each individual band, as in the grayscale map-
ping in figure 5.2, or direct RGB or other standard mappings, is usually limited to 8 bits

(256 levels) of dynamical range per band, which is narrower than the range of VIMS,



53

0.2

0.2

albedo

0.1

5
0.10

04 05 06 07 08 09 10
wavelength (um)

albedo
o o
= =
o (@)

o
o
a1

IIII|IIII|I||||III

1 2 3 4 5
wavelength (um)

O
o
S

Figure 5.1 A typical VIMS reflection spectrum of Titan, of the VIS (top) and IR (bottom)
channels. Both channels have uniform wavelength sampling, with 96 pixels in the VIS
channel, and 256 pixels in the IR channel.

which records each band at 12 bits (4096 levels). To decrease the low and high level satu-
ration when making monochromatic images, we developed different functions to map the
colors from a larger than 8 bit monochromatic range to a subset of the 24 bit RGB space

typically available for computer displays. The challenge for making useful colormaps is
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Figure 5.2 Images of each of the 352 VIMS bands from a single cube of Titan in the
daytime. The image of each band was renormalized, so that black is the band’s minimum,
and white is the band’s maximum, with linear variation in albedo in between. Figure 5.1
indicates how much the actual albedos vary over the bands. This cube was taken in high
resolution mode, which doubles the vertical spatial resolution in the IR channel, which is
shown by the difference in Titan’s shape between the first 96 (VIS) and the last 256 (IR)
images.

to find mappings that run over the 24 bit RGB space with a smooth color variation, while
avoiding perceptually similar colors for distant regions in the domain. This problem is
further complicated by the variable gamuts and color calibrations of different devices
used, in particular the difference between the RGB in computer monitors and the CMYK
in printers. Figure 5.3 shows a comparison of the same VIMS band, mapped into 256
levels grayscale, two commonly used 256 levels colormaps, and 3 of the wider maps we
developed, with 766, 1276 and 1786 levels. Careful choice of one of those expanded
maps, along with the low and high saturation levels, thus reveals simultaneously more
spatial structure in the dark and bright regions of the image, than is possible with the

standard 256-level maps. As the middle 2 images in figure 5.3 show, the common choice
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of "rainbow" colormaps is frequently inadequate, as it suppresses the contrast of over a
broad range of middle values, which gets mapped into perceptually similar hues of blue,
cyan and green.

The 3 maps we defined in figure 5.3 are made by linear variations in RGB space, as
shown in figure 5.4. If the variable to be displayed is cyclical, in which one end of the
scale should be joined to the other (such as angle related variables), these colormaps can
be expanded, by adding a branch which smoothly connects the endpoints. In this case, the
1786 levels map we developed is directly extended to 2041 levels. Future improvements
to these colormaps include tests with maps uniform in the conical HL.S and HSV spaces,
and to account for the effects of frequency-dependent perception, to achieve perceptually
uniform maps (Backhaus et al., 1998; Rogowitz and Treinish, 1998; Rogowitz et al., 1996;
Bergman et al., 1995).

Monochromatic mappings from arbitrary functions can be easily made with ti-
tan_browse, discussed in the next section. However, it is often useful to use the commonly
available 3 color dimensions to display directly multiple bands, simple combinations of
bands, or complex functions, such as the results of principal component analysis (Bel-
lucci et al., 2004). These are usually done directly mapping each dimension to an RGB
color, which is a rectangular mapping. However, 2D combinations of bands frequently
have their distribution in shapes that are more similar to cylindrical distributions. This
results from pairs of measurements from bands frequently being correlated, with different
correlations on regions of different properties, such as presence of clouds or different ab-
sorption features. For this purpose, we use 2D color maps based on the distribution of the
points in a 2D section of the conical HLS colorspace. Figure 5.5 shows one example, in
which the pixels that fall on clouds have a different correlation between the bands used,
so that the surface and and cloud branches in the 2D band space naturally map to different
hues in HLS space. Another such example is the intensity of the 0.61 ym methane band,

shown in chapter 6 (figure 6.8).
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Figure 5.3 The same VIMS 2.71 ym image, with different choices of colormaps. The
3 maps on the left are 3 common standard 256-level maps. The 3 maps on the right are
some of the expanded maps developed in this work, with 766 (top), 1276 (middle), and
1786 (bottom) levels. The middle left and middle right maps cover similar trajectories in
RGB space (figure 5.4), and show the main limitation of the usual "rainbow" choice, a
loss of contrast in the middle ranges, due to the perceptual similarity between green, cyan
and blue hues. Yet, the middle right map shows more structure, due to its higher color
resolution. This image is from the same cube as figure 5.2.
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Figure 5.4 The functions that define the colormaps in figure 5.3. These functions map
the input image value (measured in the number of resolved levels) to the red, green and
blue output values. The output RGB values are always in the range 0-255, as standard
computer displays only resolve each channel at 8 bits per pixel. As indicated by the
length of the domains, the 3 functions on the left are 256-level maps, while the 3 on the
right, defined in this work, are 766, 1276, and 1786 levels. In the top left function only
one curve is visible because the 3 curves overlap exactly. Note the progressively wider
domains in the 3 maps on the right.
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Figure 5.5 Two VIMS bands of the same cube as in figures 5.3 and 5.2. The pixels in
the plot and the image had their color defined by their position in the 2.8 ym, 5.1 ym
2D space (plotted on the left). This plane is mapped to the circular section L=0.5 of the
HLS conical space, in this case with the axis (S=0) at (0.015, 0.0079). This provides a
greater difference between the colors of the different types of structures, such as the bright
surface, the clouds (near the top), and the spectrally distinct brighter surface feature (near
the center).

5.3 Data selection

The large number of cubes recorded presents challenges in finding the observations most
suitable for any particular study. From orbital insertion (July 2004), to the end of the
nominal mission (July 2008), over 1.6x 10* Titan cubes were recorded (not including
those in late downlinks), in which the spectra that intercept Titan’s disk exceed 6.2 x 10°.

The observations vary greatly in coverage, viewing geometry, resolution, noise levels,
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illumination, and features such as presence of diverse types of clouds. The most useful
observations might be defined by the presence of spectral features, such as an absorption
band, albedo variations or the effects of clouds. Additionally, observations are frequently
constructed from a large (up to hundreds) number of cubes that each cover a very small
area. These cubes, particularly those that are very narrow (one or few pixels wide in one
spatial dimension), can only be well visualized if combined in a mosaic. Therefore, it is
unpractical to check for the presence of features of interest, or select observations, just
by visual inspection of a limited number of cubes. The size and complexity of the VIMS
dataset creates the need for a systematic way to search it. For that purpose, we developed
a database of observations and tools for querying and visualizing its contents. The main

characteristics required for it were:

* To be able to search the entire dataset for spectra, based on arbitrary characteristics
of interest. Of particular importance is that the possible search criteria are flexible,
with few predefined constraints. Depending on the purpose of the selection, the
criteria might be based on a combination of geometrical, photometrical and spectral

criteria.

* To provide convenient and robust visualization and data access of the search results,
so that the dataset can be interactively explored, with different selections easily
experimented with, and easy production of maps and mosaics of complex spectral

functions.

* To be portable, allowing its use by different users, depending only on a compact
and portable set of software and data files, without the need for direct access to

calibrated cubes.

* To be efficient, working from datasets small enough to require practical amounts of

memory and processing power.

The product developed to fulfill these requirements is a combination of a database

preconstructed from select information from the cubes, and a tool to make and visualize
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the queries. Its interface, named titan_browse, is shown in figure 5.6. The large volume
of cubes recorded (~40 GB to date) means that searching directly in the cube files is
unpractical, as it requires the user having all the cubes, organized in a standard way.
Most importantly, direct access of the cubes would require reading thorough a very large
volume in disk on each search, as the whole dataset cannot fit in RAM, thus making
searches impractically slow. Thus the choice for titan_browse was to build a small set
of database files, containing select information from each cube. This selection contains
all the cube information (such as time taken, exposure times, instrument modes) and,
for each spatial pixel, all geometrical data (such as emission and incidence angles and
latitude and longitude), and the observed I/F on selected bands of most interest (such as
bands where the surface is visible, bands that reveal clouds with the most contrast, and
bands with absorption/emission features of interest). This reduction allows the database
from which selections are made to be small enough (few GB) to fit in RAM, to become
practical to work interactively with it.

Only to prepare the database files it is necessary to have the access to all cubes and to
the pointing information data and libraries (SPICE, Acton (1999), and the associated data
for Cassini VIMS), and other libraries for reading the cubes and accessing SPICE. To use
titan_browse it is necessary only the database files (only two files per flyby), titan_browse
and IDL. Database files containing a few standard sets of bands have been built for all the
cubes after each flyby. At a lower level, these files are made reading every cube, and stor-
ing in linked lists of structures, the cube information (such as flyby, observation sequence,
instrument modes, exposure times, plus ranges of the fields for the core bands included)
for each cube, indicated in table A.1, and for each spatial pixel, all the cube backplanes
(geometrical information such as geographical coordinates and viewing geometry), indi-
cated in table A.2, and the selected bands. The total volume of those database files, which
are stored compressed, is only hundreds of MB, depending on the number of spectral
(core) bands it includes. As only the available backplanes are constant and the presence
of core bands is optional, the core bands are treated by the software in the same form as

the backplanes, and are thus referred by titan_browse as "extra backplanes".
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Figure 5.6 The interface of titan_browse. The left panel contains the flyby tree structure,
where individual cubes can be selected. The middle panel contains the cube information
text (top left), the variable selection tree (top right), and the cube and pixel lists, with the
their controls (middle and bottom, respectively). The right panel contains the map display
and its controls, in this case displaying the function in the pixel selection field (2.050 ym
albedo) for all spatial pixels in the list.

