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Abstract

I present an analysis of visible and near-infrared adaptive optics images and spectra of
Titan taken over 43 nights between October 1997 and January 2003 with the AEOS 3.6-m,
Palomar Hale 5-m, and W.M. Keck 10-m telescopes. These observations reveal a seasonally
changing stratospheric haze layer, two distinct regions of condensate clouds in the southern
hemisphere, the albedo of Titan’s surface, and the zonal wind field of the stratosphere.

Transient convective CH4 clouds are identified near Titan’s south pole, rising to 16+£5 km
above the surface. These clouds have been continuously present south of 70°S since at
least December 2001, currently account for 0.5-1% of Titan’s 2 pum flux, and appear to be
gradually brightening or thickening as the insolation of the south polar region increases.
Above the polar clouds, an extensive but optically thin (7 ~ 0.05 at 2 pm) cloud layer is
noted near the tropopause south of 30°S. Aside from the convective CHy clouds near the
south pole, Titan’s troposphere is free of aerosols with an upper limit of 7 < 0.01 on the
2 pm vertical optical depth in the 5-30 km altitude region.

The albedo of Titan’s surface at 2.0 ym is derived from the radiative transfer analysis of
spatially resolved spectra and images, and presented in the form of a ~ 600 km resolution
global surface albedo map. At this resolution, the 2.0 ym albedo ranges from 0.05 to 0.17,
consistent with extensive exposure of clean water ice in some regions, while hydrocarbons
and atmospheric sediments blanket others.

The zonal wind field of Titan’s stratosphere near southern summer solstice is derived
from adaptive optics observations of the occultation of a binary star on 20 December 2001.
Multiple refracted stellar images were detected on Titan’s limb during the each successive
occultation, allowing the angular deflection of the starlight at two altitudes over both hemi-
spheres to be measured with an uncertainty of ~ 2 milliarcseconds. The zonal wind field
derived from this measurement of the shape of Titan’s limb exhibits strong but asymmetric

high latitude jets, with peak wind speeds of 230 +20 m s~! at 60°N and 160 £40 m s~' at
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40°S, and lower winds of 110 40 m s~! at the equator. The direction of the wind is not

constrained.
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Chapter 1

Introduction

1.1 Opening remarks

Titan, the largest satellite of Saturn, remains one of the most mysterious objects in our
solar system. This is due to its great distance from the Earth, 8.6 astronomical units
during a typical opposition, and the dense, hazy atmosphere through which the surface can
only dimly be seen. The possible presence of seas of liquid hydrocarbons, and an alien
meteorological cycle involving these fluids, suggests that Titan’s surface may exhibit many
of the morphological features due to fluid erosion which we at present associate only with
the Earth. It is these intriguing similarities, on a frigid and alien world, which initially drew
me to study Titan.

Discoved by Christiaan Huygens in 1655, Titan remained an unresolved point of light
until the close flyby of Voyager 1 in 1980. Voyager revealed the structure of Titan’s at-

mosphere and the complexity of its chemistry, but Titan’s surface and lower atmosphere
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Figure 1.1: Five images of Titan’s leading hemisphere, illustrating the rapidly improve-
ments in resolution and contrast achieved in recent years. Ground-based images were taken
through a K’ filter (2.0 pm) while the Hubble Space Telescope image (Meier et al., 2000)
was taken through filter F165M (1.6 pm).
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remained hidden from its visible-wavelength cameras. It was only realized in 1991 that
Titan’s surface is directly observable in the near-infrared (Griffith et al., 1991). This, com-
bined with spectacular advances in the spatial resolution achievable by large telescopes,
has led to a rapid evolution of our understanding of Titan’s surface and troposphere over
the past few years. The ever-increasing clarity with which we can view Titan’s surface and
troposphere is recorded in the series of papers which comprise this dissertation (Fig. 1.1).
The pace of discovery is poised to intensify dramatically in July 2004, when the Cassini and
Huygens spacecraft arrive at Saturn.

Though it is Titan’s mysterious surface which initially motivated this work, this dis-
sertation primarily addresses questions regarding the satellite’s atmosphere. One reason is
that understanding the three-dimensional distribution of absorbers and aerosols in Titan’s
atmosphere is a prerequisite to correctly interpreting observations of Titan’s surface. The
spectroscopic discovery of variable clouds in Titan’s troposphere by Griffith et al. (1998)
motivated much of the work in this dissertation. Clearly, the distribution and frequency of
clouds must be understood before even such a basic property of the surface as its albedo
can reliably be determined. The original intent of the observational projects described in
Chapters 2, 3, and 7 was to locate these enigmatic tropospheric clouds. They were un-
successful in this regard, but instead revealed an optically thin region of condensates near
Titan’s tropopause, and gradual seasonal changes in the haze structure of the stratosphere.

As the performance of adaptive optics systems steadily improved, Titan’s methane
clouds finally sprang into sharp focus in December 2001 (Ch. 5). Their location near
Titan’s south pole (currently in mid-summer) was a complete surprise and it suggests that
these clouds may be analogous to summer thunderstorms on Earth, caused by the heating
of moist ground by sunlight. Titan’s methane storms are now routinely observed with the
W. M. Keck and Palomar Hale telescopes, and more frequent observations are beginning to
shed light on their lifetimes and seasonal behavior (Ch. 6). It remains to be seen how long
these storms will persist, and whether similar cloud activity moves to Titan’s equatorial
regions as the long southern summer draws to an end in August 2009.

The observed distribution of aerosols and clouds is intimately related to the global
dynamics of the Titan’s atmosphere. This topic is interesting in its own right, as Titan
constitutes a unique case in the solar system combining slow rotation reminiscent of Venus

with substantial seasonal effects due to Titan’s 26°7 obliquity, similar to that of Earth and
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Mars. Chapters 2 and 3 begin to address the general circulation of Titan’s atmosphere,
as it is revealed in the distribution of stratospheric haze and an unknown condensate near
the tropopause at high southern latitude. Chapter 4 reports the results of an occultation
of a binary star by Titan, from which wind velocities in Titan’s stratosphere are directly
measured.

Finally, I also present in this dissertation maps of Titan’s surface albedo at both visible
and near-infrared wavelengths (Ch. 2 and 6). These are the first surface maps free of
artifacts induced by a zonally averaged subtraction, and reveal several surprising features

of Titan’s enigmatic surface.

1.2 Methods

1.2.1 Adaptive optics

Titan’s hazy disk never subtends more than 0”88 as seen from the Earth. This is roughly
equal to the scale of the image degradation imposed on ground-based telescopes by turbu-
lent mixing of air of differing refractive indices in the Earth’s atmosphere. Ground-based
telescopes with traditional, fixed optical components can therefore resolve little or no detail
on Titan.

Adaptive optics (AO) systems, whose conceptual basis was first proposed by Babcock
(1953), correct the blurring induced by the Earth’s atmosphere on astronomical images.
The light of a guide-star, its phase aberrated due to its passage through the Earth’s in-
homogeneous and constantly varying atmosphere, is monitored using a wavefront sensor.
Based on the wavefront measurement, a shape is applied to the surface of a deformable
mirror, mechanically adjusting the length of the path which the light travels to cancel the
aberrations induced by the atmosphere.

An ideal AO system would correct the light of the guide-star and of the field surrounding
it to its original state, leaving the resolution of the final image limited only by the size of the
telescope’s primary mirror. Current AO systems, however, can provide only a partial and
variable correction of the incoming light. Any object imaged with such a system exhibits
a sharp, high resolution core, surrounded by a broad halo of uncorrected light. The visible
effect of this blurry halo has been suppressed as much as possible in images displayed in

this dissertation by a judicious choice of gray-scales, but its effect must be accounted for in



the analysis of the observations.

This dissertation is based on images and spectra of Titan taken with the Advanced
Electro-Optical System (AEOS), Palomar Hale, and Keck-1I adaptive optics systems. The
initial development and gradual improvement of these AO systems over the past five years
(all achieved first light in 1998-1999) have propelled the rapid advances in our understanding

of Titan’s atmosphere and surface which are described herein.

1.2.2 Radiative transfer calculations

Titan’s hazy atmosphere poses a multitude of problems to investigations of the surface and
troposphere. Thought the behavior of light through an absorbing and scattering medium is
well understood (see Goody and Yung, 1989) the difficulty lies in both the poorly constrained
properties of Titan’s atmosphere (aerosol distribution and phase function), and its physical
thickness.

I have attempted in this dissertation to treat radiative transfer through Titan’s atmo-
sphere in a precise and self-consistent fashion. The vertical and latitudinal distribution of
aerosols in Titan’s atmosphere is determined in Ch. 3 by fitting the spectra predicted by a
radiative transfer model to spatially resolved spectra of Titan recorded with the Palomar
adaptive optics system over a two year period. The radiative transfer model used is that of
Griffith et al. (1991), a plane-parallel model which assumes a simple Mie scattering phase
function, with constant-sized aerosols throughout the haze layer. More details of the model
are given in Section 3.4.2. Though the geometric and phase assumptions are simplifications,
modeled spectra reproduce those measured to within the observational errors and constrain
the thickness and vertical distribution of the haze more precisely than previous analyses of
broad-band images of Titan’s haze (Gibbard et al., 1999; Young et al., 2002). I have then
used this same radiative transfer model, with the three-dimensional aerosol distribution de-
rived from resolved spectra, to analyze broad-band images of Titan taken with the Palomar

and Keck adaptive optics systems (Ch. 6).



Chapter 2

Visible adaptive optics
observations of Titan’s atmosphere
and surface

2.1 Introduction

The close flyby of Titan by Voyager 1 in 1980 revealed a deep, hazy atmosphere of Ny and
CH4, beneath which the surface remained hidden. Zonal structure was noted in the main
stratospheric haze layer with the southern hemisphere appearing 15-20% brighter than the
north in violet through green filters (370-600 nm), and a dark polar collar encircling the
north pole (Smith et al., 1981). Sromovsky et al. (1981) showed that a seasonal alternation
of this north-south hemispheric asymmetry (NSA) can account for much of the long-term
photometric variability of Titan at those wavelengths. After a 10-year data gap, Titan was
imaged once again with the Hubble Space Telescope (HST), confirming that the NSA had
reversed sign at 440 and 550 nm (Caldwell et al., 1992). The temporal evolution of the
NSA at a wide range of wavelengths (336-953 nm) has since been monitored regularly with
HST.

The seasonal variations in the appearance of Titan’s haze reflect changes in the mid- and
upper-stratospheric aerosol distribution (above ~ 70 km altitude) due to the advection of
the smallest particles by thermally direct winds (Lorenz et al., 1997, 1999, 2001). The NSA
exhibits a peak contrast near equinox, but its sign and phase depend on the wavelength of

observation. This is because the single-scattering albedo of Titan’s stratospheric aerosols

!This chapter has been submitted for publication in Icarus as a paper of the same title by authors A.H.
Bouchez, M.E. Brown, C.R. Neyman, M. Troy, and R.G. Dekany.
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varies greatly across the visible spectrum (McKay et al., 2001). Shortward of approximately
600 nm, an increase in the optical thickness of haze darkens the bright Raleigh scattering
atmosphere below. At longer wavelengths, particularly in the CHy absorption bands at
890 nm and beyond, the haze appears bright against a dark lower atmosphere and surface.
In both the ultraviolet and the near-infrared CHy bands, Titan’s lower stratosphere and tro-
posphere are opaque, and only uppermost region of the main haze layer is visible. Seasonal
changes at these highest levels lead those in the main layer by several years (Lorenz et al.,
1999). The most recent HST observations, acquired in November 2000 (solar longitude
Ls = 240°, where Lg = 270° corresponds to southern summer solstice), show accelerating
haze redistribution from the southern to the northern hemisphere, though the main haze
layer remains thicker in the south (Lorenz et al., 2001).

Though opaque at wavelengths imaged by Voyager (A < 650 nm), Titan’s haze becomes
increasingly transparent at longer wavelengths due to a combination of particle size and the
optical properties of the organic aerosol material (McKay et al., 2001). Between methane
absorption bands, photons from Titan’s surface, sometimes singly or multiply scattered in
the haze layer, can reach an observer above the atmosphere. Smith et al. (1996) used HST
images in filters centered at 850 and 1042 nm, sampling Titan’s atmospheric transmission
windows at 940 and 1080 nm, to produce the first map of relative surface albedo of Titan.
These maps show a generally dark surface with a large (4000 x 2500 km) bright region
roughly centered on Titan’s leading hemisphere (110°W, 10°S), as well as many smaller
bright and dark features. However, to compensate for the haze-scattered sunlight admitted
by the broad filters on board HST, a zonally averaged image was subtracted from individ-
ual images to create the maps. This procedure increased the contrast of certain mapped
features, but led to the loss of all zonally symmetric surface or cloud patterns. The same
technique was used by Meier et al. (2000) to derive relative albedo maps from 1-2 um
HST images taken with the NICMOS camera though they note that their zonally averaged
atmospheric images included banded structures which might be clouds near Titan’s surface.

Variations in Titan’s near-infrared spectrum clearly show that clouds do form in Titan’s
troposphere (Griffith et al., 1998, 2000). Both large, apparently infrequent cloud-formation
events (covering 7% of Titan’s disk on 5 September 1995), and smaller daily clouds (covering
~ 1% of the disk) have been observed. Recently, Lorenz et al. (2001) report that HST images

taken through a narrow-band filter at 953 nm show a bright southern limb which between
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1996 and 2000 did not appear to undergo the seasonal changes observed in Titan’s main
haze layer. They interpret the feature as evidence for a zonally symmetric CH4 cloud layer,
condensing onto C4Ny ice crystals falling through Titan’s upper troposphere, a process
predicted by Samuelson et al. (1997) to occur in spring when stratospheric temperatures
reach a minimum. Ground-based near-infrared adaptive optics (AO) observations with the
Keck-IT 10-m telescope have resolved a circumpolar ring of condensates at greater than
30-40 km altitude in this same region (Roe et al., 2002). It remains unclear whether this
represents the same feature observed with HST and in the observations reported here, or a
higher cloud (such as the C4Ny stratospheric ice cloud).

Further progress in understanding of the seasonal cycle of Titan’s stratospheric haze,
and the location and physical processes governing condensate clouds on Titan, require
observations which combine high spatial, temporal, and spectral resolution. We have there-
fore undertaken a nightly monitoring campaign with the Advanced Electro-Optical System
(AEOS), a 3.63-m telescope operated by the U.S. Air Force on Heleakala Volcano, Maui,
capable of nearly diffraction-limited imaging at 700-1000 nm. The results of the initial two

weeks of observation are reported here.

2.2 Observations and data reduction

Observations of Titan were acquired on 7 nights between 7 November and 17 December 2000
(UT), and 7 out of 8 consecutive nights from 18 to 25 November 2001. Atmospheric condi-
tions on 23 November 2000 were very poor and those data are not included in this analysis.

Observational parameters and filters used on each night are summarized in Table 2.1.

2.2.1 AEOS adaptive optics system

The £/200 beam of the altitude-over-azimuth AEOS telescope is directed to a coudé optical
bench below the telescope where it enters the AEOS AO system. This consists of a tip-tilt
sensor (A < 500 nm) driving a fast tracking mirror, and a Shack-Hartmann wavefront sensor
(500 < A < 700 nm) controlling a 941-actuator deformable mirror, which together partially
correct atmosphere-induced wavefront aberrations of the A > 700 nm science beam (Abreu
et al., 2000). The science beam is then directed through an image de-rotator to the Visible

Imager camera, where it is focused on a 512 x 512 pixel fast-readout Roper Scientific CCD



Table 2.1: AEOS observations

UT Date Time Filters® Int.b Pscl.© Sub-Earth? Sub-solar® FWHM/ Strehl9d
2000 Nov 07  08:45-12:54 a,b,c,d, e 30 0.0205 257.4,—23.5 259.0,—23.5 0.10-0.20 0.04-0.13
2000 Nov 08  09:20-12:47 a,b,c,d,e 1 0.0205 281.0,—23.5 282.4,—23.5 0.10-0.12 0.06-0.13
2000 Dec 09  07:14-11:06 a,b,c,d,e 1 0.0492 261.0,—23.1 258.6,—23.7 0.17-0.30 0.02-0.06
2000 Dec 10 06:08-11:24  a,b,c,d, e 1 0.0492 283.5,—23.1 281.0,—23.7 0.14-0.25 0.03-0.06
2000 Dec 16  07:52-09:19  a,b,c,d,e 1 0.0492 59.4,—23.0 56.2,—23.8  0.16-0.18  0.04-0.06
2000 Dec 17  08:22-09:04 a,b,c 1 0.0492 82.2,—23.0 78.9,—23.8  0.15-0.18  0.04-0.06
2001 Nov 18  09:14-10:13 a,b,c,d 5 0.0205 90.2,—25.7 92.1,—25.7 0.10-0.12  0.08-0.17
2001 Nov 19  09:14-09:46 a,b,d 5 0.0205 112.6,—25.7 114.5,—25.8  0.09-0.12  0.11-0.20
2001 Nov 20  09:43-10:16 a,b,d 5 0.0205 135.8,—25.7 137.5,—25.8 0.10-0.11 0.08-0.12
2001 Nov 21 10:09-10:52 a,b,d 5 0.0205 158.9,—25.7 160.5,—25.8  0.10-0.11 0.11-0.14
2001 Nov 23  10:29-10:57 a,b,d 5 0.0205 204.7,—25.7 206.0,—25.8 0.10-0.12 0.07-0.10
2001 Nov 24  09:30-10:27 a,b,d 5 0.0205 226.6,—25.6 227.8,—25.8 0.12-0.14 0.06-0.07
2001 Nov 25  12:10-12:41 a,b,d 5 0.0205 251.4,—25.6 252.5,—25.8 0.14-0.16  0.05-0.07

a. Filters used: a = 890 nm, b = 940 nm, ¢ = 950 nm, d = 960 nm, e = 1000 nm

b. Integration time (s).

¢. Detector platescale (" pix™').

d. West longitude and latitude of the sub-Earth point (°).

e. West longitude and latitude of the sub-solar point (°).

/- PSF full-width at half maximum ().

g. The ratio of the PSF peak value to that of a diffraction-limited PSF of equal total flux.

at one of three selectable platescales. On bright targets (V' < 5), the AEOS AO system
can be run at up to 200 Hz closed-loop bandwidth and the resulting point spread function
(PSF) can approach that imposed by the telescope diffraction limit, with a full-width at
half maximum (FWHM) of 07053 at 950 nm (Roberts and Neyman, 2002). Observations
of Titan and reference PSF stars (V =& 8.2) required longer integration times on the tip-
tilt and Shack-Hartmann sensors, leading to only a partial and variable correction of the
seeing-limited PSF.

The tracking and deformable mirror feedback loops were run at between 10 to 20 Hz
closed-loop bandwidth on Titan and PSF reference stars, depending on the atmospheric
turbulence conditions. The resulting short-exposure PSF typically consisted of a narrow,
occasionally cross-shaped core region with FWHM between 0708 and 0720, with a broad
seeing-limited 1”-2"” halo containing most of the light. The FWHM, shape of the core, and
fraction of light in the core and halo were found to vary substantially over time scales of
10-100 s. In addition, low-frequency (~ 1 Hz) image motion left uncorrected by the tip-tilt
feedback loop compromised the resolution in exposures longer than 1 s taken during the
year 2000 observing runs. This image motion was substantially reduced by modifications
made to the secondary mirror control loop and support structure in mid-2001.

Our observing strategy was motivated by the need to maximize the resolution of the
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final Titan images, while accurately characterizing the varying PSF with which they were
recorded. We therefore alternated sets of short exposures of Titan and one of several PSF
calibration stars, then summed the frames of each after correcting for the image motion.
The PSF calibration stars were HD 24886 and HD 22481 in 2000, and HD 29158, HD 30191,
and HD 29512 in 2001. These were chosen to be isolated field stars near Titan (< 5° away)
and of similar magnitude (V'=8.09-8.35) and color (F5-G8), to attempt to reproduce iden-
tical performance in the AO system. Nevertheless, AO performance may differ between the
unresolved stars and Titan, particularly on nights of excellent seeing when Titan may be
marginally resolved in the wavefront sensor sub-apertures. A further source of PSF uncer-
tainty is due to the coudé location of the AEOS adaptive optics system. Most azimuthally
asymmetric PSF artifacts will remain fixed with respect to the orientation of the deformable
mirror, and thus will appear to rotate on the sky. Observations prior to 19 November 2001
used the image de-rotator to keep celestial north fixed along one axis of the detector, causing
the PSF artifacts to rotate on the detector. To improve the fidelity of the PSF estimates,
the de-rotator was left in its parked position subsequent to this date. The integration time
and platescale used varied over the course of the observing period in response to changes

in atmospheric conditions, and are listed in Table 2.1.

2.2.2 Data reduction

Individual frames (Titan or PSF star) were bias and dark current subtracted, then divided
by a flat field map determined from twilight sky observations made during the same ob-
serving run. At least two sources of vignetting of the coudé/AO beam affect the large-scale
illumination pattern of the Visible Imager detector. In the 070205 pix~' platescale, vi-
gnetting within the Visible Imager leads to a roughly conical illumination pattern. This
pattern is not present at other platescales. In addition, vignetting of the coudé beam
upstream of the AO system generates a superimposed ~ 1% amplitude spider-shaped illu-
mination pattern which appears to remain stationary with respect to the orientation of the
telescope pupil, thus rotating with respect to the AO system and the sky (Roberts, 2001).
We therefore in 2001 acquired sets of zenith twilight sky observations with the telescope
positioned every 30° of azimuth and the image de-rotator parked, and used the appropriate
mean flat map for the reduction of each Titan and PSF image. Rotationally resolved flats

were not acquired during the 2000 observing runs, so images were reduced using a single
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mean flat, leading to possible ~ 1% systematic gain errors on spatial scales of ~ 1”. This
is not a problem for the observations described here.