The software to access the database, titan_browse, was written entirely in IDL, thus
making it seamlessly portable between different platforms, without requiring any addi-
tional libraries or other software. The choice of IDL to implement the database, as op-
posed to using a database server, was also made to allow the user to write functions for
spectral selection, instead of only a small predefined set of functions, as it would be the
case with standard databases. Selections can be made from any function of the available
variables. Portability and freedom of selection criteria are more important to this applica-
tion than the performance gain that would be obtained from the use of a database server.
Other important reasons for choosing IDL were the availability of a large library of stan-
dard functions, which can be used when writing the functions for selection, providing a
portable environment for the graphical interface, and the ease of writing and maintaining

the code.
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titan_browse is intended as a search tool that works flexibly with all the cubes, with its
visualization tools as an aid for the searches. It is thus complementary to the JBody tool in
development by the VIMS support team, which is devoted more to flexible visualization.
More information on availability and use of titan_browse is given in appendices A and B.

The analysis of Titan’s haze and methane variation discussed in chapter 6 was per-
formed with datasets selected with titan_browse. Those contain large numbers of spectra
with similar characteristics, to minimize the effects of variable haze scattering, derived
from a large number of cubes collected during the entire nominal mission.

Future improvements to titan_browse include changes in the algorithms for better
efficiency, and a reorientation of the database files, so that core and backplane bands con-
stitute the higher level in the structures for the individual pixels. This will allow database
files to contain all the bands in all the cubes. The requirement for disk storage will be
much larger in this version, but it will be possible for the program to only read into the
memory those pixel variables (core/backplane bands) that appear in the function to be ex-
ecuted. Thus the search and plot functions will no longer be limited to the bands selected
when the database files were built, and there will be a better runtime efficiency, from
only having to read from disk the data actually being used in the selection. This would
also allow the extraction of full spectra directly from the database files, since currently
titan_browse can only provide the spectra if all the cubes are available, and organized in

the same directory structure used where the database files were made.
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CHAPTER 6

LATITUDINAL VARIATIONS IN TITAN’S METHANE AND HAZE FROM
CASSINI VIMS OBSERVATIONS

To determine the latitudinal variation of the haze and the upper tropospheric methane,
we analyze VIMS observations at 0.4-1.6 um, where variable haze and methane optical
depths result in the spectra sampling variable altitudes on Titan’s atmosphere.

Figure 6.1 shows the altitude where the downward and upward fluxes reach half their
value. This provides an indication of the variation with wavelength of the altitudes where
the spectra are most affected by the haze and methane, which cover the lowest 200 km of

Titan’s atmosphere.

6.1 Observations

The observations were recorded during the 2004-2008 period, thus entirely in the southern
summer, which extends from 2002 to 2009. Figure 6.6 shows a typical spectrum for the
Huygens probe region, along with calculated models.

The haze is not fully known at every location on Titan, and its scattering is highly
forward peaked. Thus the spectra recorded across Titan’s disk in any single observation
are affected by spatial variations in the haze and observing geometry. For a typical obser-
vation the phase angle does not vary by more than 2° over the entire disk; the variability
in incidence angle most strongly affects the continuum level of the spectra, which for ex-
ample changes by 22% as the incidence angle changes from 50° to 60°, for a phase angle
of 70°. To remove the effects of varying scattering geometry, we worked with samples of
spectra with similar geometry, with subsolar latitudes from 24.1°S to 6.6°S. The methane
and haze variations were derived from 13 averaged VIS and IR channel spectra at differ-
ent latitudes from 3 selections (1-3, table 6.1), taken between the TO (3 July 2004) and
T26 (10 March 2007) passes, as well as a more extended data set of 10988 VIS channel
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Figure 6.1 Altitudes where the model downward and upward (black and red, respectively)
fluxes on Titan’s atmosphere reach half their maximum value, in the region covered by the
VIMS VIS channel. The downward flux is the sum of the direct solar flux and diffuse flux
from scattered light. The altitudes for the upward flux indicate the altitude region where
the spectra are most sensitive to the methane and haze. The altitudes for the downward
flux indicate the altitude region where most absorption and scattering occurs.

spectra taken between the TO and T42 (25 March 2008) passes (selection 4, table 6.1).
The latter selection allows us to quantify uncertainties due to systematic errors and noise.
To directly map the spatial variation of the continuum characteristics, indicative of the
haze, and the 0.61 ym band depth, we used one VIMS cube taken at low phase angle
during the TB flyby (12 October 2004), that covers Titan’s entire disk in a single image.
This observation was recorded at a phase angle of 16°, at 7.7x 10* km from Titan, and the

best spatial resolution on Titan’s surface was 130x90 km/pixel (figure 6.8).



65

Table 6.1 Geometry of the datasets used for this analysis.

Selection | Spectra Incidence Emission Phase Latitude Longitude Period
1 21 42.86°-47.13° 41.82°-44.01° | 17.80°-18.18° 12°S-4°S 180°W-205°W 12/0ct/2004
2 31 38.24.25°-41.39° | 28.05°-31.65° | 63.28°-65.54° | 61°S-18°N 4°W-360°W Jul/2004-Mar/2007
3 12 53.23°-55.67° 29.51°-31.65° | 68.01°-69.94° | 52°S-41°N | 156°W-345°W | Jul/2004-Mar/2007
4 10988 53.25°-56.75° 25.00°-35.00° | 60.00°-76.78° | 80°S-45°N 0°W-360°W Jul/2004-Mar/2008

Overlay range: 0.0456856 0.0988085

Figure 6.2 2.0 um image of the location of the spectra contained in dataset 1. This is
the only selection made from entire cubes in a contiguous region, as all cubes are a high
resolution mosaic of a small area. The image on top of the background is a mosaic of the
2.0 um band on all pixels in that selection, in a satellite (perspective) projection. The point
marked with the red "*" is the Huygens site. The background image is the ISS October
2007 base map.
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Figure 6.3 Location of all the spectra in selection 2 (blue symbols), on top of the ISS
October 2007 base map, on a cylindrical projection. The point marked with the red "*" is
the Huygens site.

6.2 Radiative transfer modeling of Titan’s spectrum

We begin with the haze and methane profiles derived from the Huygens probe data and
determine the alterations thereof that are needed to interpret the VIMS spectra of other
latitudes and longitudes. We first analyze VIMS data of the landing site with the opacity
model derived by DISR. The Huygens probe collected in sifu data of Titan’s atmosphere
during its descent on 14 January 2005. Besides imagers, the DISR instrument contained
upward and downward looking spectrometers ranging from 0.35 to 1.6 ym, a sun sen-

sor, and a solar aureole camera, which recorded the intensity profile near the sun. From
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Figure 6.4 Location of all the spectra in selection 3 (blue symbols), on top of the ISS
October 2007 base map, on a cylindrical projection. The point marked with the red "*" is
the Huygens site.

this data a model of Titan’s aerosols was created as described by Tomasko et al. (2008c¢).
The DISR measurements constrain the vertical distribution and wavelength dependence
of opacity, single scattering albedo, and scattering phase function of Titan’s aerosols.
Comparison of the aerosol properties to computations of scattering from fractal aggregate
particles indicates the size and shape of the aerosols. The data suggest three strata of dif-
ferent aerosol characteristics, with their opacity having stronger wavelength dependence
above 80 km than below and decreasing further below 30 km.

First we analyze a small representative sample of spectra (selections 1-3, table 6.1),
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Figure 6.5 Location of all the spectra in selection 4 (blue symbols), on top of the ISS
October 2007 base map, on a cylindrical projection. The point marked with the red "*" is
the Huygens site.

to determine how the haze and methane must be changed to fit the observed spectral
variation. For this analysis we use the doubling and adding algorithm that was developed
and employed by the DISR team for the analysis of DISR observations (Tomasko et al.,
2008c). This algorithm provides accurate solutions with no approximations of the form
of the phase functions or intensity fields. Selection 4 extensively samples Titan’s disk
at similar geometries, to measure the spectral variation at every latitude. For the larger
number of spectra in selection 4, we approximate the radiative transfer solution with a less

computationally intensive discrete ordinates algorithm (DISORT, Stamnes et al. (1988)),
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Figure 6.6 Comparison of VIMS observations (diamonds) recorded at 10°S and 181°W,
near the Huygens Landing Site with a model generated from the DISR data. The blue
line is the original model derived from the DISR observations. The red line is the DISR
model with the DISR haze adjusted within its uncertainty, as indicated in figure 6.10, to
more closely match the VIMS data between 0.5-0.6 um.

with 32 streams and 51 vertical layers. We find that the two different codes are consistent
for spectra at the Huygens site. When considering the dependence between haze and
methane abundance (discussed in section 6.5), the discrete ordinates code shows a similar
relative variation in haze parameters to that found with the doubling and adding code,
except for the lowest methane abundances (abundance factors of ~0.25 and lower, in
figure 6.16).

The methane vertical distribution measured by the Huygens GCMS (Niemann et al.,
2005) was assumed in the analysis of VIMS spectra at 10°S latitude, that of the probe
landing site. The methane absorption coefficients are calculated with band models de-
rived from an analysis of the Huygens DISR and GCMS measurements, described by
Tomasko et al. (2008a). We initially adopt the haze parameters (vertical density distri-
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bution, phase function and single scattering albedo) for the landing site as derived by the
DISR observations. The surface is not visible at 0.6 ym, and thus the surface albedo was
kept constant in the analysis of the 0.61 ym band. As described by Tomasko et al. (2008c),
the haze scattering phase function was determined by a fractal particle model that fits the
values observed by DISR at 0.4-1.6 um. Vertically, the phase functions change only at 80
km altitude. The vertical optical depth profile has 3 different sections: Above 80 km, it
falls with altitude exponentially with a scaleheight of 65 km. Below 80 km, it increases
linearly with decreasing altitude, at different slopes for 80-30 km and 30-0 km. The wave-
length variation in optical depth is defined by a power law, with different coefficients at
each of these 3 altitude regions. The single scattering albedo is a linear interpolation

between the wavelengths of the DISR measurements, which change at 80 km altitude.

6.3 Approach

We initially examined VIMS observations covering the whole disk, to acquire a first order
understanding of the variation of the 0.61 yum methane band depth. We sampled the VIMS
data at 4 bands that cover the continuum and the methane absorption. We define A as the
albedo at 0.5342 um, B as the average of the albedos at B;=0.5994 ym and B,=0.6294
um, and C as the albedo at 0.6151 um, as shown in figure 6.7. The measures (B-C) and
(B-A) give an indication of the variability in the methane band depth and the increased
absorption of the haze at lower wavelengths, respectively. Their distributions are shown
in figures 6.8 and 6.9, where they are normalized by the cosines of the incidence and

emission angles, to decrease the effect of the airmass variations. Figure 6.8 indicates that

(B=C)

cos(i) cos(e

correlations in each hemisphere, with the higher methane band depths towards the south.

the measures

] and —4) y are strongly correlated, but they follow different

cos(i)cos(e

The variation shown in figures 6.8 and 6.9 may arise from a latitude variation in haze,
in methane, or both: higher haze optical depths obscure the methane in the lower atmo-
sphere, thereby rendering the methane bands shallower for a constant methane abundance.
We thus need to determine to what extent the data limits the ambiguity between methane

and haze variation. We address this question using three complementary approaches. We
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Figure 6.7 Averaged VIMS spectra (diamonds) around the 0.61 ym band, at latitudes
19°N (top) and 24°S (bottom). Red lines: model fits, with relative methane abundance
factors (defined in section 6.5) of 1.1 (top) and 2.7 (bottom). Blue lines: models with
relative methane abundance set to 1.9. The squares on the top show the measures A
(0.5342 um), B (average of B1=0.5994 ym and B,=0.6294 ym) and C (0.6151 um) used
to derive figures 6.8 and 6.9. The vertical lines mark the wavelength regions where the 3
indicators (defined in section 6.6) used to measured the data and fits are taken (0.6076-
0.6294, 0.6349-0.6370 and 0.7230-0.7260 um, red, green and blue, respectively). The
regions 0.64-0.68 and 0.70-0.72 um are not used, as those do not affect the values of the
indicators.

first analyze the data assuming a constant methane abundance to determine whether haze

changes alone can explain the spectral variations observed across Titan’s disk (section
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Figure 6.8 Top: The distribution in ([Teos(e)* cos(i]cos(e) SPace of all pixels in one VIMS
cube. Each pixel’s color is assigned by its location on this plane and is the same color
on both figures. The pixels separate in two branches, that map to separate hemispheres
on Titan’s disk (bottom figure). The methane band depth has a variation (indicated by
B-C) independent of that of the haze absorption (indicated by B-A). The higher methane
band depths (red hues) occur south of the equator, and the lower band depths (green hues)
occur to the north. The red-orange region at the limb is saturated in this colormap due to

the high airmass. The cube used is CM_1481501331, from the TB flyby.

6.4). Next we investigate the combined effects due to methane and the haze to constrain
the range of possible methane and haze profiles (section 6.5). Finally, the 0.61 ym band
is further analyzed to determine its variability at each latitude, and its sensitivity to the

vertical methane distribution (section 6.6). The constraints that we derive for the latitudi-
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ing their standard deviation within each bin. As indicated by figure 6.8, the methane band
depth (estimated by B-C) decreases markedly towards the north.

nal methane and haze variations are used to determine the atmospheric heating rate as a

function of latitude (section 6.7).

6.4 Fits with constant methane abundance

The atmospheric model generated from DISR data matches VIMS observations of the
Huygens landing site at all wavelengths except between 0.5 and 0.6 ym (figure 6.6). The
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accuracy of the DISR spectrometer is lower in this region, despite the inclusion of mea-
surements from the violet photometer and blue Solar Aureole (SA) detectors. The lack of
precision in this region is due to a small amount of crosstalk from the DISR imagers to
the visible spectrometer, the shifting of the bandpass of the SA filters with zenith angle,
and the broad bandpass of the violet photometer. Therefore we bias the values for the
single scattering albedo in this area toward the edge of the errorbars, as shown in figure

6.10, which produces spectra that agree with both the VIMS and DISR data (figure 6.6).
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Figure 6.10 Adjustment made to the single scattering albedo in the DISR model in order
to better match the shape of the VIMS data in the region where the DISR spectrometer
is less sensitive. The lines show the published DISR functions (for above and below 80
km) while the diamonds show the modified functions. There is no change for the region
below 80 km (red lines and diamonds).

The marriage of the VIMS and DISR datasets enables the derivation of Titan’s global

atmospheric properties. The DISR measurements provide constraints on the methane ab-
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sorption (at long path lengths and low temperatures), vertical variations in phase function,
ground albedo, single scattering albedo and aerosol distribution over the Huygens descent
area. Using these measurements as a baseline we can then perturb the model parameters
in a minimalistic but realistic way to match the VIMS observations at other latitudes and
longitudes. At first we retain the methane abundance and phase function characteristics
and attempt to achieve an acceptable fit by varying only the ground albedo, the single
scattering albedo of the particles, and the optical thickness of the haze in each of the 3
layers.

These adjustments were carried out by multiplying the values at the Huygens site
by a wavelength independent factor, which, in the case of the single scattering albedo
() variations, was applied to its complement (1-®). The ground albedo was adjusted in
order to match the VIMS spectral window regions in the near IR (0.8-1.6 um) where it
is possible to see the surface. The scattering absorption (1-single scattering albedo) was
adjusted so that the model matches the VIMS continuum data at 0.6-0.7 ym where the
haze thickness is semi-infinite (optical depth ~5). The optical thickness (T) was adjusted
to match the absorption band observations. Although adjustments in 7 in the lower layers
(below 80 km) allowed us to closer match the medium depth absorption bands, in general
the data could be modeled within error adjusting only the optical depth above 80 km.

To determine the variability of Titan’s haze and methane with longitude, we studied
several spectra at different longitudes for two latitudes. We compared the data at the
Huygens landing site (figure 6.6) to other VIMS data at roughly the same latitude, but 20°
further west in longitude (figure 6.11). The same atmospheric parameters fit the spectra
at both sites with only a change in ground albedo necessary (increased by a factor of 2).
The second test case is presented in figure 6.12. We fit two sets of VIMS data near the
equator, but separated in longitude by 130°. Again, only a change to the ground albedo
(increased by 70%) is necessary to fit the data at both longitudes.

The variability of Titan’s haze with latitude, assuming a constant methane, was deter-
mined from the spectra contained in selections 1-3. We find that good fits were possible
by varying only 1) the ground albedo, 2) the single scattering albedo of the particles above

80 km, and 3) the haze thickness above 80 km. It was not necessary to vary phase func-
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Figure 6.11 Comparison of the VIMS observations recorded at 11°S and 200°W, near
the Huygens Landing Site, with the DISR model for two values of ground albedo. In this
case a doubling of the ground albedo was necessary for the DISR model to match the
VIMS data. The black diamonds are the VIMS data, the red line is the DISR model at the
landing site, and the blue line is the DISR model with the ground albedo doubled.

tions, or atmospheric properties below 80 km. Figure 6.13 shows the fits of the DISR
model to the VIMS data for selected locations on Titan. The multiplicative factors which
produced the best fits are presented in figure 6.14.