The short-exposure images necessitated by the low-frequency image drift led to very low
signal-to-noise ratio (SNR) in individual frames, ranging from 0.9 to 15.3 pix . We tested
several techniques for aligning the frames by constructing model images of Titan with the
appropriate flux and noise levels and measuring the root-mean-squared (RMS) difference
between the recovered and input disk center locations. The technique found to be most
precise in this SNR range was to cross-correlate a blank disk with a map of those pixels
higher than 0.5 times the brightest in the frame, which effectively kept noise and features
on Titan’s disk from biasing the measured disk center. The simulations demonstrated that
at an SNR of 3.0 pix~!, the center of Titan’s disk could be located to better than 0.5 pix
(07010) RMS, growing rapidly worse with lower SNR. In certain cases, as noted in Table 2.1,
we therefore summed the consecutive frames in sets of up to 10 to increase the SNR to a
minimum of 3.0 before measuring the disk center. This is equivalent to increasing the
original integration times in these filters, though at the cost of some loss of efficiency due
to increased readout noise and overheads. Images were then shifted to a common center
by adding a phase ramp to their Fourier transform, then transforming back to the image
domain. This technique allows one to perform sub-pixel shifts while keeping the power
spectrum of the image unchanged.

PSF calibrator images were similarly shifted to a common center, measured by perform-
ing a least-squares fit of a 2-D Gaussian function to the PSF core (central 5 x 5 pixels)
and adopting its central coordinates. The centered images of Titan and the PSF calibrator
stars were then summed in the original sets of consecutive observations, thus producing
final images with typical total integration times of 100 s. Between 3 and 12 sets of Titan
frames were taken in each filter each night, reduced by the methods detailed above to 3—12
independent images with associated PSF estimates. In a final step, the best 3 of these im-
ages were resampled at 4 times their original pixel scale, rotated to a common orientation
(celestial north up, east left), and added in a nightly mean image. These nightly mean
images and PSFs are displayed in Fig. 2.1.

Though all the nights included in this study were free of clouds, no absolute photometric
calibration was attempted, since several of the filters fall within a variable telluric HoO

absorption band (927-970 nm). However, as detailed below, relative photometric calibration
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Mean nightly images of Titan with associated PSF estimates. Filters are shown
increasing wavelength from left to right, observation epoch increases from top

to bottom. Not all filters were used every night. All images are scaled with respect to their
brightest pixel. Filters at 890 and 1000 nm image only Titan’s stratospheric haze, 950 and
960 nm probe the haze and troposphere, while 940 nm penetrates to Titan’s surface.
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Figure 2.2: Filter transmission curves superimposed on a spectrum of Titan from
Karkoschka (1998).

of the 940-nm images was performed by tracking features on Titan’s surface.

2.2.3 Filters

We recorded images of Titan and PSF calibrator stars through 5 custom-made interference
filters between 890 nm and 1 pm, manufactured by Andover Corporation. Transmission
curves are shown in Fig. 2.2, while filter names and bandpasses are listed in Table 2.2.
The bandpasses chosen selectively probe various depths of Titan’s atmosphere, using the

strongly varying CHy absorption in this spectral region as a vertical discriminator.

Table 2.2: AEOS Filters

Name Wavelength® FWHM? Tsurf © 7 =1 altitude ¢

890 891.86 11.03 162 80
940 939.33 8.26 0.22 +£0.04 -
950 950.54 8.65 1.9+04 71
960 960.56 8.33 4.3+0.7 20
1000 1001.47 18.89 10£0.5 99

a. Central wavelength (nm).

b. Full width at half maximum transmission (nm).

c¢. Effective two-way opacity to surface due to CH4 absorption at normal incidence, with uncertainty due to
3-10% allowed range of CH,4 surface mixing ratio.

d. Altitude above surface at which effective two-way opacity is 1 (km).
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We have used a simple radiative transfer model of Titan’s atmosphere to estimate the
depth to which each filter is sensitive. Only absorption by methane in considered, as this is
the most important opacity source in this wavelength range (Young et al., 2002). Titan’s
atmosphere is modeled as 147 layers ranging in thickness from 0.5 km near Titan’s surface
to 50 km at 1200 km altitude, using the temperature-pressure model of Lellouch (1990). In
our baseline model, the CH4 mixing ratio in the lower troposphere is assumed to be 0.07, up
to the height at which this equals the saturation value. The saturation mixing ratio is then
followed to the tropopause at 40 km, above which the saturated tropopause value of 0.017
is followed (Lellouch et al., 1989). The 0.4 nm resolution methane absorption coefficients
k) measured by Karkoschka (1998) were then used to predict the effective two-way opacity
Ton, (L) from the top of the atmosphere to the bottom of layer L for each filter, in a manner

similar to that used by Roe et al. (2002);

w Ltop
Ton, (L) = —In (Z Sfwexp {— Z 2"<ﬂwulhlﬂ]) , (2.1)

w=1 =L

where u; is the abundance of CHy in layer [, h; is the layer thickness, p is the cosine of the
incidence angle, and f,, is the interpolated, volume normalized transmission of the filter in
wavelength bin w at which the absorption coefficients are known.

Plots of 7(L) for each filter at incidence angles of 0° and 60° are shown in Fig. 2.3.
Varying the CHy mixing ratio at Titan’s surface from 0.03 to 0.10, shown as the thin
diverging lines near Titan’s surface in both plots, has little effect on the altitude sensitivity
predicted for these filters. The two-way opacity 7cp, to Titan’s surface, and the altitude at

which 7cg, = 1 for all filter passbands are listed in Table 2.2.

2.3 Results

2.3.1 Stratosphere

AEOS images of Titan through 890 and 1000-nm filters deep in CH4 absorption bands show
a limb-brightened disk with zonally symmetric structure, devoid of features rotating with
Titan’s surface (Fig. 2.1). Absorption by CHy renders Titan’s lower atmosphere opaque at
these wavelengths, and only sunlight scattered off aerosols above 50 and 70 km, respectively,

contributes significantly to the images.
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Figure 2.3: Effective two-way opacity due to CHy absorption averaged over each filter
bandpass, as a function of altitude above Titan’s surface. The uncertainty due to varying
Titan’s surface CHy mixing ratio from 3% to 10% is shown as thin lines diverging from the
7% nominal case.

890-nm images of Titan in November and December 2000 show a nearly uniform disk,
with a conspicuous bright eastern (in November) or western (in December) limb. 1000-
nm images display similar features but with lower SNR, due to the decrease in detector
sensitivity near 1 pum. The region south of ~ 60°S and the northern limb appear less
bright than the equatorial band, suggesting a higher concentration of stratospheric haze
above Titan’s equator. The limb brightening is enhanced in the low latitude band, and
further enhanced on the limb observed at lower solar zenith angle, giving the appearance
of asymmetric ansae. The E-W limb-brightening Iy /Iw asymmetry evolved over the 2000
observing period, with the brightest point on Titan’s eastern limb at the equator 7% brighter
than that on the western limb on 8 November 2000 (11 days prior to opposition, solar phase
angle 1°6) transitioning to Ig/Iw = 0.98 by 9 December (20 days after opposition, solar
phase angle —2°4), the next night of observation. Since we are under-resolving Titan’s
limb, the measured intensity ratio between Titan’s limbs is a function of the telescope/AO
system PSF, and as such the 9 December value is depressed with respect to the higher strehl
ratio achieved on 8 November. Nevertheless, the asymmetry appears consistent in sign
and approximate magnitude with those noted in many previous near-infrared observations
(Meier et al., 2000; Roe et al., 2002).

The appearance of Titan’s stratospheric haze changed substantially between December

2000 and November 2001 (see Fig. 2.4). Continuing the trend underway since at least
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Figure 2.4: Highest resolution 890-nm images of Titan’s stratospheric haze taken in 2000
and 2001. Seasonal migration of haze particles from the southern to northern hemisphere,
which began in 1995 (Lorenz et al., 1999), continues at a rapid pace.

1995 (Lorenz et al., 1999), the high stratospheric haze (> 90 km) viewed in the 890 nm
CH,4 absorption band has moved north, with the brightest region now residing north of the
equator. This appears to be due to both a decrease in scattering south of 30°S, and an
accompanying increase north of Titan’s equator. The brightest point on Titan’s limb as seen
at the ~ 0710 resolution of the AEOS has consequently shifted from 15°S on 8 November
2000 to Titan’s equator on 19 November 2001. All observations in 2001 described here were
performed prior to Titan opposition. A steady decrease in the east-west limb brightening
asymmetry was observed as the solar phase angle decreased from 129 on 18 November, when

Iv/Iw = 1.03 to 1°1 on 25 November, when Iy /Iw = 1.01.

2.3.2 Troposphere

Filter at 950 and 960 nm record primarily solar photons scattered in Titan’s atmosphere
above 7 and 20 km altitude, respectively, as shown in the radiative transfer results in
Fig. 2.3. As also predicted by these calculations, albedo patterns on on Titan’s surface are
suppressed in 950-nm images with respect to the atmospheric features above them, but can
still clearly be recognized. We therefore concentrate our analysis of scattering in Titan’s
troposphere on the 960-nm images, which are predicted and observed to have negligible
transmission to Titan’s surface.

The most obvious feature in 960-nm images from both the 2000 and 2001 observing
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periods is a bright region of scattering at high southern latitudes. This feature appears
equally bright in both 960 and 950-nm images, and must therefore be located above ~ 30 km
altitude. The feature is clearly absent in the 890-nm images already discussed, and faintly
visible in the more noisy 1000-nm images (see in particular the nightly mean 1000-nm image
from 7 November 2000). Its absence at 890 nm and places an upper altitude limit at 65 km
(tcm, = 3 at 60° emission angle). The fainter detection at 1000 nm would be consistent with
scattering between 40 and 65 km (7cp, =1-3) above Titan’s surface. This cloud or haze
must therefore be located near Titan’s tropopause (40 km) or in the lowest stratosphere.

In addition to the southern cloud/haze cap, the 960-nm images include photons scattered
in Titan’s main haze layer well above the tropopause. To search for more subtle structures
below the main haze layer, we subtracted nightly mean 890-nm images from each 960-nm
image taken in November 2001, scaled to minimize the square of the residual intensity
beyond Titan’s geometric limb (see Fig. 2.5). The telescope/AO PSF achieved during the
year 2000 observing runs proved too variable to allow an accurate subtraction. To the
extent that the optical properties of Titan’s main haze layer are similar at 890 and 960 nm,
these subtracted images should display only light scattered between approximately 20 and
80 km altitude in Titan’s atmosphere.

The (960 — 890)-nm subtracted images show only a global residual over Titan’s entire
disk, and the bright southern cloud/haze cap mentioned above. No night-to-night changes
or zonally asymmetric features are apparent which cannot be attributed to noise or in-
strumental effects (a malfunction of the image rotator on 18 November 2001 accounts for
the apparent east-west asymmetry seen on that night only). In particular, large transient
CH,4 condensate clouds in the mid-troposphere, such as those observed spectroscopically by
Griffith et al. (1998) covering 7% of Titan’s disk, would be clearly visible in these (07100712
resolution difference images, had they been present.

We modeled the (960 — 890)-nm subtracted images using a weighted average of the 960
and 890 nm nightly mean PSF's to determine the nature of residual and the physical extent
of the bright southern cap. The global residual appears to be limb-darkened, with a best-fit
exponent to an I = Iop?* Minnaert scattering law, where p is the cosine of light’s emission
angle, of k = 1 4+ 0.5. It is probably due to light scattered in the nearly uniform lowest
levels of Titan’s main haze layer, with the apparent phase function being due to absorption

by CHy at longer path lengths. If assumed to be a single contiguous region of uniform
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Figure 2.5: The subtraction of stratosphere-only 890-nm images from those at 960 nm
sensitive to scattering in Titan’s troposphere reveals a bright scattering region at high
southern latitudes and a limb-darkened, global residual. Left: Nightly mean 960 nm images
taken on 7 of 8 consecutive nights in November 2001. Images have been scaled individually.
Middle columns: East-west and north-south (celestial) relative intensity profiles across the
center of Titan’s disk at 960 nm (top, dark line) and 890 nm (middle gray line, scaled to give
zero mean residual beyond Titan’s true limb). Lower dark line shows north-south profile of
subtracted image, which consists only of photons scattered between approximately 20 and
80 km above Titan’s surface. Right: (960 — 890)-nm subtracted images.
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brightness, the southern cloud/haze cap must extend from 40° +5° S to near Titan’s south
pole. It is not as strongly limb-darkened as the global residual, (k = 040.5), and therefore
may be either optically thick or higher in Titan’s atmosphere.

2.3.3 Surface

The 940 nm filter was chosen to view Titan’s surface with minimum CHy absorption, but
the two-way CHy opacity nevertheless ranges from 0.22 +0.04 at 0° incidence to 0.36 £ 0.06
at 60° incidence. The one-way scattering optical depth of the main haze layer is predicted
to be Tseqr = 2 (McKay et al., 2001), so most surface-reflected photons will be scattered
more than once on their way out of Titan’s atmosphere. Titan’s surface should therefore
appear blurred on scales of 100-200 km, and the contrast of surface features diluted by
sunlight scattered directly off haze and condensates in the atmosphere.

Surface features can clearly be discerned in the nightly averaged 940-nm images displayed
in Fig. 2.1, rotating eastward (on Titan) 23° per day. Their contrast can be increased by
subtracting the light scattered directly off overlying haze and clouds, sampled at 960 nm.
The optical properties of the overlying haze and condensates are unlikely to vary appreciably
between 940 and 960 nm. The empirical scaling factor by which to multiply each 960-
nm image to match the radiance due to scattering in Titan’s atmosphere sampled by the
corresponding 940-nm surface image was again determined by minimizing the square of
the residual beyond Titan’s geometric limb. The (940 — 960)-nm subtracted images thus
calculated are displayed in Fig. 2.6. They effectively display only light scattered below
~ 20 km altitude in Titan’s atmosphere or on the surface.

We were initially unable to flux calibrate the images due to variable telluric HoO absorp-
tion band at 927-970 nm. However, the brightening and fading of surface features due to
the surface phase function and the extinction of the overlying CHy-rich atmosphere provides
a method of calibration of the haze subtracted surface images, which we can then combine
into a map of Titan’s relative surface albedo at 940 nm. We begin by map-projecting each
haze subtracted nightly mean image of Titan, resampling on a fine latitude-longitude grid
such that at least 4 grid points correspond to each image pixel. Ideally one could determine
a mean effective phase function for Titan’s surface by dividing the radiance at each location
in every map by that observed at zero phase angle, and fitting a model to the normalized

radiances. Since few locations on Titan were actually observed at zero phase, we loosen
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Figure 2.6: Subtraction of atmosphere-only 960-nm images from those at 940 nm sensitive
to Titan’s surface reveals surface albedo features. Left: Nightly mean 940-nm images taken
on 7 of 8 consecutive nights in November 2001. Images have been scaled individually.
Middle: North-south (celestial) relative intensity profile across the center of Titan’s disk at
940 (top, dark line) and 960 nm (middle gray line, scaled to give zero mean residual beyond
the physical edge of Titan’s disk). Lower dark line shows north-south profile of subtracted
image, which consists only of photons scattered within ~ 20 km of Titan’s surface. Right:
(940 — 960)-nm subtracted images, on a common relative intensity scale.
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this requirement and normalize by the radiance observed when that location is viewed at
its lowest emission angle, and limit the analysis to those locations observed at least once at
< 30° emission angle.

The normalized radiances at every location on Titan fulfilling the above requirement are
shown in Fig. 2.7 as a function of emission angle, and define the effective phase function of
Titan’s surface for these observations. The normalization by non-zero phase observations
adds noise to this estimate of the effective phase function, as does the photometric variability
of the images due to telluric HoO. We can nevertheless use these normalized radiances to
constrain the coefficient of a Minnaert scattering law of form I,/Iy = p*uk, where I,,/Iy
is the normalized radiance, p is the cosine of the emission angle, and pg the cosine of the
solar zenith angle. Since the observations were performed near Titan opposition, we assume
po ~ p, leading to the simplified Minnaert law 1,,/Iy = ©?k. We find that k = 1.05 4+ 0.25
is consistent with the observed phase behavior of Titan’s surface and therefore adopt £k =1
in the subsequent analysis. We ascribe no physical significance to this description of the
phase function, since it includes the effects of the true phase function of Titan’s surface,
the opacity of the overlying atmosphere, and the reduction in contrast due to light in the
halo of the PSF. However, it serves the purpose of describing the apparent photometric
behavior of Titan’s surface as a function of emission angle, allowing us to combine nightly
haze subtracted images of uncertain relative photometry into a map of the relative surface
albedo seen at zero phase.

We use a slight modification of the technique of Smith et al. (1996) to fit for the relative
albedo at each location on our latitude-longitude grid, while simultaneously solving for the
relative photometric scaling factor of each input nightly mean image. For each position ¢
on the latitude-longitude grid, we take the best estimate of the radiance at zero phase angle
Ip; to be that which minimizes the reduced X2

S (Topg; — ajlij)* (o) >
(N —-1) 7

(x*)i = (2.2)

where ;5 is the cosine of the emission angle at location 4 in image j, o is the unknown

photometric scaling factor for image j, and I;; and o;; are the observed uncorrected radiance
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Figure 2.7: Radiance of Titan’s disk in nightly mean images from November 2001, divided
by the radiance at that point on the night at which it was observed at minimum emission
angle. Only points for which the minimum emission angle was less than 30° are included.
The large vertical scatter is due to uncertain photometric calibration of the individual
images, and the range in minimum emission angles included. Nevertheless, a Minnaert
power law of form I = Iyu* ,u’é can be fit in a least-squares sense to constrain the exponent
k =1.05 £ 0.25 (range is shown as thin lines).

and uncertainty at location 7 in image j. x? will be minimized when

—1 2 =2
.o Luso
To; = 2 5 % (2.3)

3% P05

where the sums are taken only over the images in which the location ¢ is viewed at less than
some maximum emission angle, here taken to be 60°.

We solve for the photometric scaling factors «; iteratively, by requiring that the residuals
in each image of Titan’s surface after subtraction of the surface model to have a mean of
zero. We start with an initial estimate a; = 1, compute Iy ; using Eq. 2.3, then update our
estimates of the photometric scaling factors as

> (i / To i)
I J\TW g )t
= (2.4)
where the sum is taken over the IV pixels in image j in which Titan’s surface is viewed at less

than 60° emission angle. Repeating this procedure, Iy ; and o are found to converge rapidly
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Figure 2.8: Map of the 940 nm relative surface albedo for regions observed in 2001 at less
than 60° emission angle in a minimum of two images. Marked locations correspond to
photometry in Fig. 2.10.
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Figure 2.9: Map of statistical uncertainty in 940 nm relative albedo map of Titan (Fig. 2.8).

(in 3-5 iterations) to values which minimize both the differences between the predicted and
observed radiance at each location of Titan, and the absolute value of the mean residuals
in each nightly image.

The relative radiance at zero phase Iy derived by this procedure, though not absolutely
calibrated, is proportional to Titan’s surface albedo. Figure 2.8 presents our map of Titan’s
relative surface albedo at 940 nm, normalized to the brightest location observed (at 90°W,
10°S). Only locations on Titan viewed on a minimum of 3 nights with an emission angle
of less than 60° are included. A map of the uncertainty of the relative albedo estimate, is
displayed in Fig. 2.9. The corrected radiances «;1;; measured at 4 representative locations
on Titan’s surface are shown in Fig. 2.10, along with the phase functions fit to those

radiances. Note the generally good fit of the I = Iyu? phase function to the corrected
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Figure 2.10: Corrected photometry of four representative locations on Titan, with their
I = Ipp? models overplotted. Locations are marked in Fig. 2.8. 1-¢ error bars are shown
for photometry and model fit.

radiances at emission angles of less than 60°. Radiances measured at emission angles greater
than 60° are included in Fig. 2.10, but were never used in the fitting procedure.

Titan’s surface displays complex and surprisingly strong albedo contrasts. Many of the
features visible in Fig. 2.8 have previously been noted in visible (Smith et al., 1996) and
near-infrared (Combes et al., 1997; Gibbard et al., 1999; Meier et al., 2000; Coustenis et al.,
2001) images of Titan. Titan’s leading hemisphere is dominated by a large high albedo
region, centered near 100°W, 10°S. Sometimes referred to as Titan’s continent, this region
appears bright at all wavelengths thus far sampled, leading to the suggestion that it may
be a highland terrain whose surface is washed free of dark hydrocarbons by meteorological
processes (Smith et al., 1996).

Significant extensions of this bright terrain to the north-west (to 180°W, 25°N) and
south-east (to at least 50°W, 40°S) can be seen in Fig. 2.8. The north-western extension

has been described by all previous authors, but the south-eastern extension appears to be
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missing in several of the maps. As pointed out by Combes et al. (1997), the subtraction
of a zonally averaged image by Smith et al. (1996) may have led to the loss of real surface
features if certain latitudes are on average brighter or darker than others. This appears to
have occurred at 20°S-40°S, where both our 940 nm map and those at 1.3, 1.6, and 2.0 ym
(Combes et al., 1997; Coustenis et al., 2001) made without the subtraction of a zonally
averaged image show a high albedo region extending most of the way around Titan. Thus,
a bright band running across Titan’s southern face (from 180°W to at least 300°W) lines
up with the southern extension of the bright terrain, leading to the accidental subtraction
of both these features in the surface maps of Smith et al. (1996) and Meier et al. (2000).
Besides the discrepancies in the 20°S—40°S latitude band, most features in the 940 nm
relative albedo map displayed in Fig. 2.8 coincide with those noted by previous authors.
The north-western extension of the bright terrain is resolved into a distinct bright feature
centered at 180°W, 25°N. To the west and south of this bright peninsula lies the mostly dark
trailing hemisphere of Titan. At the ~ 700 km resolution achieved by these observations,
the darkest regions mapped appear 40% the albedo of the bright terrain, consistent with
the even higher contrast observed at higher spatial resolution in the near-infrared (Gibbard

et al., 1999; Coustenis et al., 2001).

2.4 Conclusions

Observations combining high spatial, spectral, and temporal resolution are necessary to
further our understanding of Titan’s dynamic atmosphere and mysterious surface. The
images presented here, acquired with the AEOS telescope and 5 custom narrow-band filters,
provide an example of one technique which achieves this goal. The ~ 700 km spatial
resolution achieved by this system on Titan is sufficient to study global-scale haze and
cloud structures in Titan’s atmosphere, though it is not high enough to detect individual
convective clouds in the troposphere. Narrow-band filters sampling the edge of a CHy
band with a spectral resolution of A\/AX ~ 100 provide a convenient method of vertically
discriminating atmospheric and surface features.