With a constant methane abundance we can fit the latitudinal variations in the spectra
by changing the surface brightness and the optical depth and single scattering albedo of
the haze above 80 km (figure 6.14). The single scattering absorption (1-®) above 80 km
increases almost linearly by 20% from 60°S to 40°N latitude. The haze thickness above
80 km is constant north of ~10°S; it is also constant south of 20°S latitude, but at about
60% of the northern value. A transition in the haze thickness occurs between ~10°S-20°S
latitude, near the sub-solar latitude. Our study suggests that Titan’s north-south brightness

asymmetry results primarily from variations in the thickness of Titan’s haze above 80 km.
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Figure 6.12 Comparison of the VIMS observations of Titan near the equator with the
DISR model at two diverse longitudes. The black diamonds show the VIMS data near
0° longitude, and the red diamonds show the VIMS data at 130°W. Notice the close
agreement, except in the continuum. The black line shows the DISR model of the data
at 0°W (f_gr=1.15) and the red line shows the fit at 130°W with the same atmospheric
parameters, but increasing the ground albedo by 48%. (to f_gr=1.7) in order to match the
continuum data in the red.

6.5 Methane and haze variation coupling

The analysis above demonstrates that Titan’s spectra can be interpreted with a constant
methane abundance, but does not exclude the possibility of methane variability, with a
correspondingly smaller haze variation. To investigate the change in the haze optical
depth south of 20°S, which differs from that sampled by Huygens at 10° S latitude, we
modeled a representative spectrum at 27°S. Using the doubling and adding calculation,
we varied the methane abundance, and derived the haze optical depth and single scattering
albedo that best matched the data. The resultant model spectra reproduced the observa-

tions well for methane abundances 0.3-2.0 times those measured at the Huygens landing
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Figure 6.13 VIMS spectra (diamonds) and models assuming no methane variation (lines),
for selected locations on Titan, from top to bottom: 43°S, 22°S, 24°N, 41°N. The shal-
lower methane bands towards the north can be fit entirely with haze changes, though the
ambiguity between haze optical depth and methane abundance allows other fits to the
same spectra, with variable methane.

site (figure 6.15). Thus we find that a family of solutions for the methane abundance and
the optical depth and single scattering albedo of the haze above 80 km that fit the data
(figure 6.15).

6.6 Analysis of 10,988 spectra

To evaluate whether all the spectral variations observed by VIMS for the chosen lighting
conditions of sample 4 can be explained by the methane and haze variations derived from
the smaller samples discussed above, we analyze all the spectra in selection 4. We first

derive one combination of the possible haze and methane variations that fit the data. This
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Figure 6.14 Variation in the optical depth (black) and single scattering albedo factors
(red) that reproduced the spectra in selections 1-3, assuming no variation in the methane
abundance.

solution is stabilized with a dampening that biases the parameters towards the smallest
change from their values at the Huygens site. We concentrate on the region of the 0.61
um band, which is most sensitive to methane variations in the upper troposphere (20-50
km altitude, figure 6.19). Models were calculated in a 3D grid defined by the 3 variable
parameters, and a fit obtained from the model that best matches the 3 spectral indicators
defined below. Our standard model varies the methane abundance by a multiplicative
factor that is 1 below 20 km, changes linearly to the selected value between 20 and 30
km, and remains constant above 30 km. Methane variations outside 20-50 km do not

strongly affect the results. A profile with a multiplicative factor 1.5 has an additional
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Figure 6.15 VIMS spectrum of a bright terrain at 27°S, 343°W (diamonds) compared
to model spectra calculated for methane profiles equal to that measured at the Huygens
landing site multiplied by a factor shown in the legend. For each model the haze and
surface albedo were adjusted to fit the observation, resulting in the parameters shown in
figure 6.16. Note that models with methane factors of 0.2, 0.26, 2.5 and 3.3 do not match
the observations.

0.18‘:8:88 km-am of methane (61“%% of the GCMS methane column abundance), relative
to a profile with a 1.0 factor.

This analysis was automated with the use of average albedos (for the data and models
alike) at specific wavelength regions, referred to as indicators. The 3 wavelength regions
are 0.6076-0.6294 um (ay, in the methane band), 0.6349-0.6370 um (a,, continuum next
to the band), and 0.7230-0.7260 um (a3, a methane band of higher optical depth), shown
in figure 6.7. The first indicator is a relative 0.61 ym band depth, defined as % The
second indicator is an average continuum level, a,, and the third is the average at 0.72 um,

a3. Figure 6.17 shows the latitudinal distribution of these 3 indicators for all the 10988

spectra in the sample, and their averages on 10° latitude bins, along with the averages
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Figure 6.16 The 3 parameters found to fit to the spectrum shown in figure 6.15, depending
on the methane abundance assumed. Methane factors less that 0.3 and greater than 2 do
not fit the spectra (figure 6.15).

from the best fit models. Besides methane absorption, the relative band depths are af-
fected by the variable haze scattering, which is constrained from the measurements of the
continuum level and the 0.72 ym methane band. The sensitivities of the 3 indicators with
respect to variations in methane abundance and haze density and opacity above 80 km
are indicated in figure 6.18. The typical variation in the band from models with different
methane abundances and data observed at different latitudes is exemplified in figures 6.7
and 6.18.

We interpret the data by changing 3 parameters: two haze parameters and one param-

eter for the methane abundance. The two haze parameters are identical to those used in
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Figure 6.17 The latitudinal distribution of the 3 indicators used to measure the data and
spectra. Black points: indicators for every spectrum of selection 4. Red lines: 10° latitude
averages of the indicators for all spectra in dataset 4. The errors are defined by the stan-
dard deviation among the indicator values in each latitude bin. Green lines: 10° latitude
averages of the indicators for the best fit models for all spectra in dataset 4. The errors are
defined by the standard deviation of the derived indicators. The indicators for the fit of
each of the 10988 spectra are not plotted because of their near exact match for band depth
and continuum level, as indicated by the small difference between the red and green lines.

the doubling and adding analysis discussed above; they are multiplicative factors for the

optical depth and the single scattering absorption above 80 km. We find that variations in
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Figure 6.18 Sensitivity of each of the 3 model indicators used to measure data and model
spectra, relative to variations on each of the 3 model parameters used for the fits. Top fig-
ure: methane abundance variations by a vertically uniform multiplicative factor. Middle
figure: changes in haze density by a constant multiplicative factor above 80 km. Bottom
figure: changes in the single scattering absorption (1 - single scattering albedo) by a con-
stant multiplicative factor above 80 km. As shown in the top figure, the continuum region
selected is nearly insensitive to methane variations, with the relative band depth at 0.61
um being the most sensitive measure of the methane.

the haze solely below 80 km do not simultaneously reproduce the amplitude of the vari-
ations in the 0.6 ym continuum and the 0.61 ym band. Such low altitude haze changes,

while they strongly affect the methane band, are not indicated in the latitudinal and longi-
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tudinal spectral variations. These considerations suggest that the haze above 80 km is the
predominant factor that causes spectral variations in the continuum and strong methane
bands. While haze variations below 80 km may simultaneously occur to a lesser extent,
we do not consider such changes here.

Variations in methane at 20-30 km altitude can result from temperature variations,
which change the saturation pressure. We quantify this possibility by alternatively using
methane vertical profiles determined by their relative humidity. These profiles start with
the methane at 45% relative humidity at the surface (after Niemann et al. (2005)). The
mixing ratio is kept constant until the altitude where saturation is reached, above which
a 100% saturation mixing ratio is kept up to the tropopause. We apply a temperature
difference that is null below altitude 20 km, rises linearly from 20 to 30 km, and remains
constant above 30 km.

At every latitude the observed spread in the model indicators exceeds the difference
between the observations and its fits. At all latitudes the spread in the measured indicators
is not correlated with longitude. The difference between data and model indicators has
a standard deviation of 1.6%, 2.0% and 3%, for the relative band depth, continuum level
and 0.72 um band average, respectively. The larger deviation in the 0.72 um band results
from the higher weight in the fits given to the 0.6 ym region, since it is the most sensitive
to the tropospheric methane.

The derivation of the haze and methane variations forms one example of the family
of solutions derived from the more limited spectra (sections 6.4 and 6.5). The results of
the extended data set agree with those of the smaller data set, with a couple of exceptions.
Two separate populations of points appear south 40°S in the continuum indicator (middle
panel, figure 6.17). We hypothesize that this division in points results from optically thick
clouds, which are common at high southern latitudes. These clouds often reach the top of
the troposphere (40 km altitude, Griffith et al. (2005a)) and obscure the methane below,
which would cause a drop in the inferred methane at those latitudes. There is also a less
pronounced double population of points at 10°S-10°N, whose origin is unknown, since
clouds were typically absent at this region.

For this model we derive an increase in haze density above 80 km of 20f? 5% between



85

o0

o
I
]
I

o
S
|
|

N
o
|
|

altitude of abundance change
D
o

ﬂm
0.001 0.002 0.003 0.004 0.005
relative change in band depth

Figure 6.19 The variation of the relative 0.61 um band depth, as a function of the altitude
where the methane abundance is changed, indicates the altitude region probed by the
methane band. The abundance is changed only in a 2 km region centered at the indicated
altitudes. In that region, the abundance varies by a multiplicative factor that is a linear
function of altitude, varying from a value of 2 at the indicated altitude, to a value of 1 (no
change) 1 km above or below the selected altitude.

35°S and 5°S, and a single scattering absorption increase by 18+8% over 45°S-15°N
(figure 6.21). The methane abundance variation, the largest allowable by the data, is
a decrease of 5052% between 25°S to 35°N latitudes (figure 6.22). Here, the errors
indicate the spread of I/F values in the data. The observed methane variation is compatible
with a I.Sﬂzg K drop in temperature above 20 km between 25°S-35°N latitudes. Another
member of the family of possible solutions was also examined with the extended data
set: that with a constant latitudinal methane abundance. We find that the extended data
indicate haze parameters consistent with those derived previously (figure 6.20). We find

that the VIMS dataset agrees with several exemplar solutions, and indicates no additional
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effects except the occasional occurrence of methane clouds. In addition, the variations
are not correlated with longitude, indicating that any upper tropospheric and stratospheric

methane changes correlate with latitude only.
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Figure 6.20 Parameters that fit the spectra in selection 4 for the model that assumes a
constant methane abundance. Error bars indicate the standard deviation of parameters in
each latitude bin, and result primarily from the measured variations of the spectral sig-
natures at each latitude. The latitudinal variations derived by discrete ordinates analysis
of spectra from selection 4 agree with those derived by doubling and adding analysis of
spectra from selections 1-3.
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Figure 6.21 The distribution of the 2 haze model parameters that fit each spectrum in
selection 4 in our exemplar solution. The distributions of the model parameter govern-
ing the methane abundance are shown in figure 6.22. Background grayscale image: 2D
histogram of the distribution of the measured parameters. Red lines: contour levels of
the 2D histograms, at levels 100 and 200. Green lines: averages of the model parameters
found for all spectra on each 10° latitude bin. The error bars are defined by the standard
deviation among the indicators of the model spectra in each bin, and result predominantly
from the effect of the spectral variation at each latitude.
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Figure 6.22 The distributions for the 2 alternative model parameters used to vary the
methane abundance, shown in the same way as the parameters for the haze (figure 6.21).
These results derive from the same model that produced the haze characteristics in figure
6.21. The methane abundance distribution was derived by applying a multiplicative factor
to the GCMS methane profile above 20 km (top), or by applying a temperature difference
to the HASI profile above 20 km (bottom).

6.7 Heating rate

Titan’s haze absorbs 40% of the incoming solar radiation (McKay et al., 1991), thereby
affecting the radiative forcing of the atmosphere. The latitudinal variations in the haze

therefore affect the atmospheric heating of each hemisphere. To evaluate this effect, we
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calculate the heating rate of the current season for our model which has a uniform lati-
tudinal methane abundance. We find, fortunately, that the haze variations have a limited
effect. Instead, the solar heating rate at each latitude is controlled mostly by the local
solar zenith angle. As shown in figure 1 of Tomasko et al. (2008b), the heating above 80
km results from the visible absorption of the haze aerosols rather than by methane gas.
Changes in the thickness and absorptive properties in the haze cause the heating to shift
only slightly to higher or lower altitudes. At deeper levels, the single-scattering albedo of
the haze aerosols is higher, and the absorption by methane gas has a larger relative con-
tribution. At the lowest levels, the wings of the methane bands become optically thick,
and their absorption dominates the solar heating. Since none of our families of solu-
tions changes the methane mixing ratio at deep levels (consistent with the high resolution
observations of chapter 4) the solar heating at these levels does not vary.

We compute the net solar flux of sunlight integrated over the passband from 0.3 to 3.0
um. We average the flux over a Titan day for a range of latitudes, assuming a subsolar
latitude of 22.54°S (that of 14 January 2005, the day Huygens landed on Titan). We
calculate the difference in the net solar flux at each altitude, which when divided by the
heat capacity of the gas, provides the solar heating rate. The results, shown in figure 6.23
and in table 6.2, minus the thermal infrared cooling rates when they become available,
will yield the net heating or cooling rates for the current season.

As expected, the solar heating rates vary over several orders of magnitude with altitude
due to the differing penetration of sunlight and even more by the greater heat capacity of
the denser gas at low altitudes. Figure 6.23 shows the heating rate at 30°S and 10°S, two
latitudes straddling the sub-solar point, with therefore similar insolations. The small 10-
15% difference in the heating rates below 150 km results from the different haze optical
depths associated with the NSA. We find therefore that although the haze optical depth
above 80 km altitude varies significantly in this uniform methane model, the solar heating

rates are quite similar.
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Table 6.2 Solar heating rate (K/Titan day).

Altitude (km) | 50°N 30°N 10°N 10°S (from N) | 10°S (from S) 30°S 50°S

351 10.22 18.41 22.33 25.00 17.14 18.76 21.17
253 2.70 7.57 10.45 12.27 8.99 9.91 10.93
204 1.034 3.721 5.657 6.910 5.327 5.910 6.442
196 0.867 3.220 4.996 6.147 4.779 5.314 5.778
188 0.726 2.801 4.439 5.521 4.347 4.837 5.236
180 0.615 2.430 3.942 4.942 3.975 4.435 4.786
172 0.524 2.084 3.430 4.339 3.563 3.978 4.288
164 0.444 1.786 3.001 3.839 3.176 3.558 3.819
156 0.376 1.521 2.590 3.336 2.822 3.172 3.395
148 0.306 1.267 2.188 2.852 2.470 2771 2.960
140 0.254 1.058 1.840 2413 2.119 2.397 2.555
132 0.208 0.860 1.517 2.002 1.804 2.040 2.167
124 0.163 0.695 1.230 1.635 1.501 1.704 1.805
116 0.126 0.547 0.976 1.306 1.220 1.389 1.469
108 0.094 0.422 0.758 1.017 0.972 1.110 1.169
100 0.071 0.318 0.577 0.779 0.754 0.863 0.908
92 0.0501 | 0.2358 | 0.4310 0.5845 0.5781 0.6624 | 0.6938
84 0.0352 | 0.1736 | 0.3225 0.4396 0.4398 0.5059 | 0.5280
76 0.0168 | 0.0798 | 0.1448 0.1954 0.2354 0.2752 | 0.2966
68 0.0107 | 0.0591 | 0.1109 0.1514 0.1777 0.2075 | 0.2216
60 0.0076 | 0.0445 | 0.0874 0.1209 0.1387 0.1622 | 0.1717
52 0.0050 | 0.0292 | 0.0598 0.0845 0.0955 0.1121 | 0.1173
45 0.0031 | 0.0186 | 0.0394 0.0566 0.0639 0.0753 | 0.0781
39 0.0022 | 0.0125 | 0.0268 0.0390 0.0440 0.0519 | 0.0535
33 0.0014 | 0.0079 | 0.0170 0.0249 0.0282 0.0334 | 0.0343
27 0.0011 | 0.0060 | 0.0129 0.0190 0.0211 0.0250 | 0.0256
21 0.0007 | 0.0045 | 0.0099 0.0148 0.0162 0.0191 | 0.0193
15 0.0007 | 0.0034 | 0.0075 0.0111 0.0124 0.0148 | 0.0150
9 0.0005 | 0.0027 | 0.0059 0.0088 0.0099 0.0118 | 0.0120

3 0.0003 | 0.0018 | 0.0039 0.0059 0.0065 0.0078 | 0.0078

91
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CHAPTER 7

CONCLUSIONS

Our analysis indicates that VIMS observations at 0.35-1.6 um measure the spatial vari-
ation of Titan’s stratospheric haze and, as a result of the low spectral resolution, the
methane abundance variations only in the upper troposphere (figure 6.19). The large
altitude range sampled by the visible to near-IR wavelength coverage only in part limits
the ambiguity between the methane and haze spectral effects.

The latitudinal haze variation that we have measured for the current epoch has been
tracked to change with Titan’s season such that the hemisphere with the largest opti-
cal depth in the high haze (currently the northern hemisphere) follows winter (Lorenz
et al., 2004, 2001, 1999, 1997). Called the north-south asymmetry (NSA), this differ-
ential hemispherical haze structure exhibits a characteristic wavelength dependence: the
winter hemisphere is found to be darker than the summer hemisphere for wavelengths
between 0.34 um and 0.6 um, and brighter at wavelengths between ~0.61 um and 0.9 um
(Lorenz et al., 1999). VIMS data indicate that the NSA extends to ~2.2 um, where the
northern hemisphere is currently ~38% brighter than the south.