Titan’s atmosphere undergoes substantial seasonal changes, which as a whole remain
poorly understood. As Titan’s southern summer solstice approaches in October 2002, the

highest haze continues to move north across the equator, causing the southern hemisphere
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to appear darker at wavelengths of strong CHy absorption in 2001 than in 2000. This
is consistent with the high aerosols being transported by a thermally direct pole-to-pole
meridional circulation pattern, predicted by general circulation models of Titan’s atmo-
sphere (Hourdin et al., 1995; Tokano et al., 1999). The lower regions of the main haze layer
appear uniform at 960 nm, and it is not known whether they are similarly affected by a
meridional transport mechanism.

The bright scattering region near the tropopause in Titan’s high southern latitudes
appears to have undergone little change between 2000 and 2001. One possible origin of
this feature is the condensation of ethane and methane onto precipitating C4Ns ice, formed
in the lower stratosphere when temperatures reach their minimum near spring equinox
(Samuelson et al., 1997). The persistence of this feature argues against this, however, since
lower stratospheric temperatures are expected to rise rapidly as summer solstice approaches
in November 2002.

Alternately, the southern scattering layer may be more analogous to tropical cirrus on
Earth. Methane could be highly supersaturated at the south polar tropopause during late
southern spring on Titan, due to the rising motion accompanying the expected pole-to-pole
global meridional circulation. On Earth, such regional uplift due to Hadley circulation leads
to widespread tropical cirrus, which may nucleate either homogeneously or heterogeneously
(Kércher, 2002). Spatially resolved spectroscopy of Titan’s atmosphere in the near-infrared
constrains the southern scattering layer to have an optical thickness of 7 ~ 0.05 (Ch. 3),
reinforcing the analogy to terrestrial cirrus.

The map of Titan’s relative surface albedo at 940 nm which we present in Fig. 2.8 is
the first at visible wavelengths created without the subtraction of zonally averaged images.
Some discrepancies are noted between this map and the somewhat higher resolution maps
assembled from HST images in the visible (Smith et al., 1996) and near-infrared (Meier
et al., 2000). These differences are most likely due to the unintentional subtraction from
the HST maps of a series of high albedo features which encircle Titan at 20°S—4°S. These
features were also noted by Combes et al. (1997) at 2 um, who suggested that they might
form the northerly boundary of a bright southern polar cap. The present more southerly
view allows us to rule out the existence of an extensive bright southern polar cap at 940 nm.

Though Titan’s surface has now been mapped at wavelengths from 940 nm to 2 pum, the

source of the static albedo variations remains a mystery. Water ice, perhaps washed clean
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by meteorological processes, is generally assumed to be responsible for high albedo features
(Griffith et al., 1991; Smith et al., 1996), while both liquid and solid hydrocarbons and
atmospheric sediments are probably responsible for darkening other regions of the surface
(Lunine et al., 1983; Gibbard et al., 1999). Though measured albedos are consistent with

these compositions, no unambiguous evidence has yet been uncovered for either.



27

Chapter 3

Spatially resolved spectroscopy of
Titan

3.1 Introduction

While the Voyager 1 flyby of Titan in 1980 established the structure and composition of
Titan’s atmosphere (Lindal et al., 1983), little could be distinguished below a thick layer
of haze which fills the stratosphere. The haze is the end-product of the photolysis of Ns
and CHy, the two most common atmospheric constituents (Kunde et al., 1981; Yung et al.,
1984). Although the main haze layer was optically thick to Voyager’s visible-light cameras,
some structure was clearly apparent in its uppermost regions, such as a detached global
haze layer at 300-350 km altitude, a north polar hood, and a pronounced hemispheric
albedo contrast (Smith et al., 1981; Rages and Pollack, 1983). The hemispheric brightness
asymmetry appears to alternate seasonally (Caldwell et al., 1992; Lorenz et al., 1997, 1999,
2001), consistent with transport of haze across Titan’s equator by thermally direct winds
(Sromovsky et al., 1981; Hutzell et al., 1996). Thus it appears that Titan’s haze distribution
is shaped by both the latitude-dependent environment of the stratosphere, and by dynamical
transport of aerosols. An important recent advance in understanding the haze distribution
has been the coupling of a microphysical haze production model (McKay et al., 2001) with
a global circulation model which takes into account the radiative properties of the haze,
which together reproduce many of these observed features (Rannou et al., 2002).
Observations through near-infrared spectral windows in Titan’s atmosphere have now
revealed a complex surface (Smith et al., 1996; Combes et al., 1997; Gibbard et al., 1999;

Meier et al., 2000; Coustenis et al., 2001) and transient CHy clouds near Titan’s south pole
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(Griffith et al., 1998, 2000; Brown et al., 2002; Roe et al., 2002), yet the distribution of haze
and long-lived clouds in the troposphere is poorly constrained. Titan’s surface must provide
the ultimate sink for the haze, but it is unclear whether condensation of CH4 on the aerosols
once below the tropopause (at 40 km altitude) might increase their fall velocity and clear
out the region, or whether condensation is inhibited for kinetic or chemical compatibility
reasons (McKay, 1996; Samuelson and Mayo, 1997; Samuelson et al., 1997). If rain-out of
the haze does occur, it is possible that the CH4 would re-evaporate before reaching the
surface, leaving a separate low aerosol layer (Lorenz, 1993).

Two recent observational studies have attempted to map the distribution of haze and
clouds in Titan’s lower stratosphere and troposphere. Young et al. (2002) analyzed narrow-
band 890-950 nm Hubble Space Telescope (HST) images, using the strongly varying CHy
absorption over this spectral region to constrain the altitude structure of the haze in the
lower stratosphere and troposphere. They find an apparent gap in the haze at 16-32 km
altitude, underlain by an optically thick region between the surface and 16 km. However, the
apparent presence of this lower haze layer is likely to be a consequence of their assumption
of a zero-albedo surface, since its claimed thickness correlates closely with the actual surface
albedo distribution (Fig. 6.5). Chanover et al. (2003) provide further evidence for a relatively
clear atmosphere below 30-60 km altitude in Titan’s equatorial region.

Understanding the vertical distribution of haze and other condensates in Titan’s lower
atmosphere provides insight into the seasonally varying circulation patterns, and proves
critical to correctly interpreting near-infrared images of Titan’s surface (Ch. 6). We present
in this chapter the first spatially resolved near-infrared spectra of Titan’s atmosphere and
surface, acquired with the Palomar Hale telescope adaptive optics (AO) system and PHARO
spectrograph between September 1999 and December 2001. Spatially resolving Titan’s disk
provides spectra of each latitude at a variety of emission angles, from which we determine
both the vertical distribution of aerosols and condensates, and the underlying surface albedo.
Though the spatial resolution of these data is not sufficient to resolve the small transient
clouds recently discovered near Titan’s south pole (Brown et al., 2002; Roe et al., 2002), a
broad region of high clouds is noted at high southern latitudes.

Sections 3.2 and 3.3 present in detail our observing strategy and the steps required to
process and calibrate AO-corrected spectra, with the goal of providing a useful resource

for future users of the Palomar AO system. Sections 3.4 describes our analysis of these
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spectra, by which we determine the three-dimensional haze and cloud structure of Titan’s
atmosphere and the surface albedo distribution, presented in Section 3.5. Finally, Sec. 3.6
discusses the implications for Titan’s global atmospheric circulation, the physical conditions

in the troposphere, and Titan’s surface composition.

3.2 Observations

Spectra of Titan were obtained on 26 September 1999, 20 July 2000, and 20 December 2001
UT using the JPL AO system and the Cornell-built PHARO camera/spectrograph at the
Cassegrain focus of the Hale 5-m telescope. The AO system consists of a Shack-Hartmann
sensor (A < 1.05 pum) controlling a fast tip-tilt mirror and a 241-active element deformable
mirror, which together partially correct atmosphere-induced wavefront aberrations of the
A > 1.05 pm science beam (Dekany, 1996). Titan itself (V = 8.2) provided the reference
source for these observations, allowing the deformable mirror to be run at a closed-loop servo
bandwidth of ~ 20 Hz (500 Hz update rate). The PHARO near-infrared camera (Hayward
et al., 2001) was used to record both broad-band images and medium-resolution spectra
of Titan. Images were taken through either a K-prime (K’, 1.945-2.296 pm) or K-short
(Ks, 1.990-2.300 pm) filter, and recorded with the 1024 x 1024 pixel Rockwell HAWAII
HgCdTe array detector at a platescale of 070252 pix~! (Metchev et al., 2003). To acquire
AO-corrected spectra, an 0713 x 40” slit was placed in the focal plane near the entrace to
the PHARO camera, and a grism used to disperse the beam onto the same detector at a
spectral resolution of A/AX = 1800 over the wavelength range 2.03-2.37 um, at a spatial
platescale of 07040 pix~!. The 20 July 2000 and 20 December 2001 observations recorded
only the wavelength range 2.10-2.32 pm, due to a mistaken choice of the 070252 pix—!
platescale mode of the instrument.

The observing sequence was dictated by the need to reconstruct the pointing of each
spectrum after the fact, and to maintain the spectral stability of PHARO throughout the
observations. Before each set of Titan spectra, 4 to 16 dithered K’ or Ky images of Titan
with an integration time of 9.1 s were first acquired. These were used to estimate the point
spread function (PSF) and the pointing of the subsequent spectra.

Since PHARO does not provide a slit-viewing capability, spectra are typically acquired

by centering on the target in imaging mode, then moving the slit and grism into the optical
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Table 3.1: Palomar AO spectroscopic observations

UT date Time Target Type Spectral range® Airmass Diam.?  Sub-Earth®
26 Sep 1999 07:17-07:24  Titan imaging K’ 1.47-1.43 0.84 55.5, —20.6
26 Sep 1999  07:58-08:11  Titan spectra 2.03-2.37 1.29-1.25 0.84 56.2, —20.6
26 Sep 1999 08:41-08:44 HD 1461 spectra 2.03-2.37 1.37-1.38 - -
26 Sep 1999  09:16-09:35  Titan spectra  2.03-2.37 1.10-1.08 0.84 57.4,—20.6
26 Sep 1999 10:03-10:13  Titan spectra 2.03-2.37 1.06-1.06 0.84 58.1, —20.6
20 Jul 2000 11:40-11:48 HD 20065 spectra 2.10-2.32 1.51-1.46 - -
20 Jul 2000 11:57-11:59  Titan imaging K’ 1.62-1.61 0.74 295.2, —23.8
20 Jul 2000 12:05-12:09  Titan spectra 2.10-2.32 1.56-1.55 0.74 295.4, —23.8
20 Jul 2000 12:28-12:32 HD 17163 imaging K’ 1.34-1.33 - -
20 Jul 2000 12:32-12:34 HD 17163 imaging Kg 1.32-1.32 - -
20 Jul 2000 12:39-12:41 HD 22686 imaging Kg 1.57-1.56 - -
20 Jul 2000 12:41-12:44 HD 22686 imaging K’ 1.56-1.55 - -
20 Jul 2000 12:51-12:53 Y5546 imaging K’ 1.79-1.80 - -
20 Jul 2000 12:53-12:55 Y5546 imaging Kg 1.80-1.81 - -
20 Dec 2001  06:33-06:37  Titan imaging Ks 1.03-1.03 0.87 92.5,—25.5
20 Dec 2001  07:07-07:34  Titan spectra  2.10-2.32 1.04-1.06 0.87 93.2, —25.5
20 Dec 2001  07:50-07:55 HD 32923  spectra 2.10-2.32 1.06-1.06 - -
20 Dec 2001  09:22-09:51  Titan spectra  2.10-2.32 1.32-1.46 0.87 95.3, —25.5
20 Dec 2001  09:59-10:05 HD 32923  spectra 2.10-2.32 1.36-1.38 - -

a. Recorded spectral range (pm) or filter name.
b. Apparent diameter of Titan (”).
c. West longitude and latitude of the sub-Earth point (°).

path. However, the position angle of the entrance slit and the orientation of the grism
are not precisely reproducible after such moves. In most cases, we therefore acquired all
spectra in a given set (Titan, sky, calibrator star, sky) without moving either the slit or
grism. To accomplish this, Titan was initially centered 0”6 to the east of the measured slit
location while in imaging mode. The slit (with a position angle of 0° 4 2°) and grism were
then installed, and the first of a set of 120-s spectral integrations was begun. After each
integration, the telescope was commanded (/10 or (/12 east, and the next integration begun,
thus gradually sampling every location on Titan’s disk. Several effects lead to uncertainty
in the actual offset between spectra, the most important being differential flexure between
the science and wavefront-sensing light paths on the AO bench. This causes AO targets
to drift linearly on the PHARO focal plane, at a rate of ~ 070002 s~'. Depending on the
direction of the drift, Titan’s disk was covered in 8-12 pointings.

After scanning the slit across Titan’s disk, the telescope was offset 60” north or south of
Titan and several night-sky spectra with the same integration time were obtained. These
were used to correct the detector bias, dark current, and atmospheric thermal and line
emission recorded in the Titan spectra. With the slit and grism still in place, the telescope

was slewed to a nearby solar analogue star (spectral class GO—-G5, within 3° of Titan), and
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several 60-s spectra of the star acquired with the AO feedback loops open. Finally, the
telescope was offset 60" and several 60-s night-sky spectra were recorded, for calibration of
the solar analogue spectra.

The entire observing sequence was repeated twice on both 26 September 1999 and
20 December 2001. A more limited set of observations was taken on 20 July 2000, consisting
only of an imaging sequence, three 120-s spectra with the slit centered on Titan’s central
meridian, and calibration spectra. The grism and slit were also accidentally moved between
Titan and calibrator star observations on that night, resulting in poor correction of the
interference fringes which are superimposed on all spectra.

The observing conditions were photometric on 26 September 1999 and 20 July 2000
and marked by variable thin cirrus on 20 December 2001. Immediately following the Titan
observations, three bright photometric standard stars (HD 17163, HD 22686, and Y 5546)
were imaged on 20 July 2000. The AO feedback loop was left open to avoid saturation and
5 1.8-s images, in each of 4 positions on the detector, were acquired of each star through

both K’ and K filters. A summary of the observations is given in Table 3.1.

3.3 Data reduction

3.3.1 Images

Standard near-infrared image processing techniques were applied to the Titan images. Each
set of dithered images was first grouped according to the location of Titan on the detector.
For each location, a pixel-by-pixel median of the images not included was calculated and
subtracted from each image in this subset, thus correcting for the detector bias, dark current,
and the sky background. All images were then divided by a map of the relative pixel
gains (the flat-field map), which was calculated from the average of bias and dark current
subtracted twilight sky images taken through the appropriate filter on the same night.
Finally, pixels with abnormal gain properties, as determined from twilight sky images taken
over a wide range of sky brightness, were replaced by the median of the surrounding good
pixels.

The geometric center of Titan’s disk was next determined for each image in the set.
The technique found to be most accurate at the high signal-to-noise ratio (SNR) of these
broad-band images (> 150 pix ! on the disk) was to fit a circle to Titan’s limb. All
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pixels within 1% of one-half the peak intensity of the disk were identified, and the sum of
the squares of the distance between the center of these pixels and the nearest point of a
circle was numerically minimized, solving for the circle’s position and radius. Monte-Carlo
simulations of the technique demonstrate that at this SNR, the median random error in the
determination of the disk of the disk center is 0.05 pix (1 milliarcsecond, mas). The actual
uncertainty in Titan’s position on the detector is therefore dominated by systematic effects,
particularly the presence of high contrast features on Titan’s disk. The feature capable of
inducing the strongest centering bias would be a hemispheric albedo contrast, due either
to surface albedo or the haze distribution. We estimate the systematic centering error by
constructing a model of Titan’s disk with the strongest hemispheric contrast consistent
with each recorded images, convolving this synthetic image with the estimated PSF (see
Sec. 3.4.3) and calculating the apparent shift in the disk center. This leads to an upper
limit in the systematic centering error of 0.9 pix (23 mas) for the 26 September 1999 images,
which display a strong east-west albedo contrast, 0.7 pix (18 mas) on 20 July 2000, and
0.4 pix (10 mas) on 20 December 2001.

With Titan’s location determined, the images were shifted to a common center by adding
a phase ramp to the Fourier transform, then transforming back to the image domain. This
technique allows one to perform a sub-pixel shift while keeping the power spectrum of the
image unchanged. The shifted images were then averaged to produce three nightly-mean
images of Titan, displayed in Figure 3.1.

26 Sept. 1999 20 July 2000 20 Dec. 2001

arcseconds
Normalized Intensity

-0.5 0.0 0.5 -0.5 0.0 0.5
arcseconds

Figure 3.1: Broad-band K and K’ images of Titan on the three nights of observation. Each
image has been scaled independently to highlight subtle surface albedo patterns. Titan’s
varying size and perspective are indicated by lines of latitude every 30° and longitude every
45°.
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The initial processing steps applied to the photometric standard star images taken on
20 July 2000 were identical to those applied to the Titan images. However, rather than
centering and averaging the images, the sum of the detector counts within a 10” radius of
the centroid was determined for each frame, and the mean of these values used to establish
the apparent instrumental flux of each star. The photometric zero-point and extinction per
unit airmass in both K’ and Ky were then determined by fitting the three standard star
observations, allowing us to photometrically calibrate the 20 July 2000 Titan images to an
accuracy of 5% . The same photometric factors were applied to the 26 September 1999
K’ and 20 December 2001 Kg images for which no standard stars were observed, but the

resulting calibration is only approximate.

3.3.2 Spectra

The process of transforming raw two-dimensional spectra of Titan and a solar analogue
star to calibrated albedo spectra of known locations on Titan’s disk required the following
general steps. The precise alignment of the slit and grism relative to the detector, and
the wavelength scale of each set of observations, were first determined from summed raw
spectra. Each Titan and stellar spectrum was then corrected for detector, instrumental,
and atmospheric effects, and the one-dimensional spectrum of Titan at each location along
the slit extracted and divided by the stellar spectrum. Finally, the pointing location and
photometric corrections of each Titan spectrum were determined by cross-correlating the
image recorded through the slit with broad-band images taken the same night.

Spectra acquired with the PHARO camera are dispersed along the z-axis of the detector,
with the projection of the entrance slit falling roughly parallel to the y-axis. Following
movements of the silt and grism wheels, however, the alignment of these optical elements
in PHARO can be uncertain by up to several degrees. Additionally, the projection of the
slit on the PHARO detector is somewhat curved by optical distortions. Atmospheric OH
emission lines recorded in long-exposure spectra provide a convenient fiducial with which to
measure the slit angle and curvature. To maximize the SNR of the sky lines, we subtracted
a mean of several 120-s dark frames from every Titan and night-sky spectrum in each set of
observations, and averaged these dark-subtracted frames. The mean trace of the sky lines
was then determined by cross-correlating each row of the resulting image with an arbitrary

row near the center of the detector (ignoring the portion of the slit occupied by Titan),
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then fitting a second order polynomial in relative offset x as a function of row y.

A similar procedure was used to measure the alignment of the grims with respect to the
detector, and the optical distortion in the spectral dimension. A mean of the 60-s night-sky
spectra taken immediately after the calibrator star observations was first subtracted from
each stellar spectrum. All corrected calibrator star spectra in a set of observations were
then averaged, and each column of the resulting image was cross-correlated with the central
column. A second-order polynomial was then fit to the relative offsets in y as a function of
column z.

A third step performed prior to the processing of individual Titan and calibrator star
spectra was to determine the wavelength scale of each set of observations from the OH
emission lines. The average of all dark-subtracted Titan and night-sky integrations was
resampled using bilinear interpolation to cancel the measured slope and curvature in both
axes. A high SNR sky spectrum was calculated by averaging all rows greater than 2” from
Titan’s location on the slit, and the locations of the 6 brightest emission lines determined by
fitting one-dimensional Gaussian functions to them. A linear wavelength scale was finally
fit to the locations and known wavelengths (Chamberlain and Smith, 1959) of these OH
emission lines.

Following these preliminary steps, each Titan and calibrator star spectrum was processed
individually. Spectra were first checked for cosmic rays, and the affected pixels replaced
by the median of the surrounding good pixels. The 2-5 120-s night-sky integrations taken
immediately after the Titan spectra were averaged, and this mean sky spectrum subtracted
from Titan frame. Similarly, a mean of 60-s sky spectra was subtracted from each calibrator
star integration. This step corrected for the detector bias and dark current, as well as
subtracting the line and thermal sky emission which are superimposed on the target spectra.
All spectra were next divided by the same Kg or K’ flat-field map used for that night’s
images, correcting the detector’s pixel-to-pixel gain variations. Bad pixels were replaced by
the median of the surrounding values.

Both the Titan and stellar spectra were next resampled to align the spatial and spectral
axes with the detector y and x axes. As was the case for the wavelengths scale determination,
this resampling was done with the origin (the location at which the shift in both dimensions
was zero) near the middle of Titan’s spectrum, thus minimizing the loss of spatial and

spectral resolution caused by the bilinear interpolation of adjacent pixel values. Some
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residual sky emission remained visible in the Titan spectra at this stage, due to the changing
atmospheric conditions during the observations. The residual sky emission was determined
by averaging the spectrum 2”-4" to either side of Titan along the slit, and subtracting this
residual spectrum from each row. This step was not necessary for the higher SNR stellar
spectra.

The processed calibrator star frames were averaged, and a one-dimensional stellar spec-
trum extracted by taking the mean over all illuminated rows, weighted by the relative flux
in that row. By dividing every row of the Titan spectra by this spectrum of a solar ana-
logue taken under identical conditions, the spectrally variable instrumental and atmospheric
response were calibrated out, leaving Titan spectra in units proportional to albedo. In par-
ticular, strong interference fringes are present in the uncalibrated spectra, superimposed on
both the Titan and stellar spectra due to monochromatic internal reflections in the detec-
tor. Division by the solar analogue spectrum successfully eliminates the fringes if the grism
and slit were not moved between Titan and stellar observations. Some fringes remain in
the 20 July 2000 Titan spectra due to the very slight (~ 1 pix) mis-match in wavelength
between Titan and calibrator star spectra.

Each row of the processed Titan spectra records the spectrum at one location along
the entrance slit. Since the detector platescale oversamples the diffraction-limited spatial
resolution of the Hale telescope, spectra were next averaged along-slit by a factor of 2-3,
leading to a final spatial sampling of 07080 on 26 September 1999 and 0’076 on 20 July 2000
and 20 December 2001. The uncertainty in the spectra due to electronic and photon noise
was estimated from the the full range of the pixel values included in the spatial average at
each wavelength.

The final step of the reduction sequence was to determine the pointing location of each
spectrum with respect to the center of Titan’s disk, by comparing the spectrum recorded
through the slit with the K’ or Ky images taken the same night. As noted previously, the
telescope was commanded 0710 or 0712 east between each Titan integration, but flexure of
components on the AO bench and inaccurate control of the articulated mirrors which direct
light to the wavefront sensor caused this offset to be uncertain. Experiments performed with
an internal calibration source demonstrate that the gradual drift of the AO corrected image
on the PHARO focal plane due to flexure is linear on timescales of an hour or less. The

effect of inaccurate steering mirror control is less well constrained, but probably contributes
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random offsets between spectra of less than (/02. The sum of the commanded offset and
the gradual ~ 070002 s~! drift due to flexure therefore causes Titan to follow a nearly linear
trajectory across the entrance slit.

Each Titan spectrum was multiplied by the imaging filter transmission function, and
summed over wavelength to produce one-dimensional images of Titan as seen through the
0”13-wide entrance slit. The iterative routine AMOEBA (Press et al., 1992) was then used
to minimize the square of the difference between the set of slit images and the nightly
broad-band image, assuming a linear offset between successive spectra. Five parameters
were solved for: the location of the slit center with respect to that of Titan for an arbitrary
spectrum (2 parameters), the offset in arcseconds between successive spectra (2 parameters),
and a photometric scaling factor. This scaling factor, corrected for the flux admitted by the
imaging filter but not sampled by the spectra which we calculated from the disk integrated
spectra of Fink and Larson (1979), allowed us to photometrically calibrate the Titan spectra
to match the calibrated images. The sets of central meridian spectra taken on 26 September
1999 and 20 July 2000 were navigated in a similar fashion, solving for only 3 parameters:
the north-south position, drift rate, and photometric scaling factor. Finally, several of the
individual spectra taken on 20 December 2001 were clearly affected by passing terrestrial
clouds. The procedure was modified for these data, allowing the minimization algorithm
to correct the photometry of each slit image independently. Those spectra whose apparent
flux was reduced by more than a factor of two (located along Titan’s western limb) were

excluded from the analysis.

3.4 Analysis

3.4.1 Spectral diversity

Titan’s near infrared albedo results largely from the absorption of solar radiation by CHy
and Hg, and scattering of radiation from particles (both photochemically produced haze and
possibly from condensate clouds) and from the surface. We use the strongly wavelength-
dependent absorption features of methane in Titan’s atmosphere as a vertical filter with
which we can resolve the altitude of hazes and clouds. Deep in the saturated absorption band
at 2.17-2.25 pm, only sunlight scattered off haze in Titan’s stratosphere is detected. Shorter

wavelengths sample progressively deeper levels of the atmosphere, allowing scattering in the
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Figure 3.2: Five spectra of Titan’s disk on 26 September 1999, chosen to sample similar
incidence angles through Titan’s atmosphere at a variety of latitudes. They have been
smoothed for clarity. Equatorial spectra are brightest deep in the 2.25 pum absorption
band, indicating a thicker stratospheric haze layer above the bulk of Titan’s atmospheric
methane. Spectra at high southern latitudes, in contrast, rise steeply on the edge of the
methane band (from 2.17 to 2.12 um), revealing a region of enhanced scattering deep
in Titan’s atmosphere, yet distinct from variations in surface albedo which dominate the
spectra shortward of 2.12 pym.

troposphere to affect the flux shortward of 2.17 um, and albedo variations on Titan’s surface
to dominate shortward of 2.12 ym. A comparison of spectra of various regions on Titan’s
disk on 26 September 1999 (Fig. 3.2) illustrates the diversity of spectra recorded across the
disk. Equatorial spectra are brightest at 2.17-2.25 um, while spectra of regions near Titan’s
south pole appear brighter at 2.12-2.16 um. Near 2.10 pm, spectra cross one another again
as local surface albedo begins to dominate.

Low-resolution images of Titan’s surface, troposphere, and stratosphere can created by
integrating each spectrum over a narrow wavelength range and displaying the resulting
albedo over projections of the spectral apertures (Fig 3.3). Titan’s surface is most clearly
seen at 2.02-2.05 pum, but this spectral region was only sampled in 1999. The 2.10-2.12 um
range was observed on every run, and remains weakly sensitive to Titan’s surface while

also displaying a concentration of scattering particles near Titan’s south pole. Summed
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Figure 3.3: Narrow-band images of Titan created by averaging the spectrum recorded in
each aperture over four narrow wavelength ranges. High contrast features on Titan’s surface
can be clearly seen at 2.02-2.05 pm on 26 September 1999. The surface contributes only
weakly to the 2.10-2.12 um images. A region of bright scattering particles near Titan’s
south pole is most clearly seen at 2.12-2.14 um, where the atmosphere is opaque to Titan’s
surface. Obvious changes can be seen in the highest haze layers, seen most clearly in the
2.25-2.30 pm images. The apparent brightening of Titan at all wavelengths is due to the
improved AO correction of the 2001 observations.
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over 2.12-2.14 pm, all traces of Titan’s surface disappear and he bright atmospheric feature
near Titan’s south pole is more clearly seen. Only a region of bright scattering near the
tropopause, present above Titan’s south pole but thin or absent over the equator and mid-
latitudes, can account for this feature. The most dramatic change in the appearance of
Titan’s atmosphere between 1999 and 2001 can be seen in the 2.25-2.30 um images, which
record only the highest haze layers (> 110 km altitude.)

3.4.2 Radiative transfer

The strategy we adopt to derive Titan’s surface albedo and the opacity structure of the over-
lying atmosphere is to forward model the spectra, starting with a parametrized description
of Titan’s surface and atmosphere. Using the radiative transfer model of Griffith (1991),
we compute the predicted reflectance spectrum at every location on dense grid covering
Titan’s disk, which we then spatially convolve by an estimate of the PSF and sample at the
locations of the spectral apertures.

The equation of radiative transfer is approximated using the doubling and adding tech-
nique (Hansen and Travis, 1974). Titan’s atmosphere is modeled as 147 layers ranging
in thickness from 0.5 km near Titan’s surface to 50 km at 1200 km altitude, using the
temperature-pressure model of Lellouch (1990). Absorption due to CH4 and Hj is calcu-
lated line by line, and converted to correlated K-coefficients for the actual calculations. The
CH,4 mixing ratio in the lower troposphere is assumed to be 0.07 (60% relative humidity
at the surface), up to the height at which this equals the saturation value. The satura-
tion mixing ratio is then followed to the tropopause at 40 km, above which the saturated
tropopause value of 0.017 is followed (Lellouch et al., 1989). Raleigh scattering by the gas
is included, as is Mie scattering by haze (0.6 um particles with tholin optical constants).
CHy4 cloud particles are assumed to scatter isotropically, with a single-scattering albedo of

0.98.

3.4.3 PSF estimation

An estimate of the mean long-exposure PSF was determined for each set of observations by
modeling the broad-band images acquired immediately prior to the spectrum observations.
The nightly mean K’ or Ky image (Fig 3.1) was modeled by convolving a blank disk at the

known location of Titan by a PSF consisting of a sum of 3 Gaussian functions. A sum of
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Gaussians is clearly only a rough approximation to the true PSF, but its purpose here was
primarily to estimate the power and width of the halo component, which is expected to be
both smooth and symmetric. The structure of the PSF core and possible diffraction rings
were of much less concern. The full-width at half maximum (FWHM) of the narrowest
Gaussian was fixed at 07087, that expected for a diffraction-limited PSF at 2.1 yum wave-
length. The widths of the other two, and their relative contribution to the normalized PSF,
were allowed to vary, and were optimized using the AMOEBA algorithm (Press et al., 1992)
to minimize the square of the difference between the predicted and observed halos (the re-
gion beyond the solid limb of Titan). The optimized PSFs were found to closely reproduce
the observed halos, thus providing a robust estimate of the contribution of distant regions

of Titan to individual spectral apertures.

3.4.4 Model optimization

Both Voyager and Earth-based observations have found Titan’s haze to be zonally sym-
metric. This is to be expected from the long response time of the stratosphere to seasonal
forcing, and the slow rotation of the satellite. Spatially resolving Titan’s disk therefore
allows us to sample a given haze column at a variety of emission angles. This reinforces
the ability to constrain the vertical haze opacity profile, and to distinguish low haze from
bright surface regions. The recent identification of discrete condensate clouds near Titan’s
south pole (Brown et al., 2002; Roe et al., 2002) indicates that tropospheric clouds cannot
be treated in the same way.

The spectral modeling was performed in several steps, gradually increasing the number
of free parameters; we describe here the most complex, final model. Titan’s atmosphere is
divided into 5 zonal bands whose widths roughly match the spatial resolution achieved under
the worst conditions. The haze in each band is parametrized in terms of the optical thickness
in 4 layers between 40 km and 1265 km altitude, plus a fifth layer in the troposphere whose
altitude is allowed to vary. Each latitude band is further divided into longitudinal zones
of width ~ 45°, between which only the surface albedo is allowed to vary. 14 independent
surface albedo patches cover Titan’s visible disk (Fig. 3.8). A maximum of 6 free parameters
are therefore used to describe Titan’s surface and atmosphere at each location on the disk,
for a maximum total of 39 free parameters.

The observed spectra constitute a set of N measurements of the geometric albedo y; =
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Y1, --.,yN at location r and wavelength A, with an associated uncertainty o;. We fit these
spectra using the above model with M adjustable parameters a; = ai,...,ap. For a
given vector of parameters a = (ay,...,ap), we transform this model into a prediction
of the spectrum in each aperture y(r,\;a) as follows. We first use the radiative transfer
model to calculate the predicted spectrum every 07010 on a 1” x 1” grid centered on Titan.
The emission angle for which the spectra are calculated varies between grid points, even
within latitude bands and surface-albedo patches. The resulting three-dimensional dataset
(a spectrum at every grid point) is then spatially convolved by the estimated PSF, and
sampled at the locations of the actual spectral apertures. Assuming normally distributed
errors 0;, the maximum likelyhood estimate of the model parameters a will be achieved by

minimizing the x? merit function

1 Ny -y, A a)\
)=y ) (31)

oi
We used the Levenberg-Marquardt algorithm (Press et al., 1992) to optimize the M ad-

justable model parameters described above to minimize this merit function.

3.5 Results

3.5.1 Mean atmosphere

Though it is clear that Titan’s haze, clouds, and surface albedo vary across the visible disk,

disk average haze properties provides a useful point of reference, permitting comparison

Table 3.2: Radiative transfer model parameters

Model Date N® MP®  Wavelength (um) X2
Mean atmosphere 26 Sep 1999 89 x 105 5 2.12-2.30 18.4
20 Jul 2000 26 x 105 5 2.12-2.30 11.5
20 Dec 2001 150 x 105 5 2.12-2.30 9.0
Zonal atmosphere 26 Sep 1999 89 x 105 25 2.12-2.30 13.8
20 Jul 2000 26 x 105 25 2.12-2.30 6.0
20 Dec 2001 150 x 105 25 2.12-2.30 6.0

Atm. & surface 26 Sep 1999 89 x 120 39 2.03-2.05, 2.12-2.30 13.3

a. Number of spectral apertures, times the number of wavelengths fit.
b. Number of free parameters in the model.



42

26 Sep 1999 20 Jul 2000 20 Dec 2001
200 T T 200 T T 200 T T
1-3 1-3 1-3
150 150 150 ,g
= &
= 0
2 1001 {-2 100} {-2 100} 1-2 o
%]
= 4
= &
° [oa)
50t 1, sof 14 sof 1,8
0 ! .10 0 ! . 10 0 L .10
0.E+00 1.E-03 2.E-03 0.E+00 1.E-03 2.E-03 0.E+00 1.E-03 2.E-03
Extinction (km™) Extinction (km™) Extinction (km™)

Figure 3.4: Average haze extinction profiles on each night. No haze or cloud layer is
necessary below 30 km. Error bars represent 1-o random error. To within the errors, the
mean opacity distribution of the main haze layer (> 40 km) appears to have remained
unchanged over the two years spanned by these observations.

with previous disk integrated spectroscopy. We therefore first fit the observed spectra
using a single set of parameters to describe the vertical haze profile at all latitudes, while
performing all other aspects of the model optimization as described in section 3.4. Note that
this average model is therefore weighted not by flux, as an unresolved spectrum would be,
but by area (since the individual spectra are evenly distributed in area.) Only the spectral
region insensitive to Titan’s surface (2.12-2.30 pum) is used in the fit.

The resulting fit between the predicted spectra and those observed is not particularly
good (see Table 3.2.) However, several interesting features of Titan’s haze are apparent
(Fig. 3.4). In a global mean sense, the total optical depth of scatterers in Titan’s lower
stratosphere remained constant over the two years of observations. The total haze optical
depth was 7 = 0.072 £ 0.005 on 26 September 1999, 7 = 0.076 4+ 0.016 on 20 July 2000, and
7 = 0.070 £ 0.006 on 20 December 2000. The 1-c uncertainties listed here and displayed
in the figures are the random error due primarily to electronic and photon noise in the raw
spectra. Not included is an additional systematic uncertainties, the most important being
the uncertain flux calibration of the spectra which we estimate to be in error by less than
15% on 26 September 1999 and 20 December 2001, and 5% on 20 July 2000.

The haze extinction appears to increase with decreasing altitude to 30 km above Titan’s
surface, below which no haze is necessary to adequately model the spectrum. However, haze

or clouds between 30 and 40 km altitude are required to correctly fit the spectra (Fig. 3.7).
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Figure 3.5: Summary of the optical depth of haze measured as a function of altitude and
latitude. Dotted line: > 110 km. Dashed line: 40-110 km. Thin solid line: 30-40 km. Thick
solid line: Total scattering optical depth. Error bars represent 1-o random error. Though
the south polar tropopause scattering layer has remained unchanged over two years, a
gradual shift to the north can be seen in the main haze layer above 40 km.

3.5.2 Zonal haze model

Gradually increasing the complexity of the model, we next divide Titan’s atmosphere into
five zonal bands. We continue to ignore the surface by fitting only the 2.12-2.30 ym region
of the spectra. Figure 3.5 summarizes the evolution of the vertical distribution of the haze
over the two years of observations, while vertical profiles near Titan’s south pole and equator
on 26 September 1999 and 20 December 2001 are shown in Fig. 3.6.

The most striking feature of the latitude-resolved haze profiles is the strongly scattering
layer at 30-40 km altitude, present only at high southern latitudes. Though the layer is
optically thin (7 = 0.05), it accounts for half of the total scattering optical thickness at
Titan’s south pole. Above this tropospheric scattering layer, the main haze deck exhibits a
distinctly different latitude dependence. At 40-110 km, aerosols appear evenly distributed
in latitude in 1999, while a clear shift towards Titan’s northern limb has occurred by
December 2001. The highest haze layers to which these observations are sensitive, above
110 km, appear thicker above Titan’s equator in 1999, but more evenly distributed by 2001.
Haze profiles fit to the central meridian spectra taken 20 July 2000 are included in Fig. 3.5
to demonstrate that they are consistent with a gradual transition between the 1999 and
2001 aerosol distributions. However, the absence of a variety of emission angles sampling
each zonal band of the model leads to far larger uncertainties in the retrieved haze optical

depths.
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Figure 3.6: Sample haze profiles at 3 latitudes on Titan, on 26 September 1999 and 20 De-
cember 2001. The conspicuous scattering layer at 30—40 km altitude is reduced in thickness
by at least a factor of 4 north of 30°S. Error bars represent 1-o random error. Note the
change in extinction scale between the plots.

In both the mean atmosphere and zonal models, the altitude of any tropospheric scatter-
ing layer is left as a free parameter, which is optimized along with its optical depth and the
vertical distribution of the overlying stratospheric haze. Though the spectral fits indicate
that the optimum altitude of a tropospheric scattering layer is 30-40 km, this result is not
independent of the derived stratospheric haze profiles.

To better constrain the altitude of the southern tropospheric scattering layer, we isolate
its spectrum by subtracting spectra of Titan’s southern and northern limbs (Fig. 3.7). The
residual shows a rapid rise in albedo between 2.17 and 2.14 ym. The residual is most closely
fit by a layer of scattering particles at 30—40 km above Titan’s surface, with an optical depth
of 7 =0.04 4+ 0.01. This is slightly lower than was found in the zonal model optimization,
since some opacity (7 & 0.01) is present at this altitude in the northern limb spectra as
well. The difference spectrum can equally well be fit by a region of scattered optically thick
clouds with tops near 40 km, covering 2.7 + 0.7% of the region sampled by the southern

spectra. By fitting the difference between southern and northern limb spectra, the altitude
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at which we locate the layer is independent of our interpretation of the overlying haze. The
disadvantage of this method is that the optical depth of the layer is underestimated. The
primary uncertainty in the altitude is due to the poorly constrained distribution of CHy in
Titan’s stratosphere, which we assume to have a constant mixing ratio of 0.02 (Lellouch
et al., 1989). Below the tropopause scattering layer, Titan’s atmosphere appears free any
widespread haze or cloud layers with optical thickness 7 > 0.01 at 2.0 um (averaged over
the ~ 1200 km projected spatial resolution), determined by inserting such a layer in the

atmospheric model and testing for consistency with the observed spectra.
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Figure 3.7: The difference between the mean of two southern and two northern limb spectra,
fit with radiative transfer models. Their spatial weighting functions are displayed on the
left. Model spectra were calculated with the identical geometry, and their difference fit
to the residual. The extra flux in Titan’s south polar atmosphere can best be fit by the
addition of an optical depth 7 = 0.04 4+ 0.01 scattering layer at 30-40 km altitude in the
south. Equivalently, the layer could consist of scattered optically thick clouds with tops at
30-40 km altitude, covering 2.7 + 0.7 % of the south polar region.

3.5.3 Surface albedo

The opacity of Titan’s atmosphere due to CHy and Hjy is sufficiently low at A < 2.12 um

for images and spectra of Titan to record light scattered at the surface. Uncertainty in
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Figure 3.8: left: Titan’s surface albedo at 2.04 pm, determined by optimizing a radiative
transfer model to 89 spectra taken on 26 Septmber 1999. The locations of the 14 independent
surface regions is arbitrarily. The atmosphere is divided into 5 zonal bands, in which the
vertical haze distribution in 5 layers was simultaneously fit. The estimated uncertainty
is 15%, dominated by the poor photometric calibration of the spectra. center: Model
spectra at each location on Titan’s disk were multiplied by the K’ transmission spectrum
and spatially convolved by the estimated PSF, to produce this simulated K’ image. right:
Actual Palomar AO K’ image of Titan taken at 07:24 UT on 26 September 1999.

the collision-induced absorption coefficients of Ho—Ny leads to poor fits between the model
spectra and those of Titan between 2.05-2.12 (Griffith et al., 1998). Only our 26 September
1999 spectral observations recorded the region A < 2.05 pum over which we can reliably
determine Titan’s surface albedo.

The surface albedo distribution determined by optimizing the full surface and atmo-
spheric model described in Section 3.4.4 is presented in Fig. 3.8. Atmospheric parameters
remain essentially unchanged from the atmosphere-only model fit, and no scattering layer
between 5 and 30 km altitude is necessary to fit the spectra. The spectra provide no
distinction between a bright surface and bright clouds below 5 km altitude.

Despite the coarse resolution and arbitrary locations of the patches into which Titan’s
surface has been divided, the derived albedo distribution does an excellent job of reproducing
the spectra observed on 26 September 1999. Several sample fits are presented in Fig. 3.9.
A further encouraging result is the quantitative similarity between a simulated K’ image of
Titan computed from the surface albedo and haze distributions, and an actual image take
the same night (Fig. 3.8).

Titan’s surface displays strong albedo contrasts of at least a factor of two at regional
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Figure 3.9: Sample model fits to three spectra taken 26 September 1999. The observed
spectra are displayed as points, with 1-o error bars which do not include the 15% photo-
metric calibration uncertainty. The spatial weighting function of each spectrum is shown
on the left. Optimized model spectra are indicated by solid lines. These three spectra were
chosen to illustrate bright and dark surfaces (top and center) and the hazy south polar
region (bottom).
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spatial scales, despite the inevitable reduction in contrast imposed by a extended PSF.
Though we attempt to correct for the PSF in our analysis by comparing a convolved syn-
thetic images to the observations, the coarse resolution with which we parametrize the

surface similarly reduces the recovered contrast. It is therefore quite startling that we find

a range of albedos of nearly a factor of 3, from 0.05 + 0.01 to 0.14 + 0.02.

3.6 Discussion

3.6.1 Seasonal change in Titan’s haze

The gradual northward movement of haze in the main layer above 40 km altitude appears
to be an expression of the advection of haze in Titan’s stratosphere by meridional winds.
General circulation models indicate that pole-to-pole thermally direct winds probably dom-
inate Titan’s stratospheric meridional circulation during most of the year (Hourdin et al.,
1995; Rannou et al., 2002). Titan’s seasonally varying north-south brightness asymmetry
at visible wavelengths is one consequence of haze advection by meridional winds.

Since 1994, Titan’s northern hemisphere has been darkening in the blue, evolving back
towards the state observed by Voyager in 1980 and indicative of a thickening high haze
layer (Lorenz et al., 1999). By 1997, the optical thickness of high haze (> 160 km altitude,
appearing dark in blue filters and bright in CH4 bands) in the north exceeded that in the
south, while the layers below appeared to lag behind (Lorenz et al., 2001). More recent
visible adaptive optics observations of Titan confirm this picture, finding the main haze
layer (< 90 km) globally uniform as late as November 2001 (Ch. 2).

The spectral observations presented here are more sensitive to changes in the total
optical thickness of the main haze layer than visible-light images, and they record subtle
changes between September 1999 and December 2001. While the optical depth of haze above
Titan’s tropopause appears to have remained constant in the south polar and equatorial
regions, it has increased by 20 + 5% at 45°N. Rannou et al. (2002) suggest an elegant
mechanism for the thickening of the main haze layer in the mid-latitudes of the winter
hemisphere. The pole-to-pole meridional winds act as a conveyor belt for aerosols created
high in the equatorial stratosphere, carrying them first north (during southern summer)
along the detached haze layer, then down towards the winter pole. The thickening haze

would then circulate southward at lower altitude, causing the observed increase in main
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layer’s optical depth in the northern mid-latitudes.