The larger optical depth of Titan’s haze in the winter hemisphere indicates a greater
number density of haze particles. This density disparity is explained as resulting from
the seasonal transport of haze due to the atmosphere’s general circulation, which flows
roughly from the summer to the winter hemisphere (Hutzell et al., 1996). Lorenz et al.
(1999) reproduce the wavelength dependence of the NSA with a simple model that en-
tails the transport of dark particulates. This transport of dark particles predicts the 15%
brightness ratio that VIMS measures currently at 480-500 nm (figures 7.1, 7.2 and 7.3).
Consistent with Lorenz ef al.’s model, we find that the current NSA can be explained by
a difference in the population of particles above 80 km, which, according to DISR mea-
surements, are indeed slightly darker than the haze particles below 80 km (Tomasko et al.,

2008c¢). Our constant methane model explains moreover the measured wavelength depen-
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dence of the NSA as shown in figure 7.2. This study thus supports Lorenz’s hypothesis
that the transport of dark particles causes the NSA. Moreover, VIMS data suggest that the
transport of the DISR-detected dark particles above 80 km, in particular, causes the NSA.
A picture emerges that the NSA is due to the fact that visible and near-IR observations
sample altitudes of roughly ~ 50-100 km (figure 6.1) that straddle the 80 km boundary
between two haze layers that differ in scattering properties (Tomasko et al., 2008c). At
visible wavelengths, methane absorption is weak and the addition of slightly darker par-
ticles above 80 km is sufficient to darken Titan’s winter hemisphere, since less light is
reflected back from the underlying brighter particles. At near-IR wavelengths, the NSA
is observed within the strong methane bands. Here the extra dark particles increase the
scattering such that more light is scattered from Titan’s atmosphere rather than absorbed
by methane. The winter hemisphere thus appears bright (figure 7.4). These combined
effects are possible because the single scattering albedo (SSA) from 0.5 to 1.6 um of the
haze above 80 km (SSA=0.90-0.96) and below 80 km (SSA=0.95-1.00) does not differ
substantially, and yet nonetheless incurs a significant effect because multiple scattering is
involved (figure 6.10).

We find that between 27°S and 19°N latitude, a constant methane abundance, as well
as one that decreases by 60% towards the north, is allowed by the data. At 70°S-27°S,
and 19°N-45°N, spectral variations with latitude are of similar amplitude as those at a
constant latitude, and thus indicate no measurable methane variation. The lowest altitudes
probed, those at 20-30 km by the 0.61 um band, occur where the atmospheric methane at
the landing site is saturated (Tokano et al., 2006). Thus any methane variations in these
altitudes likely derive from slight temperature variations. A 1.5 K tropopause temperature
drop is enough to decrease the methane abundance by 50%. The methane variation that we
measure is consistent therefore with a 0-2 K drop in the tropopause temperature between
25°S and 35°N latitude.

The global methane abundance retrieved with the CH3D 3v; band, 4.2:1):3 km-am
(4.91’%:8% of the total column abundance), is higher than that measured by Huygens
GCMS at 10°S, 2.94 km-am (3.4% of the total). The spatial variation of this band is

most sensitive sensitive to the methane variation at the low troposphere (below 20 km al-
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Figure 7.1 Profiles along the central meridian of Titan’s disk indicate the temporal evo-
lution of the north-south haze asymmetry, in the blue continuum (439 nm, left) and the
middle of a saturated near-IR methane band (889 nm, right). Each profile has south on
the left side, and covers a different range in latitude, centered at the values given in the
labels. The profile for 2004 was obtained from the VIMS cube shown in figure 6.8, while
the others are from the HST observations of Lorenz et al. (2004) (figure 2).

titude), and is thus complementary to the VIMS observations. No changes to within 20%
were found in the low altitude methane between 32°S-32°N latitudes. We did not detect
any local increase in methane that would indicate outgassing, yet we sampled, for lack
of time, only a small fraction of Titan’s disk. We have not yet investigated the humidity
at high latitudes, where seasonal swings in insolation are sufficient to fuel large humidity
changes (Griffith et al., 2008), and where lakes exist as a source of atmospheric methane.

Both the VIMS and Keck observations of the upper and lower tropopause, respec-
tively, are consistent with a constant methane latitudinal profile from 32°S and 32°N.A
constant methane abundance in the tropical lower atmosphere is consistent with the at-
mosphere’s thermodynamics, which indicates insufficient seasonal and daily variations in
insulation to fuel large humidity changes (Griffith et al., 2008). In contrast, the polar at-

mosphere, not fully sampled here, experiences a summer increase in insolation potentially
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Figure 7.2 Calculations of the I/F at 6 wavelengths indicate that an increase in the slightly
darker haze above 80 km altitude causes a reversed effect in the infrared I/F compared to
the effect at visible wavelengths. The profiles in the top panel are at continuum wave-
lengths, those in the bottom are methane band wavelengths. These calculations assume
the model that has a constant methane abundance with latitude and the corresponding
haze characteristics (figure 6.14).

high enough, depending on the overlying polar cap opacity, to fuel an increase in humid-
ity due to the evaporation of polar lakes (Griffith et al., 2008). High summer humidities,
allowed by our data, may thereby fuel summer storms. Observations of the emerging
northern pole will address this possibility further.

We find that the atmospheric heating rate at each latitude is affected mainly by the
solar incidence angle, rather than the north-south variation in the haze distribution. How-
ever, the thick winter polar cloud, not investigated here, may play a large role in establish-
ing the heating rate over the winter pole. Solar heating may cause temperature variations

at the tropopause, depending on the circulation and the manifestation of the long radiative
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Figure 7.3 Minneart function fits to Titan’s limb darkening at 480 nm for the northern
and southern hemispheres indicate a 15% difference in the intensities.

time constant of the troposphere, which exceeds a Titan year (Smith et al., 1981). The
range of possible methane profiles can be further constrained with temperature measure-
ments. Voyager measured a tropopause temperature increase of 0-1 K between 60°S and
60°N latitude in the northern spring (Courtin and Kim, 2002; Samuelson et al., 1997).
Cassini radio occultation measurements, in the process of being analyzed, will more pre-
cisely quantify the current latitudinal temperature gradients of Titan’s tropopause.

The latitudinal haze and methane variations will be further constrained with an analy-
sis of VIMS limb and occultation observations. These data resolve Titan’s vertical opac-
ity structure, thereby indicating which latitudinal changes in the spectra originate in the

troposphere and which originate in the stratosphere. Tropospheric changes are more sen-
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Figure 7.4 Cartoon explanation of the formation of Titan’s NSA. Huygens DISR mea-
surements detected a change in the reflective properties of Titan’s haze at 80 km altitude;
the slightly darker haze above 80 km is represented by the gray boxes, and the brighter
haze by the white boxes. Black and red wiggly lines represent sunlight within the strong
methane bands (well sampled at near-IR wavelengths) and in the continuum outside the
bands, (well sampled at visible wavelengths) respectively. Our calculations indicate that
the NSA results from the transport and buildup of the dark haze in the winter hemisphere.
At continuum wavelengths, sunlight is reflected from both haze layers, with little methane
absorption; an increase in the thickness of the dark haze causes more light to be absorbed,
and a decrease in Titan’s I/F. Within the methane bands, the addition of the darkish haze
decreases the column abundance of methane traversed by the photons, thereby incurring
more scattering and a higher I/F.

sitive to the methane abundance, due to its increasing abundance towards lower altitudes,
and thus these observations will further constrain the possible methane and haze pro-
files. Observations similar to these will be conducted through Cassini’s extended mis-
sion, which is currently planned to cover almost half a Titan year. Similar analyses will
constrain the seasonal radiative forcing, haze transport, and methane content of the atmo-
sphere, all of which are needed to understand Titan’s circulation and methane cycle.

Future work on the radiative transfer models includes a rewriting of the entire discrete
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ordinates code, to make better use of vectorization and parallelization, thus improving its
efficiency. The implementation of the linearized singular value decomposition algorithm
to fit the spectra will be improved so that it can work from a precalculated set of model
spectra. This will free the current SVD code of its main limitation, that is the need to
recalculate a large number of model spectra for every observation analised, and with
every change to the fitting parameters. The SVD solutions, which so far could not be
extensively calculated due to their high computational cost, will then provide more precise
derivations and better constraints on errors and degeneracies. The code revisions will
also make it more robust and portable, with a uniform implementation of the atmospheric
model, allowing a free choice of the radiative transfer code, with the addition of 2-stream,
doubling and adding and raytracing algorithms in a unified code, so that the radiative
transfer algorithm can be freely chosen at runtime.

The expansions of titan_browse discussed in chapter 5 will make it more efficient and
flexible, allowing the use of all core bands for selections and maps, and direct access the
selected spectra. The visualization of VIMS data will also be improved with colormaps
calibrated to uniform perceptual distances, including tests with colormap selection sys-

tems similar to Pravda (Rogowitz and Treinish, 1998).
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APPENDIX A

AVAILABILITY AND USE OF TITAN_BROWSE

titan_browse, and the standard database files produced, are available for VIMS team
members. There are 4 standard database file sets produced for each flyby: IR and VIS
channel with no extra backplanes, and IR and VIS channel with selected bands where the
surface is visible, and with different methane and haze optical depths, which probe dif-
ferent altitudes on Titan’s atmosphere. Its use is detailed in its documentation, accessible
directly from titan_browse, and copied in Appendix B.

The user interface is shown in figure 5.6. titan_browse organizes the cubes in a tree
structure, with flybys at the root level, followed by observation sequences in each flyby,
followed by individual cubes in each sequence. This tree is shown in its window on the left
side of the interface, and is used for loading and unloading database files for each flyby,
and for browsing and selecting individual cubes. Selecting an individual cube shows the
cube information in the top text window, and plots the locations of its spatial pixels in the
map panel (or an EPS file, if enabled).