3.6.2 Tropopause cirrus

The brightly scattering region near Titan’s south pole has been noted previously in both
visible (Lorenz et al., 1999; Young et al., 2002; Ch. 2) and near-infrared (Coustenis et al.,
2001; Roe et al., 2002) images of Titan, but its altitude was misinterpreted or constrained
only to lie within the troposphere. We have demonstrated that the spectral signature of
this scattering layer reveals it to be at the very top of the troposphere, at 35 + 10 km.
Significantly, this is well above the transient tropospheric clouds which populate the same
region. The tops of the transient clouds, interpreted to be convective towers initiated by
surface heating, were found to lie at 16 £5 km (Brown et al., 2002), near the level expected
for moist convection (Griffith et al., 2000).

A surprising feature of the tropopause scattering layer is its apparent stability, despite
the seasonal changes taking place in the main haze layer above. It changed in neither
thickness nor extent between 1999 and 2001, remaining restricted south of ~ 30°S. This
same behavior was noted in the analysis of visible AO images of Titan in Ch. 2. The stability
suggests that the aerosols which comprise the layer are either long-lived, or continuously
replenished by a process which is not undergoing significant seasonal evolution.

Early suggestions that the layer might represent CHy or CoHg condensation onto C4No
ice-covered haze particles (Samuelson et al., 1997) now seem unlikely, since the C4Ny source
is expected to diminish rapidly as stratospheric temperatures rise in late spring. It also
seems unlikely that the settling of haze from the main layer could lead to such a stable
feature, during a season in which significant upward vertical motion is predicted (Hourdin
et al., 1995; Tokano et al., 1999). The presence of tall convective clouds beneath the scat-
tering layer, and a steady pole-to-pole circulation pattern, suggest another possibility. The
tropopause scattering layer may be a region of cirrus-like CHy condensation clouds, related
either to the upwelling of moist air in the convective plumes, or the regional upwelling of
the summer pole. The later case would be analogous to optically thin tropical cirrus on the
Earth, which form at the tropopause in the rising cell of the Hadley circulation (Kércher,
2002). Higher spatial resolution observations will be required to distinguish between these

various possibilities.
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3.6.3 Surface

Resolved images of Titan through low-opacity spectral windows from 0.6 to 2 pm reveal
high contrast, apparently permanent albedo features on its surface. However, the difficulty
of analyzing broad-band (frequently deconvolved) images taken through an absorbing and
scattering atmosphere has led to a lack of consensus on both the absolute albedos of features,
and the contrast exhibited between bright and dark regions.

Early HST images of Titan’s surface (Smith et al., 1996; Meier et al., 2000) were cor-
rected for light scattered in Titan’s stratosphere by subtracting a zonally averaged image,
leaving no hope of recovering the absolute surface albedo. Most ground-based observers
have instead relied on subtracting an image of Titan taken at a nearby wavelength sensitive
only to the haze, but have stopped short of correctly modeling the absorption experienced
by the residual light scattered from the surface (Combes et al., 1997; Coustenis et al., 2001;
Ch. 2). Gibbard et al. (1999) estimate the absolute albedo of Titan’s surface using a simple
3-layer radiative transfer model to interpret speckle interferometric images on two night.
Though an improvement over the previously described techniques, one weakness of theirs
is in the optimization of the haze model, for which they effectively assume Titan’s surface
to have zero albedo near the edges of the disk. Consequenly, the haze optical depth is over-
estimated to some degree, leading to an underestimate of the surface albedo and a possible
overestimate of the surface contrast. Nevertheless, they find that the albedo of Titan’s
surface at 2.0 pm ranges from 0.05 to 0.13 at a spatial resolution of ~ 240 km.

The spectral modeling technique which we have developed in this chapter allows both
the surface albedo and three-dimensional haze distribution overlying the surface to be de-
termined simultaneously, at the expense of a loss of spatial resolution (due primarily to
the reduced spatial resolution generally achieved with the longer exposures required for
spectroscopy.) We find that the 2.0 um surface albedo of the hemisphere centered on coor-
dinates 57°W, 21°S ranges from 0.05+ 0.01 to 0.14 +0.02 when averaged over spatial scales
of ~ 1200 km. The mean surface albedo of this hemisphere of Titan (weighted by projected
area) is 0.09 £ 0.01.

The hemisphere of Titan viewed on 26 September 1999 includes the eastern extension
of the bright, continent-like feature centered at approximately 100°W and the very dark

region to its north-east. Though there is little actual overlap with the surface albedo maps
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of Gibbard et al. (1999), we derive a consistent albedo for the bright region (of which
they viewed the western half), and similar values for the darkest areas surrounding it. We
therefore concur with their surprising result that the 2.0 pm albedo of the large bright
region is similar to that of the icy Galilean satellites, whose geometric albedos range from
0.10 (Europa) to 0.18 (Ganymede). The albedo of pure HoO ice at 2.0 um varies widely
as a function of grain size, but spans the range 0.10-0.25 at the conditions found on the
icy Galilean satellites (Clark and Mc Cord, 1980). If the bright region on Titan represents
exposed water ice with a similar grain structure, then its relatively high albedo argues that
extensive regions must be kept free of the accumulation of dark atmospheric sediments, by
either topography or active meteorological processes. In contrast, dark areas surrounding
the bright surface feature have a 2.0 pym albedo which is consistent with a surface covered

by either hydrocarbons or expected atmospheric precipitates (Khare et al., 1984, 1990).

3.7 Conclusions

The observations presented in this chapter comprise the first spatially resolved spectra of
Titan at near-infrared wavelengths. They combine spatial and spectral resolution sufficient
to simultaneously determine the vertical distribution of aerosols in Titan’s atmosphere and
the albedo of the underlying surface.

Over the period of September 1999 to December 2001 (late southern spring on Titan),
the changing distribution of aerosols in Titan’s stratosphere appears consistent with recent
models in which haze is advected by thermally-direct meridional winds (Rannou et al.,
2002). However, a distinct scattering layer near the tropopause at high southern latitudes
is not accounted for by current models, and may represent an optically thin CHy cloud
layer condensing in a region of gentle uplift. Below this thin cloud layer, Titan’s troposphere
appears clear, as these observations did not achieve the spatial resolution necessary to detect
the transient CHy clouds recently identified near Titan’s south pole (Brown et al., 2002;
Roe et al., 2002).

Below this complex and variable atmosphere, Titan’s surface exhibits a striking range
of surface albedo at 2.0 pm, varying between 0.05 and 0.14 at a projected spatial resolution
of ~ 1200 km. Only one other body in the solar system exhibits similarly strong surface

albedo contrast on such large spatial scales; the Earth.
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Chapter 4

Titan’s stratospheric winds

4.1 Introduction

This chapter presents observations and analysis of a binary stellar occultation by Titan,
imaged with high spatial resolution using the Palomar adaptive optics (AO) system on
20 December 2001. These observations are the first of their kind, simultaneously recording
both the flux and angular deflection of starlight passing through the atmosphere of a small
planetary body. While typical occultation lightcurve analyses are restricted to measuring
atmospheric parameters local to the apparent location of ingress and egress of the star, this
unique event probed Titan’s stratosphere at two altitudes over most of the satellite. The
combination of adaptive optics and the fortuitous alignment of Titan and a binary star has
provided a dataset which is as rich scientifically as it is visually spectacular (Fig. 4.1).
This chapter has two goals. The first is to present a detailed description of the event and
the data collection and processing steps used, so as to provide a useful dataset for future
investigations. Both the raw and processed data are made available in the appendices.
Second, I present an initial analysis of these unique observations, developing a new technique
for tracing rays through a complex atmosphere, in order to determine the zonal wind field
in Titan’s stratosphere. I demonstrate that Titan’s zonal winds are far from symmetric
about the equator, and in some ways resemble those of the Earth and Mars, with a strong

jet at high winter latitudes.

4.1.1 Stellar occultations

Occultations provide one of the principal tools with which we can remotely probe the upper

atmospheres of solar system planets and satellites. Starlight (or a spacecraft’s radio signal)
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Figure 4.1: Titan occulting a binary star on 20 December 2001. This selection of bias- and
gain-corrected 437-ms integrations was chosen to illustrate several observed phenomena
and be approximately evenly spaced in time. They are displayed in a fixed stellar reference
frame, with tick marks along the axes spaced every 0’1. The both near and far-limb refracted
stellar images can be recognized in many of the frames. The UTC midpoint time of each
frame is marked.

traversing an atmosphere will be deflected in the plane of the local refractivity gradient,
affecting its direction of propagation and its intensity. It may furthermore be scattered or
absorbed by the gas or by aerosols suspended in the atmosphere. Rays initially tangent to
the planet or satellite’s limb may experience only a slight deflection, escaping the atmosphere
to be detected by an observer beyond. The angular deflection and flux of the emergent
starlight can reveal the density, composition, and aerosol content of the atmosphere (see
review by Elliot and Olkin, 1996).

Most previous observations of stellar occultations have been restricted to measuring the
refracted stellar flux as a function of time (the lightcurve), as an observer on Earth follows

a chord across the planetary shadow. At any location within the shadow there exist at
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least two points on the limb for which the observer lies within the plane containing by the
star and the local refractivity gradient. Therefore, starlight refracted at both the near and
far limb, defined with respect to the apparent position of the star behind the planet, will
generally contribute to the observed flux. The primary cause of the dimming of starlight
in the shadow is the increasing divergence of the beam of starlight as deeper regions of
the atmosphere (where the refractivity gradient is higher) are traversed (Baum and Code,
1953). If the atmospheric composition is known and the opacity is negligible, the lightcurve
observed along a chord through the shadow can be inverted to derive temperature and
density profiles at the points of ingress and egress of the star on the planet’s limb (French
et al., 1978).

Near the center of a planet or satellite’s shadow, a central flash may be observed as
the center of curvature of a portion of the limb is approached. A spherically symmetric
atmosphere would focus light to the geometric center of the shadow, while the central flash
of an oblate or otherwise non-spherical atmosphere has a more complex structure. The
central flash was first recorded in unresolved photometry of the occultation of ¢ Gem by
Mars on 8 April 1976. The flux recorded in the caustic was used to derive the mean opacity
of the lower Martian atmosphere near the south pole, the region inferred to have been
traversed by the magnified rays (Elliot et al., 1977). Central flashes have since been recorded
photometrically during stellar occultations by Titan (Hubbard et al., 1993, hereafter H93),
Neptune (French et al., 1998), and Triton (Elliot et al., 1998).

While much can be inferred from an occultation lightcurve alone, the complementary
measurement of the angular deflection of the starlight has rarely been attempted. The only
previous spatially resolved observations of an occultation were reported by Nicholson et al.
(1995, hereafter N95), who acquired a sequence of near-infrared images of the occultation of
28 Sgr by Saturn on 3 July 1989. They observed a central flash, resolved into four separate
refracted images of the star moving along Saturn’s northern and southern limbs. The plane
of the starlight’s angular deflection (or the apparent position angle of the refracted stellar
images on Saturn’s limb) is sensitive to the projected shape of surfaces of constant number
density, which will be function of planetary rotation and the zonal wind speed. N95 used
the location of the central flash images to demonstrate that the mid-latitude tropospheric
winds measured by cloud tracking decay with height to a global stratospheric flow whose

speed is equal to the mean of the tropospheric values.
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Figure 4.2: The predicted flux (a) and angular deflection (b) of starlight during and oc-
cultation by Titan, with respect to the minimum altitude or pressure reached. A pure N,
spherically symmetric, isothermal stratosphere at T' = 165 K was assumed, with the number
density normalized to n(rg) = 3.1 x 10%2 em™3 at ro = 2775 km (Yelle et al., 1997). The
central flash is produced when light penetrating to 240 km altitude is refracted by (44,
concentrating it at the geometric center of Titan’s shadow. See Section 4.4 for details.

4.1.2 Region of atmosphere probed

Stellar occultations observed from Earth probe the stratospheric regions of most planets. In
the case of Titan, the first detectable drop in the flux of an occulted star due to differential
refraction occurs when the tangential ray penetrates to an altitude of ~ 600 km (~ 107 bar,
Fig. 4.2a). Starlight reaching deeper into the stratosphere is refracted at progressively
greater angles, reaching /44, the apparent radius of Titan on 20 December 2001, near
240 km altitude (3 x 10~* bar, Fig. 4.2b). The central flash is therefore produced by light
penetrating to this region of the atmosphere, while far-limb images sample the atmosphere
at only a slightly greater depth.

The occultation observations presented in this chapter are therefore sensitive to the
broad region of Titan’s stratosphere extending from roughly 200 to 600 km above Titan’s
surface. The flux and angular deflection are each most sensitive to different zones, with
measurable changes to the flux occurring well before significant angular deflection of the
starlight. The half-light level, roughly the point at which scintillation due to pressure
inversions begins to degrade the usefulness of the flux as a measure of atmospheric scale
height, occurs near 420 km altitude (7 x 1076 bar). Coincidentally, this is also the level
at which our observations become sensitive to the angular deflection. Haze opacity for a
tangential ray of light becomes significant below 350 km, though it is likely to be seasonally
variable and a strong function of latitude (Rages and Pollack, 1983; H93).
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4.1.3 3 July 1989 Titan occultation

The only previous widely observed stellar occultation by Titan took place on 3 July 1989
when Titan passed in front of the bright star 28 Sgr, 15 hr after its occultation by Saturn
(H93; Sicardy et al., 1999). Lightcurves were recorded at 15 observing stations in Europe
and Asia, and their analysis has provided a nearly global measure of the pressure and tem-
perature structure between 350 and 500 km altitude (1074 to 107 bar), a range of altitudes
to which Voyager instruments were mostly insensitive. This region of Titan’s stratosphere
was found to be roughly isothermal over both altitude and latitude, with a temperature
between 150 and 170 K, in agreement with radiative transfer models (Lellouch et al., 1989;
Yelle et al., 1997). However, two distinct and apparently global pressure inversions were
identified at 425 and 450 km altitude, corresponding to temperature fluctuations of 10 K
over a vertical scale of ~ 10 km.

H93 analyzed the central flash of the 28 Sgr occultation, recorded photometrically at 9
sites in northern Europe. The detailed appearance of the flash is a non-unique but sensitive
function of the shape of surfaces of constant refractivity along Titan’s limb, at the altitude
at which light is deflected by the apparent radius of the satellite (~ 240 km). H93 found
Titan’s limb to exhibit a flattened equatorial bulge, 14 km higher at the equator than
at 65°S, the highest latitude to which they were sensitive (Fig. 4.3a). The distribution
of observing stations, and higher haze opacity in Titan’s northern hemisphere, prevented
similar measurement of the northern limb. In the absence of temperature gradients, such
variations in pressure at a given altitude must be centrifugally supported by zonal winds,
which thus appear strongest at high southern latitudes (Fig. 4.3b). Our observations were
partly motivated by these elegant results, and the realization that AO-compensated imaging
of an occultation would provide a means to test and extend this measurement of Titan’s

zonal wind structure.

4.1.4 20 December 2001 Titan occultation

Little was known about the stars which Titan occulted on 20 December 2001 prior to the
event. In fact, the binary nature of the system was not recognized until the first AO-resolved
images were taken at Palomar, one hour prior to the ingress of the eastern component. The

star system (assumed single) is identified as NV04352154-200905 in the 2MASS catalogue,
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Figure 4.3: The shape of surface of constant refractivity (a) and inferred zonal wind field
(b) in Titan’s stratosphere, inferred from the central flash observed during the occultation
of 28 Sgr (Hubbard et al., 1993). The zonal wind field is that required to cyclostrophically
balance the observed limb shape (balancing both the centrifugal acceleration and pressure
gradient). Observations were sensitive only between the equator and 65° S, marked with
a solid line. The limb shape and wind field have been extrapolated beyond this region
assuming symmetry across Titan’s equator.

with magnitudes J = 11.4474+0.033, H = 10.73940.034, and K = 10.6124+0.031, consistent
with stellar types K9V or K4III (Young, 2001). The USNO-A2.0 visible magnitudes are
B =145 and R =12.4.

Predictions of the occultation provided by Leslie Young placed Palomar Observatory
100 £+ 100 km from the centerline of Titan’s shadow. In retrospect, this appears to have
been an accurate prediction of the shadow cast by the photocenter of the binary. The actual
centerline tracks, calculated from the positions of the the binary components determined
from our observations using equations given in Smart (1931), are displayed in Fig. 4.4.

In addition to the results described in this chapter, the 20 December 2001 occultation
was observed with adaptive optics on the 3.6-m AEOS and the 10-m Keck-II telescope.
Though near the centerline of the first star’s shadow, these observations were adversely
affected by the high airmass at which Titan was viewed from Hawaii, and various technical
difficulties. The Keck observations have, however, provided multi-wavelength photometry
of the occulted stars from 1.2 ym to 2.3 um (Roe, 2002b). The event was also observed
using conventional near-infrared photometric techniques at the 2.3-m Wyoming Infrared
Observatory, the 1.8-m at Lowell Observatory, and the NASA’s 3-m Infrared Telescope

Facility. The synthesis of the photometric observations is being coordinated by Leslie Young.
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Figure 4.4: Tracks of the center of Titan’s shadow on the surface of the Earth, displayed
on an orthographic projection centered on the sub-Titan point at 5:22 UT. The tracks were
computed from the stellar positions, relative to the known position of Titan, derived by
fitting an atmospheric model with uniform super-rotation to the flux and angular deviation
of near- and far-limb refracted stellar images of both occultations (see Section 4.4.8 for
details.) The 1-0 uncertainty in the position of each track is indicated by the width of the
underlying gray line. Ticks mark 10 s and 1 minute intervals. The location of Palomar
Observatory is marked with a circled cross.

4.2 QObservations

4.2.1 Adaptive optics

The observations were performed using the JPL adaptive optics system (Dekany, 1996)
coupled to the Cornell-built PHARO near-infrared camera (Hayward et al., 2001) at the
Cassegrain focus of the 5-m Palomar Hale telescope. Titan (V' =~ 8.2) acted as the ref-
erence source with which the phase aberrations induced by Earth-atmospheric turbulence
were measured. The deformable mirror and tip-tilt mirror were both run at the maximum
possible update frequency of 500 Hz. The relative faintness of the occulted stars in the
visible rendered them effectively invisible to the Shack-Hartmann wavefront sensor. Prior
to the first occultation, the AO correction quality was optimized for the color and angular
size of Titan by adjusting the locations to which the Shack-Hartmann spots were driven.
All images were taken through a K’ filter (1.945-2.296 pm) to maximize the AO correc-
tion quality and the photons collected from the very red stars. The Strehl ratio S, the ratio

of the peak brightness measured on a point source to that of a diffraction-limited optical
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system, fluctuated in the range 0.21 < S < 0.47 due to changing Earth-atmospheric condi-
tions, with a median during the occultations of Sieq = 0.33. Intermittent thin cirrus were

present throughout the observations, but they did not significantly impact AO performance.

4.2.2 Timing

Operating without a shutter, integration times on PHARQO’s 1024 x 1024 pixel HgTeCd
HAWAII detector are determined by the time elapsed between non-destructive readouts.
Balancing the requirements of a sufficiently wide field-of-view, short integrations, and a
reasonable duty cycle, we chose to read out only an 8” x 4" (320 x 160 pixels at 25 mas pix~!)

“reset-read”

region near the center of the detector. Each integration cycle consisted of a
in which each line the sub-array is reset to the bias voltage and the potential of each pixel
then read to memory (340 ms), a 100 ms pause, a second readout (340 ms), and a final
100 ms pause during which the reset-read frame is subtracted from the final frame and the
difference saved to disk. The effective integration time of each pixel is thus 440 ms, and the
time elapsed between the start of successive integrations is 880 ms. The serial nature of the
readout causes the images to be asynchronous, with the integration midpoint differing by
up to 340 ms from the lower to the upper edge of the sub-array. However, the maximum
delay between integration midpoints across Titan’s disk is only 75 ms.

Precise timing of each frame in the occultation imaging sequence was assured by syn-
chronizing the data-taking computer’s system clock to Coordinated Universal Time (UTC)
using Network Time Protocol software, accurate to approximately 0.1 s. The system time
at the start of integration of each frame was written to the image header, rounded down
to the nearest second. However, within each set of 256 frames the relative timing of the
integrations is known to 1 ms. We therefore linearly interpolated the start times within
each set (adding 0.5 s to each recorded time), leading to a final conservatively estimated
timing accuracy of 0.2 s. All times quoted in this chapter refer to the integration midpoint
of the central pixel of the sub-array.

Images were taken continuously from 4:48 UT to 5:58 UT, in sets of 256 with a gap of
3.68 s between sets, for a total of 4700 frames. Since Titan acted as the reference source
tracked by the wavefront sensor, the satellite remained roughly fixed on the detector while
the stars appeared to drift by from west to east. In each 3.68-s gap between exposure sets,

we offset Titan by a fraction of an arcsecond eastward, to keep the field of view roughly
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centered on the midpoint between Titan and the stars. To the amazement of all those
present at the telescope, 4700 frames spanning both occultations were acquired without
a single failure of either the telescope control system, AO system, or PHARO camera.

Everything went perfectly.

4.3 Data reduction

The goal of the reduction steps performed on the 4700 images is to determine the relative
position and flux of the stars (and stellar images refracted by Titan’s atmosphere) with the
highest possible accuracy. In effect, this requires fitting a model to each image composed of
Titan and two (or more) point sources, convolved by a single PSF which varies from each
frame to the next. For convenience and clarity, we perform this fit in four distinct steps.
We first correct for detector bias and non-linearity in every frame. Next, we calculate a
deconvolved model of Titan’s disk using a convenient subset of the images. Third, we solve
for the varying PSF and subtract a convolved model of Titan’s disk from each frame. In a

final step, we determine the relative locations and flux of any stellar images which remain.

4.3.1 Bias and gain correction

The images were processed using standard near-infrared image reduction techniques, includ-
ing the subtraction of a median dark frame, division by a mean of twilight sky observations
(a map of pixel gains), and correction for insensitive pixels. However, the operation of the
PHARO camera at such an unusually phrenetic pace led to some electronic glitches which
needed to be compensated for in the reduction process. The first 3—4 frames of each set of
256 exhibited a variable bias level, which appeared ramped along the slow-scan direction
(north-south) of the detector. These frames were eliminated from the sets of dark exposures
and twilight sky frames. The equivalent frames in the occultation imaging sequence were
corrected by subtracting the median of pixels along the east and west margins of the frame
from each row, then subtracting a similarly modified standard dark frame, before dividing
by the pixel gain map. In a final step, the mean sky brightness measured far from Titan
and the stars was subtracted from each frame. A series of representative reduced images is

displayed in Fig. 4.1.
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4.3.2 Titan disk model

A model of Titan’s disk was first calculated by running the blind deconvolution program
IDAC (Jefferies and Christou, 1993) on 400 independent sets of 4 consecutive frames, in
which the stars were well separated from Titan’s disk. Given N images of the same field
acquired with a varying PSF, IDAC iteratively determines the single deconvolved image
and N PSF maps which best fit the data in a least-squares sense, using prior information
such as positivity and a band-limited PSF to break the degeneracy inherent in solving
for N + 1 quantities. The relative motion between Titan and the stars over 4 frames is
only 0.34 pix, allowing the field to be treated as unchanging in this context. The 400
independent deconvolved images of Titan were co-aligned by cross-correlation with a blank
disk and averaged to create our disk model, shown in Fig. 4.5. We did not use the PSFs
recovered by IDAC in further processing, as they were typically somewhat broader than

those measured directly from the companion star.

Figure 4.5: Deconvolved model of Titan’s
disk, created from 400 frames in which the
stars were well separated from Titan. This
model, convolved by the PSF of the most
distant star, was then subtracted from each
0.6 frame in the imaging sequence. Complex
04  bright and darks surface markings domi-
nate this view of Titan’s leading hemisphere,

1.0
0.8

arcsec

Zi but the unresolved bright features along the

southern limb are most likely tropospheric

05 0.0 05 clouds (compare to Roe et al. (2002), Fig. 4b.)
arcsec The deconvolution process leads to some spu-

rious brightening of the entire limb.

4.3.3 PSF determination

The extraction of the PSF of the star most distant from Titan in each frame also followed
an iterative procedure, since the broad seeing-limited wings of Titan and the star were
superimposed on one another. In each frame, a preliminary PSF was first extracted after
the subtraction of Titan’s mean radial profile. Each star was then precisely located and
subtracted from the original image, using a non-linear least-squares minimization between

the PSF model and the radially-subtracted image to solve for their relative offsets and
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flux ratios. Next we convolved our IDAC-derived model of Titan’s disk by the preliminary
PSF, and performed an identical least-squares fit between this model image and the star-
subtracted image, to determine the relative location and flux of Titan’s disk. Finally, the
convolved, shifted, and scaled model of Titan was subtracted from the original frame and
the entire process repeated, until the extracted PSF showed no azimuthal asymmetries
due to the incorporation of light from Titan. All image translations in this process were
performed by adding a phase ramp to the imaginary part of the image’s Fourier transform,
then transforming back to the image domain. This technique preserves the spatial frequency
content of the image, while allowing precise shifts of a fraction of a pixel.

The end result of this modeling and subtraction procedure was a set of 4700 Titan-
subtracted frames, and an accurate PSF model for each. The sample Titan-subtracted
frames are displayed in Fig. 4.6. Though no coherent residual remains at Titan’s location,
flat-fielding errors and photon noise are both elevated in the region of Titan’s disk, leading

to a factor of ~ 4 increase in the noise over the background level of 6.2 DN pix 1.

4.3.4 Relative position and flux of stars

Finally, the accurate subtraction of Titan allows us to precisely determine the relative
positions and flux ratios of the stars and refracted stellar images which remain. The star
furthest from Titan acts as the astrometric and flux reference, against which the other
stellar images are cross-correlated. In each frame, we minimized the square of the difference
between the reference star and each other stellar image, solving for their relative offset in
pixels (using the Fourier shift technique) and flux ratio (Fig. 4.7).

The uncertainty in these quantities was estimated by performing Monte Carlo simu-
lations for each frame, reproducing the uneven background level, noise distribution, and
flux for each stellar image, and repeating the fit on 100 synthetic frames. Far from Titan,
the relative position of the stars is measured to better than 0.01 pix (0.25 mas), while the
relative flux is determined to 1% . For fainter refracted stellar images on Titan’s limb, the
uncertainty in relative position sharply increases to ~ 0.15 pix in typical frames.

Even in the absence of Titan, the measured relative position of the two components
of the binary would vary slowly as a function of location on the detector (due to optical
distortion) and terrestrial airmass (due to differential refraction). Similarly, the measured

relative flux might also evolve slowly due to optical distortions, airmass, and perhaps stellar
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Figure 4.6: The same series of images displayed in Fig. 4.1, after subtraction of Titan’s
image. The stretched and inverted gray-scale highlights the absence of a coherent residual
at Titan’s location. Faint, variable refracted images of the occulted star are now visible in
nearly all of the images.

variability. As noted in Section 4.4.8, the precision of these measurements is such that we
do detect several of these effects, but they are at least two orders of magnitude smaller than
the more rapid changes caused by the passage of Titan’s atmosphere thought the line of
sight.

The cross-correlation of stellar images was in fact performed twice. In a first iteration, we
visually identified and measured only the obvious near-limb refracted stellar images, ignoring
the far-limb images and any frames in which no refracted images were readily apparent.
After optimizing an atmospheric model to these initial measurements (see Section 4.4.8 for
details), we then predicted the positions of near- and far-limb refracted images in every
frame, and fit the shifted and scaled reference PSF to every one of these locations. In

some cases, noise spikes near the predicted locations were incorrectly identified as refracted
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images, but the uncertainties determined by the Monte Carlo technique correctly quantify
the irrelevance of such identifications. We furthermore carefully confirmed that no obvious
refracted images were missed by the automated technique due to inaccuracies in the initial
atmospheric model.

The end result of the data reduction is a list of the relative position and flux of every
stellar image detected in each frame, with respect to the star furthest from mid-occultation.
This table is reproduced in its entirety in Appendix A. We also display the relative positions

and fluxes graphically in Fig. 4.7.

4.4 Model

4.4.1 General approach

The observable quantities which we use in this analysis are the relative position of the two
stars in detector coordinates and the ratio of their flux, both as a function of time. The
relative position, in particular, can be measured with extraordinary precision. The angular
deflection and flux of starlight which interacts with Titan’s atmosphere will be a function of
the geometry of the occultation and atmospheric properties of Titan such as composition,
scale height, zonal wind field, etc. In addition, since we are not in fact measuring the
angular deflection or flux of the starlight directly but rather the relative separation and
recorded flux of two stars on a detector, several other instrumental parameters must also
be considered. We will ignore these instrumental effects for now, and present first a model
for the propagation of starlight through Titan’s atmosphere and to an observer on Earth.
Instrumental effects are addressed in Section 4.4.7.

Our primary interest in this chapter is to determine the zonal winds in Titan’s strato-
sphere, whose presence is reflected both in the position of refracted images on Titan’s limb
and, to a far lesser extent in the flux of these images. We also consider the effects of tem-
perature and haze. Other observed phenomena, such as scintillation due to kilometer-scale
pressure variations in Titan’s stratosphere, are ignored and treated only as a source of noise.
The model proves far too complex to allow a direct inversion of the measured stellar positions
and fluxes to retrieve atmosphere parameters. Instead, we compute predicted observables,
effectively creating a synthetic dataset based on a small set of parameters, and optimize the

parameters to minimize deviations between the synthetic and actual observations.
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Figure 4.7: Relative position and flux of stars during successive occultations by Titan, in
detector coordinates xqet and Yget
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We use a numerical technique based on previous analytic models of stellar occultations
by Pluto, Saturn, and Titan. nocite1992AJ....103..991E Elliot and Young (1992, hereafter
EY92), derived equations for the expected angular deflection and flux of light refracted
through a weakly bound atmosphere, one in which the scale height is a non-negligible frac-
tion of the body’s radius. They include the effects of gradients in atmospheric temperature,
composition, and opacity and assume the planet and its atmosphere are spherically sym-
metric. This model successfully reproduces most of the phenomena which we observe (with
the notable exception of the scintillation), but significant deviations from the predicted
stellar positions occur near deepest occultation of both stars, which we will demonstrate
are caused by strong winds in Titan’s stratosphere.

The effect of a non-spherically symmetric atmosphere on the propagation of starlight
was addressed by both H93 and N95 in their analyses of the central flash produced by
the Titan and Saturn occultations of 28 Sgr. Both authors, however, used the simplifying
approximation that the central flash is produced by refraction at a single surface of constant
refractivity in the atmosphere. The models of H93 and N95 therefore predict only the
direction of the refraction of starlight, equivalent to predicting only the position angle
of refracted images along the limb. We initially attempted to combine the techniques of
EY92, H93, and N95 to develop an analytic model for both the direction and magnitude
of the angular deflection of starlight incident on an axially symmetric (but non-spherical)
atmosphere. However, the tilt of Titan’s polar axis (the presumed axis of symmetry of
the atmosphere) with respect to the direction of the incoming starlight renders integrals of
atmospheric parameters along the path of the ray prohibitively complex. It proved simpler
and more intuitive to calculate such integrals numerically.

Though the geometry of the current problem is complex, we can make several simplifying
assumptions regarding Titan’s atmosphere which could not be made in the aforementioned
studies. First, Titan’s atmosphere can be considered isothermal over the region of interest
(240600 km above Titan’s surface). As shown in Fig. 4.4.1, radiative transfer models of
Titan’s atmospheric temperature structure based on Voyager observations (Lellouch, 1990;
Yelle et al., 1997) predict at most a 30 K difference in temperature between 10~7 and
3 x 1073 bar. These models are supported by retrievals of the temperature profile from
lightcurves measured during the occultation of 28 Sgr (H93), though the scintillations seen

in both those lightcurves and the present observations demonstrate that fine scale temper-
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Table 4.1: Variables used in the occultation model

Coordinate systems

R, ¢, A\ Planetocentric radius, co-latitude, longitude
0,0,z Cylindrical coordinates in planet plane
o0 Polar coordinates in observer plane

z',y Cartesian coordinates in observer plane

«,d Relative right ascension and declination

Tdet Ydet Relative detector coordinates
Atmospheric parameters

T,P,N Temperature, pressure, number density
v Refractivity
Other important variables
0,9 Deflection angle, normalized flux of starlight

ature structure does exist (Sicardy et al., 1999). We furthermore assume the atmospheric
composition to be unchanging over this region, as reflected in the mean molecular weight.
Titan’s homopause lies well above the region of interest, near 1000 km (Miiller-Wodarg and

Yelle, 2002).
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= ¢ Figure 4.8: Radiative transfer models of the temperature
3 400f “°%  structure in Titan’s stratosphere by Yelle et al. (1997)
° 300t 1_4g (solid lines) and Lellouch (1990) (dashed line).
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4.4.2 Coordinate systems

We first must define a set of coordinate systems in which the refraction and absorption
of starlight by Titan’s atmosphere can be described (Table. 4.1). We generally follow the
notation of EY92 and N95, though changing variable as necessary to eliminate duplications.

The properties of Titan’s atmosphere can best be described in spherical coordinates, in
which R, ¢, A represent radius, planetocentric co-latitude (measured from the north pole),
and east longitude, whose origin lies in the direction of the observer. The refraction of
starlight is better described in a cylindrical coordinate system, represented by p, 6, and z,

where z runs parallel to the axis of the shadow. p represents the radial distance from the
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shadow axis, and @ is the angular coordinate, measured clockwise from the plane containing
Titan’s rotational axis and the star.

We can project Titan’s shadow onto an observer plane, that containing the observer
and perpendicular to the shadow axis at a distance z = D from Titan’s center. Locations
in the observer plane are described by either their polar coordinates p’ and 6" or Cartesian
coordinates 2’ and 3/, centered on the shadow axis and with the y-axis coinciding with the
origin of ¢’. Finally, we also use the quaint yet traditional spherical coordinate system of
right ascension « (increasing eastward) and declination § to describe the relative locations
of Titan and a star, and the variables z4e; and yge; to describe relative positions on the
detector.

Equations to convert from spherical to cylindrical coordinates are given by N95 (though
note that they use planetocentric latitude, rather than co-latitude). The reverse transfor-
mation can be performed in the following three steps. We first define a rectangular set of
coordinates X, Y, and Z centered on Titan, whose Z axis is aligned with that of the shadow

and X — Z plane contains Titan’s rotational axis.

X = psinb, (4.1)

Y = pcos@. (4.2)

We next define a second set rectangular coordinates U, V, W, rotated by an angle ¢go
around the z = U axis to align the V axis with Titan’s north pole. ¢ge is the co-latitude of

the sub-Earth point on Titan at the time of the observations, equal to 115°53.

U= X, (4.3)
V =Y sin ¢ge + Z oS @ge, (4.4)
W = —Y €08 ¢ge + Z Sin ¢ge. (4.5)

We finally convert to planetocentric spherical coordinates by the following equations.

r=VU2+4+V24+W2, (4.6)
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¢ =cos H(V/r), (4.7)

A = tan~(U/W). (4.8)

4.4.3 Deflection angle and flux

With the coordinate systems defined, we write the basic equations for the bending angle ©
and the normalized flux ® of a refracted beam of starlight. A ray of starlight penetrating an
atmosphere along a line defined by cylindrical coordinates (p, ) will experience a bending
angle ©O(p,0) (bold font denotes a vector quantity, in this case with components in the
and 0 directions) given by the gradient of the refractivity v(r, ¢) integrated along the path
of the ray. Since the bending angle in the present situation is always small (@ < (079),
the path of the integration can to a very good approximation be considered a straight line

parallel to the z axis,

O(p,0) = V/_O:o v(r,¢)dz. (4.9)

The complexity of the case of a non-spherical atmosphere tilted with respect to the line
of sight arises from the range of latitudes ¢ and the varying plane of refraction ©/|0|
experienced by each ray.

The observed flux of starlight which has penetrated Titan’s atmosphere is a function
of three competing factors. These can be expressed simply for a spherically symmetric
atmosphere, as follows (EY92). The spreading of a bundle of rays by differential refraction
as it traverses the atmosphere will lead to a reduction of the flux by a factor of dp/dp’. The
flux may be further reduced by absorption or scattering in Titan’s atmosphere, which can
be expressed as the exponential of the negative of the total opacity integrated along the
path of the ray 7ops(p). Finally, the curvature of Titan’s limb in the plane perpendicular
to the starlight will cause rays to converge within the shadow, enhancing the flux by a
factor proportional to the radius of curvature divided by the distance of the observer from
the center of curvature p/p’. Combining these terms, the flux of starlight emerging from a

spherically symmetric atmosphere, normalized to that incident, will be

®(p) = 53—; exp[—Tobs (p)]- (4.10)

In the absence of spherical symmetry, it is perhaps more intuitive to think of the normalized



70
flux as the ratio of the area of a bundle of rays in the planet plane pdpdf to the area of the

bundle in the observer plane p'dp’df’, attenuated by the gas or scattering opacity,

pdpdf
(I)(,O, 9) = p’dp’dal exp[—TObS(p, 9)] (411)

To evaluate Eq. 4.11, we must first calculate the deflection angle ©(p, 6), then trace the
deflected rays to their destination (p’, ") in the observer plane. In terms of the components

of ® in the p and 0 directions, this transformation can be expressed as

7' (p,0) = psind + O, sin b + Oy cos b, (4.12)
Y (p,0) = pcos® + O, cos — Oysind, (4.13)
0 (p,0) = /2% +y2, (4.14)

0'(p,0) = tan" (' /y/). (4.15)

4.4.4 Atmospheric model

In order to determine the deflection angle of a ray penetrating Titan’s atmosphere (Eq. 4.9),
we need a model for the refractivity v(r, ¢) as a function of radius and co-latitude. The
model must include the effects of planetary rotation and zonal wind, as well as the varying
force of gravity over this broad region of Titan’s atmosphere. We can describe the rotation
of the atmosphere as the sum of the rotation rate of Titan ws and that of zonal winds with
a speed Vi, (r, ¢),

w(r, ) = ws + Vulr,¢) (4.16)

rsing
In hydrostatic equilibrium, the pressure gradient will balance the sum of the gravitational
and centrifugal accelerations experienced by a parcel of this atmosphere times the mass

density p(r, ) of the gas. We can express the r and ¢ components of this force balance as

(%%) = pw?rsin ¢ cos ¢, (4.18)
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where g = GM /r? and the partial derivatives are taken at constant ¢ and r, respectively.
For any realistic zonal winds, the gravitational acceleration will be much larger than the
radial term of the centrifugal acceleration, so we can approximate Eq. 4.17 with the more

familiar equation

oP
— | = —pg. 4.19
< B )¢> Py (4.19)
Rearranging this expression,
1 or
Y i 4.20
=9(5p), (4.20)
we substitute it into Eq. 4.18,
P
—g <(‘?_]TD>¢ (7’83_¢>T = w?rsin ¢ cos ¢, (4.21)

leading to the following partial differential equation which describes the shape of surfaces

of constant pressure;

(%)P = —$w2r2 sin ¢ cos ¢. (4.22)

Equation 4.22 can be integrated along surfaces of constant pressure to determine their
radius as a function of co-latitude. If these surfaces deviate only slightly from spherical,
then we can move 2 and g out of the integral, leading to the following approximate solution

(Ingersoll, 1970)

P, o) ®
r(P,¢) ~ r(P,¢o) (1 - T(G:—](ZO) /¢0 w(P, ¢')*sin ¢’ cos gb’dqb') ) (4.23)

An exact solution for (P, ¢) is given by Lindal et al. (1985), but Eq. 4.23 represents a
sufficiently good approximation at Titan’s slow rotation rate. The integral in Eq. 4.23
describes the shape of surfaces of constant pressure, which for constant composition and
temperature will coincide with surfaces of constant refractivity. In the context of this
simplified model, Eq. 4.23 can be thought of as an altitude correction to the pressure
structure of Titan’s atmosphere, due to the presence of zonal winds.

We compute the pressure as a function of radius at any fixed co-latitude ¢ by substituting

the ideal gas law into Eq. 4.19 and expanding g,

Ldb __ p GM
Pdr kT r2°

(4.24)
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where k is Boltzman’s constant and p is the mean molecular weight. Solutions to this

differential equation will be of the form

P(r,¢) = Pyexp {“gj@ (% _ T(Pi’gb))} , (4.25)

where the pressure is normalized to Py on a reference surface r(P, ¢) whose shape is given
by Eq. 4.23. The refractivity v(r, ¢) can be expressed in terms of the pressure P(r,¢) and
the refractivity of a gas of identical composition at standard temperature and pressure vgrp

as
P(r,¢) vstp
kT L’

v(r,¢) = (4.26)

where L is Loschmidt’s constant. Substituting Eq. 4.25 into Eq. 4.26, we can compute the

refractivity at any location in the isothermal region of Titan’s stratosphere.

4.4.5 Wind model

There are several possible strategies for parametrizing the zonal winds, and their effect on
Titan’s stratospheric structure. Rather than use our model to solve directly for the wind
velocities, we follow the example of H93, solving instead for the shape of surfaces of constant
refractivity in Titan’s stratosphere. The choice is motivated by the fact that it the shape
of Titan’s limb to which these observations are most directly sensitive, not the wind field.
Following H93, we express the radius of surfaces of constant pressure (equivalent to surfaces

of constant refractivity for constant composition and temperature) as

(P, ¢) = b[1 + f(b, )], (4.27)

where b = (P, ¢p) is the radius at a reference co-latitude ¢g. Substituting Eq. 4.27 into
Eq. 4.23, we find
b ooe

N2 .y P
~ G ¢Ow(P’¢) sin ¢ cos@'d¢’. (4.28)

f(b,¢) =

We then parametrize f(b, ¢) in terms of the coefficients f;(b) of a truncated sum of Legendre

polynomials,
N

F(b,¢) =D fulb)Pi(cos ¢). (4.29)

=0

The function with which we describe the shape of constant pressure surfaces must fulfill
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several requirements, placing restrictions on the possible combinations of coefficients f;.
Regardless of its direction, any zonal flow in the atmosphere will contribute a centrifugal
acceleration term to the local pressure balance oriented radially outward from Titan’s rota-
tion axis and parallel to the equatorial plane. In an isothermal stratosphere in hydrostatic
equilibrium, this equator-ward force must be balanced by an equator-ward positive pres-
sure gradient along constant-altitude surfaces. Therefore, in the presence of zonal winds,
surfaces of constant pressure can only slope monotonically downward from equator to pole.
This requirement is illustrated mathematically be rewriting Eq. 4.22 as

1 or wir
I = —>0. .
Sin 20 <a¢)p 2 =" (4.30)

H93 incorrectly conclude from Eq. 4.30 that the function f must be symmetric across Titan’s
equator, and consequently require that all odd coefficients f1, f3,... in their expansion be
equal to zero. Though this strict requirement does ensure the satisfaction of Eq. 4.30, it is
not a necessary condition. It is furthermore deceptive, leading H93 to infer the zonal wind
patterns of the northern hemisphere in the absence of any observations of this region.

We include both even and odd coefficients in our expansion of f, but set the following
requirements on f; and fo to ensure the satisfaction of Eq. 4.30. To ensure that 9f/d¢ = 0

at the equator, we require

fi(b) = a% [Z fz(b)Pz(O)] | (4.31)
=2

In practice, the sum needs only be taken over odd terms [ = [3,5,...]. The positive and
negative slope of f in the northern and southern hemispheres, respectively, can be assured

by substituting Eq. 4.29 into Eq. 4.30 and solving for fs,

35 | X0 /i) Pi(cos 0)]

20 >0, (4.32)

8% [f1(b) cos @] + % {2{23 J1(b)Py(cos ¢>)} S _% [fz(b) (% cos® ¢ + %ﬂ (4.33)
sin 2¢ - sin 2¢ ’ .

win | LT aiig;g oneosd)) 0 (4.34)

b

The coefficient fy provides the altitude normalization of the pressure structure of the
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atmospheric model, and is fixed with respect to higher coefficients by

N
fo(b) == fi(b)Pi(cos ¢p). (4.35)
1=1

We normalize the pressure in the model atmosphere to that at the reference radius rg =
2775 km, extrapolating in altitude and latitude using Eq. 4.25 and 4.28. In practice then,
only coefficients [ > 3 are allowed to vary freely to fit the observations, while fy and f; are
fixed by Eqgs. 4.35 and 4.31, and a strict upper limit is placed on fo (Eq. 4.34).