The map window on the right side is the same for showing the location of pixels in a
selected cube, and the search results. Since spectra from multiple cubes can be selected at
one time, the map provides a direct mean of making mosaic maps, which is particularly
useful with observations sequences that have many small or very narrow (frequently 1
pixel wide) cubes. The maps can then be used to view the selections, as a plot of the
pixel locations, or as a projected image of any real function of the available variables. As
an example, figure 5.6 shows the 2050 nm band (internally called bpl(*,11), which is the
contents of the pixel function box) of some pixel selection, on a satellite projection, on
top of the ISS 2007 base map. This example is the simplest kind of function to show in
the map, but any function of the available variables can be used, with the same generality
as the criteria for making selections. This tool thus provides an easy way to map complex

functions of the spectra. Making multiple maps at the same geometry and exporting them
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to EPS or PNG files is also a convenient way to make PDF or GIF (thus vector or bitmap,
respectively) movies at a constant geometry, to search for temporal changes.

The maps can be made at variable rectangular, orthographic, stereographic or satellite
(perspective) projection, with selectable background images (HST, VIMS and ISS mo-
saics) and overlays (spacecraft and sun positions, terminator, and the probe site). The
EPS output for the map is created with vector elements for all lines and labels drawn,
thus avoiding setting a hardware resolution to these elements. These are the maps shown
in figures 6.2, 6.3, 6.4, 6.5 Alternatively, bitmaps (PNG) files can be made of all maps,
which are sampled at the same resolution as in titan_browse’s screen.

Database selections are made filtering through lists of cubes and (spatial) pixels, ac-
cording to functions of their properties. The principle, both for selecting cubes or pixels,
is to start with a large (cube/pixel) list, and apply functions to filter it, leaving only the el-
ements (cubes/pixels) for which the function typed in the respective box evaluates to true.
The parameters that can be used for selection are those listed in the "Variable selection”
tree at the top, and are different for selecting cubes or pixels. Some available parameters
are listed in tables A.1 and A.2 (core bands are not included in the tables). They are di-
vided in keywords and backplanes. Keywords mean mostly (not only) parameters from
the cube header, including flyby and sequence names, cube shape, exposure times and
subsolar, subspacecraft and specular reflection point locations (SUN, CAS, SPP, respec-
tively). Backplanes mean (for cubes) the range of the values of the usual backplanes in
the cube, plus the range of the values of a few selected bands, if there are any selected
bands. titan_browse treats those selected bands the same as backplanes, that is why those
are generically called extra backplanes, or simply backplanes, in this context. Any IDL
logical function of these variables can be constructed, including calling user-defined func-
tions. The selections are filtered by removing all elements (cubes/pixels) for which the
given function returns false, thus conferring it great flexibility in search criteria. There is
no limitation on how many times the lists can be filtered further. Once a list of cubes is
made, all the spatial pixels in it can be selected into a pixel list. From the pixel list, se-
lections can be done of individual pixels by the use of functions in the same way as cube

selections are made. Examples of some of the simplest forms for selections are contained
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in the documentation, in appendix B. Common useful criteria for selection functions are
statistical functions, band ratios or differences, integral transforms, or a user defined func-
tion of the bands, which may be an indicator of the presence of a feature of interest, such

as absorption/emission by a particular substance, or cloud presence.
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Table A.1 Fields available for cube selection. This list does not include core bands (extra
backplanes), which are also available (in variable number) in the built databases. The

right column has a sample of the field values for a cube.
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X

y

LATITUDE
LONGITUDE
SAMPLE_RESOLUTI
LINE_RESOLUTION
PHASE_ANGLE
INCIDENCE_ANGLE
EMISSION_ANGLE
NORTH_AZIMUTH
SLANT_DISTANCE
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54.34979
34.57103
259.62885
NaN
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Table A.2 Fields available for pixel selection. This list does not include core bands (extra
backplanes), which are also available (in variable number) in the built databases. The

right column has a sample of the field values for a pixel.
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APPENDIX B

DOCUMENTATION OF TITAN_BROWSE

This is the documentation accessible from titan_browse’s help button, generated in

standard IDL format from the comments in the source file titan_browse.pro

NAME: :

TITAN BROWSE

PURPOSE:

Provides a graphical interface to select and display information from
the database files made by flyby db

By default, it will search for database files at ./t*/T*.db.sav.noids,

or ./T*.db.sav.noids.

CALLING SEQUENCE:
It can be called simply by
TITAN BROWSE
Provided there are database files to read in the default search

locations.

KEYWORD PARAMETERS:
DBLIST:
An array of database file names to load.
If dolist is not provided, all files matching ./t*/T*.db.sav.noids,

or, if none found, all matching ./T*.db.sav.noids are used to make it.

XSIZE,YSIZE:
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Change the window size from the default (1600x800). Resizing the

window with the mouse has no effect, this is the only way to change it.

MAPPT, CUBEINFOPT, PLISTPT, CLISTPT, OVERPT, DEBUG:
Pointers to the map, cube information text, pixel list, cube
list, overlay variable and its coordinates, and to the global structure,
respectively.
The global structure pointer target is only updated at program exit
or when the corresponding button is used. It contains or points to all the

variables that define the state of the program at one time.

MAPIM:
Variable to which the map image is returned at the end (causes

xmanager to block the command line).

CUBE_INFO:
Variable to which the cube information is returned at the end (causes

xmanager to block the command line).

PIXLIST:
Variable to which the pixel list is returned at the end (causes

xmanager to block the command line).

CUBELIST:
Variable to which the cube list is returned at the end (causes

xmanager to block the command line).

OVERLAY:
Variable to which the overlay image/pixel locations are returned at

the end (causes xmanager to block the command line).

RESTRICTIONS:
All the database files used at one time must have the same type of

contents (number and content of extra backplanes, also do not mix IR and VIS



files). The structure of the first file is assumed to be the same for all
others.

If many databases are read at the same time, a lot of memory can be
used. For TO to T35 and 11 extra backplanes, some 2.5 GB of memory are
used.

At least in some cases (observed on Linux x86-64) there was a much
higher use of memory if titan browse is called from a 64-bit IDL session.
Starting IDL in 32-bit (with the -32 switch), if available, avoids this
inconvenience.

In the case above, the 2.5 GB were used in 32-bit, which became 3.5 GB in
64-bit.

If a lot of swap space is being used, exiting the program with the Done
button can take a very long time due to the recursive pointer freeing. In
those cases, it will be quicker to not close titan browse, but to exit IDL
directly.

The help button makes use of IDL calling a HIML viewer. The browser IDL
calls might not be setup by default.

In some cases, 1t may be necessary to set the environment variable
IDL ONLINE HELP_HIMI, BROWSER to the name (not the path or filename) of
the browser for IDL to use. The help shown with that button is Jjust this
documentation section, in HIML made by mk_html help, with a png screen

capture.

EXAMPIE::
To start titan browse for only the TO file in the a directory tO under
the current, and obtain an structure with the pixel list, with window size

1000x700:

titan browse,dolist=  './t0/T0.db.sav.noids ', pixellist=pxl,$

xs1ze=1000, ysize=700

The use of the pixellist keyword will cause the command line to remain

blocked while titan browse runs.
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After having a pixel list, with the updating of pixellist enabled, and
exiting titan browse, pxl will contain a structure like:
IDL> help, px1, /structure
** Structure <1daf858>, 3 tags, length=1583352, data length=1583352,
refs=1:
PIXFIELDS STRING Array[23] —> the names of the contents of
pixfiles, and the 22 (in this case) columns of pixlist
PIXFILES STRING Array[15221] -> the file name where each
pixel in the list came from
PIXLIST FLOAT Array[15221, 22] —> the other columns shown

in the pixel list

PROCEDURE :

Once started, titan browse 's window will contain a flyby tree on the
left. This is used for loading and unloading database files for each flyby,
and for browsing and selecting individual cubes.

A flyby database is loaded by double clicking its name on the tree.
Below the tree there is an indicator showing if the currently selected flyby
is loaded or not. The files for every flyby can be loaded/unloaded at once
by double clicking the root of the tree. This can take several minutes
for large numbers of files, so a confirmation box pops up when the root is

double clicked.

Viewing a cube and making maps:

Once one (or more) flyby file is loaded, the cubes in it can be used.
Selecting a cube name will replace the contents of the cube information
text box. Double clicking a cube name will cause it to be plotted on the
map at the right of the window, (OR at the specified EPS file, if any) with
the current projection parameters, and will replace whatever cube selection
function with one that can be used to select that single cube.

By default the map is made to the window. It can be made to an EPS,
by filling the "EPS file name" box. It is necessary to hit enter to have

the EPS file name take effect. Any subsequent plots will only be made at



that file, overwriting it with no warning, until the file name in the box is
blank (and return is pressed, to update it with the blank).

Only after blanking the EPS file name the window will get updated again.
The field EPS resolution factor determines the bitmap resampling factor for
the bitmap part of the EPS maps (the lines and text are made as vectors),
and therefore, the EPS file size.

The default EPS factor, 80, is a fairly high resolution.

Bitmap maps at the screen resolution can be made (png) by using the
"Result to save" droplist below the flyby tree. That droplist can also be
used to save a text file with the contents of the cube information, cube
list or pixel list box.

All the map parameters are set by the controls below the map window.

Making selections of cubes and pixels by their properties:

The database can be searched at the cube and (spatial) pixel level, with
the controls in the middle column of the window.