We next make the simplifying assumption that the wind field is constant with altitude:
w(P, ¢) = w(¢). This is necessary to make the problem tractable, and justified by the rather
narrow altitude range over which these observations are sensitive to the wind. We will test
this assumption by comparing the wind field derived from near and far-limb refracted stellar
images, which sample each hemisphere of Titan at slightly different altitudes. Thus, we seek
only a single set of N Legendre polynomial coefficients f;(b) = f;.

Finally, the wind speed as a function of co-latitude and radius can be recovered by

differentiating the limb shape with respect to co-latitude,

o(6)? = GM d(

N
~Psingcosd dd ZflPl(cos ¢)> . (4.36)

1=0
4.4.6 Numerical solution

We now have the equations necessary to compute the refractivity at every point in an
isothermal atmosphere with an arbitrarily complex (but constant with respect to altitude)
wind field. We next need to integrate the refractivity along the path of a ray and trace its
subsequent trajectory to the Earth. While analytically solving the path integral in Eq. 4.9
would be arduous, computing it numerically proves simple and intuitive. We choose a set of
grid points with cylindrical coordinates (p;, ;) which represent the locations surrounding
Titan’s limb at which the line-of-sight refractivity will be computed. Each of these possible
trajectories through Titan’s atmosphere is further divided into k segments at locations

zr. Replacing the gradient operator and integral in Eq. 4.9 with their finite difference
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equivalents, we can write

A, 1 A
where A represents the difference between neighboring grid points. Cylindrical coordinates
(pi,0j,21) are converted to spherical coordinates (r;, ¢m,\n) using Eqs. 4.6-4.8. We il-
lustrate these calculations in Fig. 4.9, which displays the refractivity summed along lines
of sight through a Titan-like atmosphere with rapid, uniform rotation. In this case, the

refractivity has been summed on a Cartesian grid with spacing of 20 km.

Figure 4.9: Illustration of path-
integrated refractivity through a

) OE+06 Titan-like atmosphere with uniformly

*2 rotation w = 1.2 x 10~* s~L, cor-
2 responding to an equatorial wind
€ 0.0E+00[ g 01% speed of Vi, = 340 m s~!. Surfaces
® of constant refractivity bulge outward
g 1l]oo by 50 km over the equator. The
—-2.0E+06

calculation was cut off at 200 km
] above Titan’s solid surface, shown as
o] a latitude-longitude grid.

—2.0E+06 0.0E+00 2.0E+06
m

The extension of the Eq. 4.11 describing the normalized flux to this finite difference
model is equally straightforward,

Blpis ) 2PN expl T 03] (4.39)
Fig. 4.10 displays the normalized observer-plane flux for the same uniform-rotation model
atmosphere. Note, however, that only the flux contributed by the near-limb refracted image
is displayed, underestimating the strength of the central flash.

Equations 4.37 and 4.38 give the observer-plane location and flux of a ray incident
anywhere on Titan’s atmosphere. We must interpolate these results to predict the angular
deflection and flux observed from any given location in the observer plane which does not
correspond precisely with that of a traced ray. This technique requires an exceedingly dense

grid of rays to first be traced through the atmosphere, since the divergence of these rays
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Figure 4.10: Normalized flux in
the observer plane due to only the
near-limb refracted image, for the
.o same uniformly rotating atmosphere
os as Fig. 4.9. Light is focused to 4 points
0 . near the shadow center, at the cen-
0a = ters of curvature of the projected limb.
oo Thisis only one component of the cen-
oo tral flash, which is further reinforced
by an intensification of the far-limb
image and the appearance of two fur-
ther refracted beams within the evo-
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m lute.

near the center (and far limb) of the shadow is substantial. The models presented in this
chapter use a radial spacing of Ap = 250 m, angular spacing Af = 0°5, dividing the rays
into segments of length Az = 20 km, for a total of N ~ 3 x 107 grid points. At a given
location in the observer plane (i.e. that of Palomar Observatory at a particular time), we
bi-linearly interpolate the planet plane coordinates and observer plane flux of the nearest

traced rays, with respect to their planet plane coordinates (p/,6’).

4.4.7 Geometric and instrumental effects

The atmospheric and ray tracing models presented in Sections 4.4.3—4.4.6 predict the planet
plane origin and flux of a ray reaching any location in the observer plane. To compare
these to the observed relative position and flux of stellar images on the detector, we must
determine the location of Palomar Observatory in the observer plane as a function of time,
and convert planet plane coordinates (defined with respect to Titan’s center) to detector
coordinates.

We approximate the trajectory of Palomar Observatory across Titan’s shadow with two

second-order polynomials for the observer plane coordinates ' and 3/, expressed in vector

form as
x x! ! x!
= O+t e ] TP | (4.39)
Y Yo Y Yo

where t represents the time in hours since 0:00 UTC on 20 December 2001. We can equiva-

lently describe Titan’s apparent trajectory across the sky in terms of second-order polyno-
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mials for the apparent right ascension « and declination ¢ of Titan’s center,

(6% (6% (6% «
=T T e TP | (4.40)
5 51 5

Titan

Our trajectory in the observer plane corresponding to each star and the apparent trajectory

of Titan on the sky are related by

x — cos sin « «
_ D (AN Ynp B ’ (4.41)
0

y sinynp cosYnp

(=9

star Titan

where D is the distance to Titan, 1¥np is the apparent position angle of Titan’s north pole
(¥np = 35639, measured counter-clockwise from celestial north), and the rotation matrix
has been modified to account for the opposing definitions of o and z’.

Titan’s direction and rate of motion on the sky can be predicted with high accuracy, but
its position relative to the two stars in question is effectively unknown. Furthermore, we
cannot accurately determine Titan’s position in our images to better than ~ 0.5 pix, due to
the unknown biases induced by albedo features of Titan’s surface and in its atmosphere. We
are therefore compelled to treat the relative separation zero-points of Titan with respect
to each star as free parameters in our model. In practice, we solve for the position the
fainter eastern star (hereafter star B), and the position of Titan at 0:00 UTC, with respect
to the position of the brighter western component of the binary (star A). We compute the
trajectory coefficients aq, ao, 61,09 from the apparent astrometric positions of Titan over
the time interval 4:52-5:52 UTC predicted by the JPL Horizons WWW program.

In addition to predicting the observer plane coordinates, Titan’s known motion vector
on the sky proves useful for determining the platescale and position angle of the detector,
which are not otherwise well constrained. Though we cannot accurately determine the
center of Titan’s disk in the images, we do measure the satellite’s apparent motion from
one frame to the next by cross-correlation with the PSF-convolved disk model. Since the
AO system remained locked on Titan, any motion on the detector is due to differential
refraction (Roe, 2002a), flexure of optical components, or the intentional offsets applied to
the AO system pointing center every 256 frames. We convert these apparent relative offsets

to an apparent motion vector with respect to the stars by subtracting the centroid location
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of star A. We then fit the apparent trajectory of Titan across the detector (with respect
to star A) with the known motion vector on the sky, approximated by the polynomial
coefficients a1, aig, 01, 62, and solve for the platescale and detector position angle. We find
that a platescale of p = (25.354+0.017) mas pix~! and a position angle of the y (slow-scan)
axis of Ygey = 07846 £0°039, where the uncertainties are dominated by the limited accuracy
of the astrometric coordinates returned by the Horizons program. The platescale which we
derive differs by 0.7% from that determined by Metchev et al. (2003) from observations of
a single binary star of known separation, while the position angle is within the expected
mechanical uncertainty.

In the final step of our model, we use the platescale and detector position angle derived
above to convert planet plane positions to pixel locations of the detector. A refracted stellar
image predicted to appear at planet cylindrical coordinates (p 0)yef, viewed from observer

plane Cartesian coordinates (2’ '), will have apparent sky coordinates

« « 1 —cosYnp SinyYnp psinf T
p— + _— —
) D sinynp  €OS PNP pcost Yy

refr star refr

(4.42)
To determine its location on the detector, we rotate the coordinate system counter-clockwise

by the detector position angle ¥4e; and scale by the reciprocal of the platescale p,

Ldet — COS wdet —sin zﬂdet «

(4.43)

1
Ydet p — Sin Yget COS Y et 0

refr refr

The rotation matrices in Eqgs. 4.42 and 4.43 have again been modified to account for con-
flicting sign conventions.

As emphasized in Section 4.2, we measure the separation of the binary components
on the detector with far greater precision than their actual positions (e.g., their centroid
locations.) Therefore, the final comparison of data to model is done against the difference
in the predicted detector positions of the two stars. For example, during the occultation
of star B (the first occultation), we measured the location of refracted images on Titan’s
limb in terms of their offset from the detector location of star A, which we will refer to

here as (Zdet Ydet)B—A. Combining Eqgs. 4.42 and 4.43, and abbreviating the above rotation
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matrices as R(¢¥np) and R(?get), we can express this as

v | _R@we) [0 R [[esimo ) (L

p 5 D 0 /
Ydet B—A B—A peos refr y

where (f g)p_a is the unocculted separation of the two stars.

4.4.8 Model fitting

The model presented in this section includes a simplified characterization of Titan’s atmo-
spheric structure, geometric factors which describe the motion of an observer across two
shadows cast by Titan, and instrumental effects. Analysis of photometric occultation ob-
servations typically proceeds in several distinct stages. Instrumental parameters are first
determined (the unocculted flux of the star, etc.), then the geometry of the event (e.g.,
by fitting the half-light times of several lightcurves), after which inferences regarding the
nature of the occulting body itself can be made. We follow a different approach, solving si-
multaneously for most of the free parameters in the model. This method has the advantage
of allowing us to correctly estimate the true uncertainties in correlated parameters. For
example, a hemispheric contrast in the stratospheric zonal winds will be highly correlated
with the inferred location of the observer in the plane of Titan’s shadow. Since they rely on
a different set of measurements, we do solve fot the platescale and detector position angle
separately, as describe in the previous subsection.

The free and fixed parameters which define our occultation model are listed in Table 4.2.
We solve for the free parameters by fitting the observed and model-predicted separation
and flux ratio between near- and far-limb refracted stellar images and the unocculted star,
optimizing the free parameters to minimize the square of the difference between observation
and model divided by the estimated uncertainty of the observations. However, the estimated
uncertainty in the flux ratio was first multiplied by a factor of 10 to reduce the model’s
sensitivity to the scintillation of the refracted stellar images. We used the Levenberg-
Marquardt algorithm (Moré et al., 1980), implemented in the IDL language by Markwardt
(2003). This numerical optimization technique is robust and converges rapidly to a local
minimum in the multi-dimensional y? surface. We insure that this represents a global

minimum by randomly varying the initial parameters.
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Table 4.2: Free and fixed occultation model parameters

Description Variable Free Value when fixed
Instrumental parameters
Platescale D No 257354 4 07017 pix~!
PA of yg4e¢ axis WYdet No 02846 £ 0°039
Stellar flux ratio Op/Py Yes
Sky coordinates with respect to star A
R.A. of star B QB_A Yes
Dec. of star B OB_A Yes
R.A. of Titan Qg Yes
aq No —1174458 &+ 00077 hr—!
Qg No —07032248 £ 0700072 hr—2
Dec. of Titan 0o Yes
61 No 073067 & 070063 hr—!
O No —0”01199 £ 0700059 hr—2
Other geometric parameters
P.A. of Titan N. Pole (BN No 356239 £+ 0°01
Sub-Earth co-latitude ODse No 115%53 4+ 0°01
Range to Titan center D No  1.2153760 x 10'?2 £ 10° m

Atmospheric parameters

Reference altitude 70 No 2775 km
Reference co-latitude o0 No 83°8

Ny refractivity VSTP No 0.00029
Pressure at (rg, ¢o) P, Yes

Mean molecular weight p No  28.0 amu
Temperature T Yes

Limb shape coefficients  f; Yes

The random errors in the measured relative position and flux of the refracted stellar im-
ages (determined by Monte-Carlo simulations of each frame) have been propagated through
the model to provide an estimate of the random uncertainty in the best-fit model param-
eters (Press et al., 1992). This uncertainty, however, does not include the effect of the
uncertainty in the various fixed model parameters such as timing errors, the platescale, and
the detector orientation. Since we are fitting a large number of high signal-to-noise obser-
vations with a small number of model parameters, the averaged effect of the random errors
is small, and that due to systematic errors dominates. For example, though the platescale
in known to 0.07% , this nevertheless proves to be the largest source of uncertainty for
the derived stratospheric temperatures. We determine the effect of systematic errors on
the derived parameters by performing another Monte-Carlo simulation, this time choosing
20 random sets of Gaussian-distributed fixed input parameters to the model and calculating

the resulting best-fit free parameters. The true uncertainty in the best-fit free parameter
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Table 4.3: Uniform wind model

Description Variable Value®
Star flux ratio Op/P4 0.905+0.010
R.A. of star B QaB_A 175190 4 070008
Dec. of star B OB_A 071823 £ 070008
R.A. of Titan Qo 63717 + 0706
Dec. of Titan do —1720 4 0703
Pressure normalization F 0.84 £+ 0.04 mbar
Temperature T 177+ 2 K
Limb shape coef. fo —0.0038 + 0.0007
fa —0.0076 + 0.0007
Reduced x? 3.04

a. Uncertainties include both random and systematic terms.

value is then taken to be its standard deviation over the 20 fits, added in quadrature to the

uncertainty in that parameter due to random error in the observations.

4.5 Results

4.5.1 Uniformly rotating atmosphere

We first present our best-fit model of the occultation geometry and atmospheric parameters,
for the simplified case of a uniformly rotating atmosphere with zero opacity. The altitude
of surfaces of constant pressure in such an oblate, ellipsoidal atmosphere, can be described
by setting all but the fy and fo coefficients of the Legendre series in Eq. 4.28 to zero.
However, the normalization term fy is fixed to the value of fo (Eq. 4.35). In addition to the
parameters describing the geometry of the occultation and the flux ratio of the stars, we
allow the pressure normalization Py and the stratospheric temperature 1" to vary to best fit
the observations, leaving us with 8 free parameters. The derived values can be compared
to those determined from the Voyager 1 ingress radio occultation profile, Py = 0.75 mbar
and T' = 169.4 K at ro = 2775 km and ¢g = 83°8 (Lindal et al., 1983). The values of the
parameters which best fit our observations are given in Table 4.3.

Figure 4.11 presents a graphical comparison of the predicted and observed position
and flux of the refracted stellar images, relative to the unocculted star. The residuals
(observation minus model) of these same data are displayed in Fig. 4.12. The observed
position of the refracted stellar images closely matches that predicted throughout most of

each occultation, but significant deviations occur near the midpoint of each, for both the
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near- and far-limb images. Below approximately the half-light point, the observed flux
of the refracted images deviates from that predicted, both due to scintillation in Titan’s
atmosphere, and attenuation of the starlight by haze.

The altitude of a surface of constant refractivity and the inferred zonal wind field corre-
sponding to the best-fit values of the shape parameters fy and fo for the inform wind case
are displayed in Fig. 4.13. Under the assumptions made, surfaces of constant refractivity Ti-
tan’s atmosphere rise approximately 30 km from 65° north and south (the highest latitudes
to which we are sensitive) to the equator, implying zonal winds reaching 270 4= 15 m s*
above the equator. This approximately equal to the sound speed at this level (H93). These
results are roughly consistent with the uniform rotation model best fit to the central flash
observed during the 28 Sgr occultation by Titan (H93). As with those authors, however, we
can discount this model since it does not successfully match the details of the observations.

To illustrate the region of Titan’s stratosphere which is not well described by uniform
rotation, we display the measured refracted stellar positions and model residuals for the
near-limb refracted images only in the planet plane (Fig. 4.14). The large negative, then
positive residuals seen near the midpoint of the first occultation in detector coordinates
(Fig. 4.11A) occur as the light of the Eastern star passes thought the region of Titan’s
stratosphere viewed along the northern limb (Fig. 4.14). As the refracted image of this
star climbs up and around Titan’s northern limb (from celestial west to east), it follows
the predicted location closely until it reaches approximately 40°N latitude. At this point,
the trajectory of the refracted image markedly deviates from that predicted for a uniformly
rotating (elliptical) atmosphere, accelerating towards the pole, lingering there, and finally
accelerating to catch up to the predicted location again near 40°N latitude. No comparable
deviations from the uniform wind model are seen above Titan’s southern limb, despite the
exact symmetry of the lines of sight. We can therefore immediately conclude that the
atmospheric feature which causes this apparent deviation from the uniform wind model is
asymmetric across Titan’s equator, expressed primarily north of 40° N latitude. As we will
demonstrate below, these residuals are precisely those expected in the presence of a strong

jet at mid to high northern latitudes.
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Figure 4.11: Measured and predicted position and flux of near-limb (right) and far-limb (left)
refracted stellar images, with respect to that of the unocculted star, in detector coordinates. Ob-
servations are plotted in black with 1-o error bars, while the predicted trajectory and flux of the
refracted images for a uniformly rotating atmosphere is shown with a gray solid line. Residuals are
shown in Fig. 4.12.
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Figure 4.12: Residual between observed and predicted relative position and flux of the near-limb
(right) and far-limb (left) refracted stellar images for the best-fit uniformly rotating atmosphere.
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Figure 4.13: The shape of surface of constant refractivity (a) and inferred zonal wind field
(b) in Titan’s stratosphere, for uniform wind case. 1-o error bars include both random and
systematic errors. Solid lines indicate region over which Titan’s limb is sampled.

4.5.2 Non-uniform wind model

The poor fit of the uniform wind model near Titan’s north pole leads us to consider a
more complex zonal wind field. As more Legendre terms are added to the series describing
the shape of surfaces of constant pressure f, the fit to observed refracted stellar positions
rapidly improves. The reduced x? computed for the best-fit model parameters drops from
x% = 3.04 when [ < 2 (uniform wind field) to x?> = 2.72 when | < 4, x? = 2.63 when
[ <6, and x? = 2.61 when [ < 8. More subjectively, we find that 8 terms are required to
fit the horizontal scale of the departures from ellipticity which are observed. The best-fit
parameters for such a model are given in Table 4.4.

Figures 4.15 and 4.16 present the fit and and residuals of the observations with respect
to a non-uniform wind model of Titan’s atmosphere, to Legendre order [ = 8. The fine-scale
detail of the motion of both the near- and far-limb refracted images over the northern limb
of Titan can be correctly described by this non-uniform wind model, as is demonstrated by
the obvious reduction in the model residuals in both the xge; and yqet dimensions (compare
Fig. 4.12a and 4.12c¢ to Fig. 4.16a and 4.16¢ for near-limb images, Fig. 4.12h and 4.12j
to Fig. 4.16h and 4.16j for far-limb images). Unlike the northern limb, no deviation from
ellipticity is detected along Titan’s southern limb, to within the uncertainty of the observa-
tions. The trajectory followed by both the near- and far-limb refracted stellar images along
Titan’s southern limb matches that predicted by the uniform and non-uniform wind models
equally well.

The shape of surfaces of constant refractivity which best matches the observed trajec-
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Figure 4.14: Measured and predicted position of near-limb refracted stellar images, dis-
played in the planet plane. Observations are plotted with 1-o error ellipses, and a vector
connects the measured position to that predicted for an atmosphere in uniform rotation.
In effect, this displays the location in Titan’s atmosphere from which each ray of starlight
detected at Palomar Observatory originated, compared to that from which we would expect
to have detected light if the atmosphere were in uniform rotation. A latitude-longitude grid
marks the location of Titan’s surface, with lines drawn every 30° of latitude and every 45°
of longitude. Dotted lines above Titan’s solid limb mark apparent altitudes of 100, 200,
and 300 km above the surface.
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Figure 4.15: Measured and predicted position and flux of near-limb (right) and far-limb (left) re-
fracted stellar images, with respect to that of the unocculted star, in detector coordinates. Predicted
trajectory for the best-fit non-uniform (I < 8) wind field is shown with a gray solid line. Residuals
are shown in Fig. 4.16.
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Figure 4.16: Residual between observed and predicted relative position and flux of the near-limb
(right) and far-limb (left) refracted stellar images for the best-fit non-uniform (I < 8) wind model of
Titan’s atmosphere.
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Table 4.4: Non-uniform wind model

Description Variable Value®
Star flux ratio Op/Ps  0.906 £0.010
R.A. of star B QAB_A 175190 4+ 070012
Dec. of star B OB_A 071824 + 0'0010
R.A. of Titan Qo 637166 £ 07045
Dec. of Titan do —17204 & 07031
Pressure normalization Py 0.80 £+ 0.04 mbar
Temperature T 1786 +1.9 K
Limb shape coef. fo —0.00261°
fi —0.00022°
f2 —0.00737°
I3 —0.00227 £+ 0.00009
fa —0.00379 4+ 0.00011
I —0.00152 4+ 0.00009
fs —0.00162 4+ 0.00010
fr 0.00015 4 0.00008
fs —0.00057 £ 0.00009
Reduced x? 2.61

a. Listed uncertainties include both random and systematic terms.
b. Value of coefficients fo, f1, f2 are tied to fi>2 by Eq. 4.31-4.35.

tories of the refracted stellar images is shown in Fig. 4.17a. In the magnified view provided
by this binary stellar occultation, Titan’s limb appears asymmetric, an oblate ellipsoid with
a flattened north pole. The zonal winds implied by this figure are shown in Fig. 4.17b. The
large uncertainties in wind speed in the equatorial region is entirely due to the geometry
of this occultation. Due to the apparent trajectory of Titan with respect to the stars, no
observations of Titan’s atmosphere were made between 20°S and 5°N (see Fig. 4.14). Fur-
thermore, observations made within less than ~ 60 s of ingress or egress provide only a

weak constraint due to the slight angular deflection of the starlight.