The principle, both for selecting cubes or pixels, is to start with
a large (cube/pixel) list, and apply functions to filter it, leaving only
the (cubes/pixels) for which the function typed in the respective box is
true. The parameters that can be used for selection are those listed in the
"Variable selection" tree at the top, and are different for selecting cubes
or pixels.

A selection starts, after one (or more) flyby database is loaded, by
filling the (initially empty) cube list with all the cubes of the currently
loaded flyby files, with the "Select all loaded" button. Once there are
cubes in the list, it can be filtered by typing a logical function in the
"Functions for cube selection" box. The function is applied only when enter
is pressed in that box.

The variables available for building a logical function for cubes can
be browsed in the variable selection tree. They are divided in keywords
and backplanes. Keywords mean mostly (not only) parameters from the cube

header, including things like flyby and sequence names, cube shape, exposure
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times and subsolar, subspacecraft and specular reflection point (SPP)
locations. Backplanes mean (for cubes) the range of the values of the

usual backplanes in the cube, plus the range of the values of a few selected
bands, if there are any selected bands. For titan browse, those selected
bands are the same as backplanes, that is why those are generically called
extra backplanes, or simply backplanes, in this context. Extra backplanes
have the name of the band wavelength in nm. If the name starts with an "A",
it means the backplane is not a single band, but an average of some bands,
centered at the given wavelength.

When a variable name is double clicked in the tree, its internal name is
typed in the relevant selection function box. The selection is based only
on whatever function is in the box. The purpose of the variable tree is
simply to know what the internal names of the variables are.

As an example, when titan browse is started the cube selection function
comes filled with

(ids.NVAL gt 0)

This function, if applied, would select the cubes with >0 valid pixels.
It is there to provide a quick way to remove from the list the cubes with no
valid pixels in them. For the database files used by titan browse, a valid
pixel is one for which there are valid coordinates in the backplanes of the
cube that was used when building the database.

As an example, a selection of cubes in which the cosines of the maximum
of the incidence angles are >0.5, and the maximum of the latitudes is >30
(degrees), can be done with the function (cos(ids.bckrange(5,1)/!radeg) gt
0.5) and (ids.bckrange(0,1) gt 30)

(the selection tree shows, by double clicking the in the maximum of
latitude, that it internal name is ids.bckrange(0,1)).

As all the cube selection variables are part of the structure array
called ids by titan browse, any IDL logical function of the variable ids
can be typed for the cube selection. Any cubes for which that function

evaluates to true are kept in the current list, the others are removed.
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The generality of this means that very complex functions can be used,
including user defined functions. Defining a function in a .pro file might
be convenient for more complex selections, to avoid typing a long one line
function in the box, and serving as a record of how the selection was made.
But note that if using your own functions, they are only automatically
compiled by IDL the first time they are called in the session, therefore
they will not automatically recompile if you edit your function after it.

Another way to do a complex selection is to do it by parts. There is no
limitation on how many times the lists can be filtered further.

Once the desired cubes have been selected, a pixel list can be made
with the button "Select all in list". This will put in the pixel list every
pixel of every cube in the cube list. After there are some pixels in the
pixel list, that list can be filtered in the same manner as the cube list,
by typing a logical function of the pixel variables in the "Function for
pixel selection" box.

Again, the variable tree can be used to type in the box the internal
name of the desired pixel variable. For pixel selections, only backplane
variables are available. This is because keywords and backplane ranges are
constant for every pixel in a cube, so selections based on them must be done
at the cube level.

The pixels are selected with their function in the same manner: the
function is evaluated, and only the pixels for which it is true are
preserved. As an example, to select pixels with latitudes between 0 and
-10:

(bpl(*,0) gt -10) and (bpl(*,0) 1t 0)

As double clicking on pixel latitude on the variable tree types bpl(*,0)
in the function box. All pixel variables are internally a part of the
structure bpl, so if you define a function in a .pro file to use it in
there, it can be made a function of bpl, just as for cubes it could be made
a function of ids. For pixels the internal variable names are always a
column of the array bpl while for cubes the variables are always scalar

parts of ids, but each ids is an array (each element of ids is a cube).
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This is because internally the pixel selections are calculated vectorially
for each cube at once, and the cube selections are done vectorially for each
flyby at once.

After applying some pixel selections, it can happen that no pixels
remain in some of the cubes that were used to fill the pixel list.

The cube list is NOT updated automatically to reflect this. To refresh
it, so that only the cubes that have pixels in the pixel list are present,
the "Select all in pixel list" button must be used. Note that any changes
to the cube list, including this kind of update, automatically clears the
pixel list.

If a large number of pixels would initially be in the pixel list, Jjust
the printing of the text box with the pixel list can consume a lot of time
and memory. To avoid this during intermediate steps (for instance, before
the pixel list gets filtered to a smaller list which would actually be of
interest), there is the "Keep list" button. It enables or disables updating
the text in the pixel list box.

The list still exists and can be filtered, as indicated by the number of
pixels in it, it just is not printed. After the list gets reduced to a more
manageable size, that button can be used to turn on again the filling of the

text box.

Plotting pixel lists:

Once there are pixels in the pixel list text box, they can be plotted on
the maps. The "plot selection" button will mark on the map the location of
all pixels in the pixel list box.

There is another possibility, making use of the other purpose of the
pixel selection function box. It can be used to type in a (usually real,
not logical) function. Once a function is there (do not hit enter, this
would cause the function to be used as a filter to the pixel list), use
the button "Use function as map intensity". This will plot on the map the
values of that function for all the pixels in the pixel list box (either

as an image, or as a contour plot). One purpose of this is a simple way to
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make approximate mosaics. Another is to look at the same thing in different
cubes while projected to the same geometry, possibly saving the map images
to combine them in a multiframe file, to look for temporal variations, for
instance.

EPS map frames are usually simple to be combined in this way as pages of
a pdf, Jjust as the png bitmaps are easy to make into an animated gif.

The map in the screen capture image below was made plotting the 2050 nm

band (the backplane bpl(*,11)) on a satellite projection, on top of the ISS
2007 base map.

MODIFICATION HISTORY:
Written by: Paulo Penteado, 4/2007
Last change to program 20080521 (added latlab and lonlab controls)

Last change to documentation 20080521

= elected cube: CH_1467450817_1_ir .cub - [Fo e
(= CH_L4E74508L7_1_ir. cub nin wx | [
(EIFARIRMAPOOL LATITUDE -88,31708 23,59491
~ LONGITUDE 003279 359,5124
(JLIGHEOE2 SAMPLE_RESOLLITION 555035 49262643
Sy LIGHTCOES LINEFESOLUTION  150,81105 81614434
PHASE_ANICLE 6446305 6534407
INCIDENCE_ANGLE 1073 147,54912
ENISSION_FNCLE 111287 8805764
NORTH_AZIH 0.0 62448
SLANT_DISTANCE  339572,43750  342110,57500
157 -0, 0.14006
TE02MH -0.00029 0.10767
2a50HH -0,00035 0.12572
(DILIGHTCL1G 215081 -0,00073 0,323
- 216N -0,00033 0.02030
ErAEn 2193 ~0.00080 0.01434
(2 SPOLERDOL 2z 0,007 0,01273 |
- 271 -0,00075 0.07028 |
[ ~POLERCOS ZBLEMI ~0.00068 0.06404 5= =
() SPOLERD04 =t ————
(23 SPOLEROOG =
2y SPoLERO0L
(D TERERO0L Function For cube selection | (ids.cube eq 'CH_L4G7TAB0R17_1_ir.cub')
o .
am |- | tubes in List: 4 | Clear list | | Select all Loaded | [Select all in pisel List |
o2 [ E
FILE  SENUENCE_ID CBSERVATION.
LIGHTCO83/ge0/CH_1467480817_1_ir.cub 2 VING_000TI_LIGHTCOR3_PR
_Plot cube: | Hap projection | satellite = i 432000 distance | 2,00000
Function for pixel selection |bpl(*,11) 1 ——— L
L Plot selection T
| | " Background nap | 42195 2007 s ¢
Pixels in lists 1368 [Clear list| [Select all in List| [Use function as map intensity| Keep list| Selection plot title ° i il it Lat itude G g
) B g |
cube % y LATITUIE LONGLTUDE SAHPLE_RESOLUTI LINE_RESC =) |t selectim arioun lsels |1 T -10d.400 it
(M 1467450817 1 ir_cub 115 -0.18872 3139535 225, 30080 E &
TS el b 116 ~7.B8105 45292 17667245 26 1 Selection overlay range e |
uby db loade: il o £ i % Overlay | Inage EPS resalution factor
cub 118 -17.50477 34,2242 14641378 20¢ w1 el 1 Eedl Tangitude, -
Result to save Hap Cirle 113 -22.33042 0.825 13764334 18 EPS nap File E b 50,0000
- cub 120 26,2173 3776651 130, 57982 181 -
CH_146745081; cub 121 29,3275 40.77007 131,84303 17 i = h to 0K 4 E 000
e s CH_1467450817_1 ir.cub 1 22 -32,26907 43,76579 129, 73086 16t L TSRS Bhie A -
I Backplane to verlay |F | Hap label interval |1 rotation

Bone| Hele|

(See titan_browse.pro)
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