4.5.3 Stellar properties

Though the purpose of this analysis was the characterization of the shape of Titan’s limb,
the relative position and flux of the two components of the NV04352154-200905 star system
are incidentally determined with considerable accuracy. The relative right ascension and
declination of star B with respect to the brighter star A are given in Table 4.4, corresponding
to a separation of 17530407002 at a position angle of 96°85+0°04 clockwise of true north. To
reiterate, the platescale and position angle to which these values are tied were not assumed

a priori, but derived from Titan’s known ephemeris and its apparent motion on the detector
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Figure 4.17: The shape of surface of constant refractivity (a) and inferred zonal wind field
(b) in Titan’s stratosphere, for the non-uniform wind case (I < 8). Error bars represent lo
uncertainties which include the effect of systematic errors, such as the uncertain platescale,
timing, and Titan’s ephemeris.

with respect to the stars.

Though approximately constant during the two occultations, the measured flux ratio
of the stars decreased gradually by 3% over the full hour of continuous observations. The
primary cause of this variation appears to be optical distortion in the PHARO camera
causing the platescale to vary by ~ 0.3% over the 360-pixel subaperture, which can lead to
incorrect estimates of the flux ratio by the PSF cross-correlation technique (e.g., at locations
on the detector where the platescale gradient is large). The occultations were fortuitously
recorded at a location on the detector over which distortions were small, leading to a final
estimate of the true K’ flux ratio of 0.906 & 0.010. The separation, position angle, and K’

flux ratio of the stars determined here are consistent with the values given by Roe (2002b).

4.6 Discussion

The zonal wind field which best reproduces the positions and fluxes of the refracted stellar
images detected during both occultations is displayed in Fig. 4.17b. A strong and narrow jet,
with a peak wind speed of 230410 m s~! at ~ 60°N, dominates the shape of Titan’s northern
limb. Though faster than previous estimates of Titan’s zonal wind, this circumpolar jet
is well below the 266 m s~! sound speed in Ny at 170 K (H93). Wind speeds drop to
110440 m s—! at Titan’s equator, and reach at least 140 420 m s~! over a broad region at
mid to high southern latitudes. The peak at 20°S and the minimum at 15°N are probably

not real, as the large error estimates in these regions attest. The wind direction remains



89

unconstrained by these observations, though the result of Kostiuk et al. (2001) suggest that
it is probably prograde.

The northern hemisphere jet which we infer from the angular deflection of the light of two
stars is similar to that deduced to exist in the southern hemisphere by H93 from photometry
of the central flash of 28 Sgr (Fig. 4.3b). In common with Venus, the thermal wind balance
in Titan’s stratosphere is expected to be essentially cyclostrophic. Unlike Venus, however,
Titan’s 2677 obliquity leads to strong cooling of the winter polar stratosphere, ensuring
seasonal variations in the zonal wind field and powering a jet in the winter mid-latitudes.
At the time of the Voyager 1 flyby soon after northern spring equinox (Ls = 9°), a 17 K
difference was detected between 70°N and 5°S at 0.4 mbar (Coustenis and Bezard, 1995), the
northern pole remaining surprisingly cold despite the advancing season. Thermal contrasts
are likely to be yet higher near solstice, when both occultations were observed.

The exact location of the peak wind speed in both occultation wind models is an artifact
of the mathematical functions used to parametrize the wind field. However, its rough
location and narrow appearance, its peak speed (H93 claim only an order of magnitude
estimate), and the reduction of a factor of ~ 2 in wind speed between the jet and the equator,
are all consistent. It is extremely encouraging, if somewhat surprising, that the zonal winds
derived by these very different methods agree so closely, for opposite hemispheres in nearly
opposite seasons (Lg = 107° on 3 July 1989, Ly = 259° on 20 December 2001).

H93 were unable to measure the zonal winds in Titan’s summer hemisphere due to
extinction of the starlight by Titan’s haze and a lack of appropriately located observing
stations. We find the winds in Titan’s summer hemisphere to be both weaker, and less
clearly focused in a circumpolar jet. This is consistent with the distribution of zonal winds
predicted by some global circulation models of Titan. Hourdin et al. (1995) predict the
existence at 1 mbar of a prograde jet with a peak speed of 120 m s~! centered at 55°
latitude in the winter hemisphere at solstice, and a prograde wind of 100 m s~! at the
equator tapering off towards the summer pole. An updated model in which the formation
and transport of haze are coupled with the atmospheric dynamics predicts a similar zonal
wind field with 30% higher speeds (Rannou et al., 2002). The stronger circumpolar jet of
this later model is caused by the concentration of haze at the winter pole, increasing the
polar night cooling rate and thus the temperature gradient which supports the jet. The

speeds which we measure are ~ 40% higher than those predicted by even this haze-coupled
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circulation model, implying an even greater thermal contrast, due perhaps to Saturn’s
approaching perihelion in July 2003. In December 2001, Titan was being subjected to a
23% higher solar flux than at the time of the 28 Sgr occultation. Present global circulation

models do not account for this potentially large asymmetry in Titan’s seasons.

4.7 Conclusions

The high angular resolution achievable with adaptive optics on large-aperture telescopes is
revolutionizing many areas of observational planetary science. The double occultation by
Titan described in this chapter was an unusual event, particularly the convenient geometry
and nearly equal brightness of the two stars. Though Titan regularly occults infrared-bright
stars as seen from some location on Earth (1-2 yr~! for stars with K < 11, some fraction
of which will turn out to be multiple), the fixed location of large AO-equipped telescopes
reduces this probability, for a given telescope, by roughly a factor of 10. Furthermore, the
benign atmospheric conditions at Palomar Observatory on the night on 20 December 2001,
and the flawless operation of both the AO system and near-infrared camera throughout
the event, combined to produce a truly remarkable set of images of a unique astronomical
phenomenon.

These observations record with exquisite detail the angular deflection of the starlight
as Titan’s atmosphere intervenes, a seldom-used but powerful probe of the atmospheric
structure and wind field. The trajectory of refracted images of each star around Titan’s
limbs reveals the figure of surface of constant refractivity, which in turn are shaped by the
zonal wind and temperature distribution in the stratosphere at ~ 3 x 1074 bar (~ 240 km
altitude). At the present season (late southern spring), Titan’s stratospheric zonal wind
field is strongly asymmetric across the equator. The winter hemisphere displays a powerful
high latitude jet, reaching 230 & 10 m s~! at 60°N, faster than predicted by current global
circulation models. This surprisingly high wind speed implies circulation around Titan pole
in 11 hr. Zonal winds over the rest of the satellite are lower, and consistent in distribution,
if not in magnitude, with the results of global circulation models.

The jet in Titan’s winter stratosphere is cyclostrophically balanced against the strong
temperature gradient at the edge of the polar night. The apparent underestimate of the

wind speed by global global circulation models may be related to the inherent asymmetry
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of Titan’s seasons, which would lead to maximum stratospheric temperature contrasts at
the present epoch.

Analogy between Titan’s high latitude winter jet and the seasonal polar vortices of the
Earth suggests that the jet may play an important role in the chemistry of the polar night
region. A strong jet would act to restrict the diffusion of species built up during the polar
night, possibly contributing to some of the unusually high concentrations of nitriles observed
by Voyager 1 at Titan’s north pole.

Finally, the strong winds which we infer to be present in Titan’s stratosphere have clear
operational implications for the Huygens probe, whose parachute is due to deploy at 180 km

above Titan’s surface in January 2005.
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Chapter 5

Direct detection of variable
tropospheric clouds near Titan’s
south pole

5.1 Introduction

Atmospheric conditions on Saturn’s largest satellite Titan allow the possibility that Titan
could possess a methane condensation and precipitation cycle with many similarities to
the earth’s hydrological cycle, a process which otherwise has no close analog within the
solar system. Detailed study of Titan from the Voyager spacecraft and subsequent high
resolution earth-based imaging, however, have shown no evidence for any tropospheric con-
densation clouds (Smith et al., 1996; Combes et al., 1997; Gibbard et al., 1999; Coustenis
et al., 2001), even though recent low-resolution studies have provided indirect spectroscopic
evidence for their transient existence (Griffith et al., 1998, 2000). Here we present the first
resolved images and spectra of Titan clearly showing transient cloud features, all of which
are concentrated near the south pole. The discovery of these clouds demonstrates convinc-
ingly the existence of condensation and localized moist convection in Titan’s atmosphere.
Their location at the pole, near the current point of maximum solar heating, suggests that
methane cloud formation is seasonally controlled by small variations in surface temperature
and will move from the south to the north pole on a 15 year time scale.

Searching for clouds on Titan is best performed with high resolution images and spectra

!This chapter has been published as M.E. Brown, A.H. Bouchez, and C.A. Griffith, Direct Detection of
Variable Tropospheric Clouds Near Titan’s South Pole, Nature, 420, 795-797, 2002. It was written
by M. Brown, with input from A. Bouchez. A. Bouchez performed the image processing and the radiative
transfer modeling of the spectra, thereby calculating the altitude and aerial coverage of the clouds discovered
near Titan’s south pole.



93
at wavelengths between about 2.0 and 2.3um. At these wavelengths, absorption of photons
by Titan’s methane ranges from negligible (2.00 to 2.05 pm) to nearly complete (2.17 to 2.29
pum), while absorption by Titan’s haze is low (Griffith et al., 1998, 2000). The transparent
range allows images at these wavelengths to sense to the surface, while the complete range
of methane absorption across the wavelength region allows spectra to probe all levels in
Titan’s atmosphere. High spatial resolution is critical to recognize any small distinct cloud

against the surface of Titan.

5.2 Observations

Using the adaptive optics (AO) system at the W.M. Keck Observatory (Wizinowich et al.,
2000), we have obtained images with both the spatial resolution and spectral coverage
critical for searching for clouds. AQO achieves high spatial resolution by partially compen-
sating for the smearing effect of turbulence in the earth’s atmosphere and delivering a near
diffraction- limited image. Images from five nights of observations (Fig. 5.1) demonstrate
the remarkable spatial resolution achieved with the AO observations. Surface features which
have been consistently imaged since 1995 are seen at their highest resolution ever. The im-
ages from 10 and 11 December 2001 and 28 February 2002 all show almost the same face of
Titan, and the reproducibility and rotation of surface features is apparent. More remark-
able, however, are the transient changes visible near the south pole of Titan. These changes
are more apparent in polar projections of the images (Fig. 5.2). The bright unresolved
spot on the southern limb in the 10 and 11 December images has disappeared by February.
The February image instead shows a much larger brightening extending ~1400 km from 80
to 70 south latitude. Numerous small morphologically similar isolated bright spots occur
throughout the images but cannot be verified to be transient because of a lack of duplicate

coverage of most longitudes.

5.3 Results

To determine the height in the atmosphere where the transient spots occur, we examined
spectra from the 10 and 11 December bright southern spot and compared them to spectra

obtained at a location 900 km directly east on the satellite, where the line-of-sight samples



94

10 Dec. 2001 11 Dec. 2001

=

e

28 Feb, 2002 4 Mar, 2002

Figure 5.1: Images of Titan show the transient existence of cloud features near the south
pole. Images and spectra from 2, 10, and 11 December 2001 were obtained using NIRSPEC,
the facility near-infrared spectrograph (McLean et al., 1998), while images (only) from 28
February and 4 March 2002 were obtained using NIRC2, the facility near-infrared AO
imager. Images were obtained in the K’ wavelength band, which extends from 1.96 to
2.29 pm, and have an angular resolution of 0.05 arcseconds (a linear resolution of 330 km
on 10 December 2001) on the satellite. The images shown are combinations of from 4 to
20 individual images shifted to a common center, summed, and divided by an image of
the individual pixel response function (“flat field”). The apparent elongation of the cloud
feature on the 11 December 2001 image is a temporary artifact of the AO system. Owing to
non-photometric observing conditions during some of the nights, no absolute flux calibration
was obtained. The individual images are scaled to best see the polar clouds. The line figure
shows every 15 degrees of latitude projected for Titan’s subsolar latitude of -25.6 degrees at
the time of the observations. Titan’s subsolar longitudes at the times of observations were
69, 228, 249, 235, and 325 degrees for the 2, 10, and 11 December, and the 28 February and
3 March observations, respectively.
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Figure 5.2: The transient polar clouds are best seen in polar projections of the images of
Titan. A longitude of zero (facing Saturn) is straight up in these projections and longitude
increases counter-clockwise. The line figure shows every 15 degrees of latitude. Confirmed
transients (those for which we have multiple images confirming change) are labeled by
red lines, while morphologically similar features whose transient nature is unconfirmed are
labeled by blue lines. On 10 and 11 December the single brightest spot appears at longitude
150 + 30, latitude 77 + 3 south (the large errors in locating spots near the limb precludes
any detection of cloud motion between the two nights). The 28 February images shows
small brightenings at 200 4+ 20, 87+ 5 and 174+ 10, 65+ 5, but none at the precise location
of that seen in December. Also visible is a much larger brightening between latitudes 70
and 80 S; nothing similar is seen in the December images. The projections were created
by using the circular symmetry of the limb of Titan to define the center of the disk and
then projecting the intensity onto a spherical grid. Errors in the position of the center of
the disk of +0.02 arcseconds give errors in the projected longitude and latitude of features
near the south pole of 20 and 5 degrees respectively. No intensity corrections are made for
variations in the viewing angle.
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the same latitude at an identical zenith angle of 65 degrees but no transient brightening
occurs. A comparison between the 2 spectra (Fig. 5.3) shows that they are essentially iden-
tical beyond 2.16 pm. These regions of the spectrum contain strong methane absorption
lines which saturate in the stratosphere of the satellite. At shorter wavelengths the methane
absorption is progressively weaker so photons penetrate progressively deeper into the atmo-
sphere until at a wavelength of 2.12 pym photons reach the surface. The two spectra diverge
at a wavelength of 2.155 pm, which clearly requires a reflective layer somewhere between the
stratosphere and the surface. Detailed plane-parallel radiative transfer calculations using
the models of Griffith et al. (1998, 2000) of the difference between the two spectra shows
that the bright spot is best modeled as an unresolved highly reflective cloud layer with
a filling factor of 25% at an altitude of 16 + 5 km above Titan’s surface, in the middle
of Titan’s troposphere. The errors in this height estimate are dominated by uncertainties
in tropospheric methane abundance; deviation from the plane-parallel assumption at this
zenith angle is less than 4%. No changes are apparent in the altitude, intensity, or location
of the cloud from 10 to 11 December. These images and spectra conclusively demonstrate
the existence of transient clouds in the troposphere of Titan and point to the presence of a
vigorous and currently active cycle of methane condensation and dissipation.

The December 2001 cloud has a brightness equivalent to ~0.3% of the total brightness
of the disk of Titan at these wavelengths, and can be explained by a single (foreshortened)
cloud of 200 km diameter or smaller clouds with the same total area. The 28 February 2002
cloud is significantly larger, reflecting a flux equivalent to ~1% of the total flux of Titan,
and covering an apparent area of 4.4 x 10° km?, implying a filling factor of only ~5%.

These transient clouds will cause rapid changes to Titan’s full-disk spectrum similar to
the ~0.5% variations previously observed shortward of 2.170um and interpreted as evidence
for such clouds (Griffith et al., 2000). The difference in wavelength of spectral divergence
between 2.170 pm in the full-disk spectra and 2.155 pm in the current spectra suggests a

change in cloud height or latitude since the time of the previous observations.

5.4 Discussion

No obvious connection exists between these transient tropospheric clouds and the southern

tropopause level scattering layer (Bouchez et al., 2000; Lorenz et al., 2001; Griffith et al.,



97

0 ]

Y Z

0.12 ¢

0.08

208 210 298 220

0.04

geometric albedo

0.00

0.01

residual

0.00

2.05 2.10 2.19 2.20
wavelength (um)

Figure 5.3: Spatially resolved spectra of the disk of Titan showing the height in the atmosphere of
the transient features. A comparison of a spectrum of the 10 December 2002 transient brightening
and of a location 900 km east on the disk which samples the surface and atmosphere at an identical
zenith angle of 65 degrees shows that the transient brightening is caused by tropospheric clouds.
The upper panel compares spectra from the regions labeled on the 10 December image with best fit
radiative transfer models. The blue line shows the best-fit model to the non-cloud region, while the
red line shows the effect of adding a bright scattering layer at 18 km. The green line demonstrates
the poor fit obtained if an attempt is made to fit the transient brightening as a surface albedo effect.
Neither spectrum can be modeled without the presence of a tropopause cirrus layer of optical depth
0.10£0.02 at 30-40 km (Bouchez et al., 2000; Lorenz et al., 2001; Griffith et al., 2003; Bouchez et al.,
2003). The inset shows the best fit models without this tropopause cirrus. The bottom panel shows
the difference between the two spectra and between models with clouds at 14 (purple), 18 (red),
and 24 km (orange). The green line again shows the poor fit if the spectral difference is modeled
purely with a change in surface albedo. The mismatches between the models and data are due to
inaccuracies in the methane line strengths; these inaccuracies contribute the greatest uncertainty to
the derived cloud height. The spectra were obtained simultaneously using a 0.054 arcsecond wide
spectral slit centered on the brightening and placed east-west across the disk. Both spectra have been
divided by the spectrum of the G4V star HD 32923 taken at an identical airmass of 1.02 to correct
for effects of instrumental sensitivity, telluric absorption, and solar spectrum. The radiative transfer
model uses doubling and adding techniques to approximate the equation of radiative transfer, along
with line-by-line and Mie scattering calculations to incorporate gas absorption and scattering by
particulates. The nominal value of methane humidity is that of Griffith et al. (2000); changes of
factors of two in methane or allowing methane supersaturation do not significantly change the results.
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2003; Bouchez et al., 2003) which occurs at an altitude around 40 km and is visible in the
spectra of Fig. 3. This layer has been observed since at least 1994 and has been variously
described as a cloud, haze layer, or fog, but the true physical nature, composition, and
cause remain unknown. Though this scattering layer is routinely observed, the lack of a
consistent name has caused confusion as to its stability and even existence. We use the
term “tropopause cirrus” as a morphological name for this distinct layer which describes
its approximate altitude, small optical depth, and large areal coverage. At the time of
observations, this cirrus layer covered the entire southern hemisphere at latitudes further
south than 35 degrees (Bouchez et al., 2003). The southern tropopause cirrus layer is not
currently known to vary, though it is likely to change on seasonal time scales with changes
in stratospheric haze chemistry and dynamics (Lorenz et al., 2001).

The most striking property of these transient cloud events is their unexpected concen-
tration near the south pole of Titan. While heating at southern summer solstice might
be expected to drive polar convection, studies of tropospheric conditions on Titan have
suggested an absence of seasonal variation (Hunten et al., 1984; McKay et al., 1997) and
predicted that methane clouds, if present, should concentrate at the equator year-round
(Tokano et al., 1999). These hypothesized seasonal invariances come from consideration of
the long radiative time scale of Titan’s lower troposphere which does not allow tropospheric
temperatures to appreciably change on seasonal timescales (Hunten et al., 1984).

These predictions of invariance do not consider the effects of small seasonally vary-
ing surface temperatures, however, and instead examine only conditions measured during
southern spring equinox at the time of the Voyager flyby. Even a very small seasonally
and latitudinally varying surface temperature, which is a necessary consequence of Titan’s
widely varying seasonal insolation, will affect the magnitude of the surface sensible heat
flux and change temperatures in the lower troposphere. If the lower tropospheric lapse rate
is close to the boundary between stability and instability, as has been measured on Titan
(McKay et al., 1997; Lindal et al., 1985; Lellouch et al., 1989), a small additional heat flux
can drive the creation of a thermally convective layer, the height of which will depend on
the magnitude of the additional heat input and therefore on the surface temperature. As-
suming the conditions least favorable to convection that have been inferred from Voyager
measurements (McKay et al., 1997), even a surface temperature rise of only 1 K is sufficient

to cause a convective layer 7 km in height. If this convective layer reaches the point at
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which methane saturates, the height of which is highly dependent on the methane humidity
but is estimated to be ~4 km in typical models (Griffith et al., 2000; Hunten et al., 1984;
Lindal et al., 1985; Lellouch et al., 1989), methane condensation will render the air buoyant
and drive clouds to the ~15km levels observed (Awal and Lunine, 1994). In regions with
lower surface temperatures, the convective layer will be smaller or even non-existent, and
condensation will not occur.

At the time of our observations, Titan was approaching southern summer solstice, and,
owing to Titan’s obliquity of 27 degrees, the polar regions were in continuous sunlight and
receiving more daily averaged insolation than any other spot on the satellite (and 50% more
daily averaged insolation than the equator at equinox). We hypothesize that this insolation
leads to a maximum surface temperature in these polar regions which drives a convective
layer large enough to cause methane condensation and the ensuing moist convection. This
hypothesis predicts that the location of these convective clouds will follow the location of

maximum insolation (with some lag owing to the thermal inertia of the surface).
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Chapter 6

Seasonal changes in Titan’s
tropospheric clouds

6.1 Introduction

The discovery of large transient clouds in Titan’s troposphere by Griffith et al. (1998) was
unexpected. High resolution imaging studies of Titan’s surface in the visible (Smith et al.,
1996; Richardson et al., 2001; Ch. 2) and near-infrared (Combes et al., 1997; Gibbard et al.,
1999; Meier et al., 2000; Coustenis et al., 2001) had revealed Titan’s fixed surface albedo
features, but despite careful searches had failed to conclusively detect clouds. Increasingly
precise spectral observations next demonstrated that smaller clouds, covering ~ 1% of
Titan’s disk, come and go on a daily basis (Griffith et al., 2000). Yet the location of both
the daily and occasional larger clouds remained unknown.

Adaptive optics observations with the Keck and Gemini telescopes in December 2001
clearly located Titan’s daily clouds near the south pole (Brown et al., 2002; Roe et al., 2002)
(Ch. 5). Individual clouds were observed to persist at least 24 hours in one case (Brown
et al., 2002), and vary in flux by 50% over 3 hr in another (Roe et al., 2002), but little
other information on their lifetimes, formation frequency, and size spectrum can be gleaned
from these few observations (a total of 10 nights). Nor did these observations note anything
resembling the large storm detected spectroscopically in 1995, which was inferred to have
covered 7% of Titan’s disk (Griffith et al., 1998), increasing its 2.0 um flux by 30%.

Frequent observations over many rotations, either resolved imaging or photometric mon-
itoring, provide the best means of constraining many of these basic properties of Titan’s

transient clouds. A photometric approach, which ultimately proved inconclusive, is de-
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scribed in Ch. 7. Here we present the results of an intensive imaging campaign performed
primarily with the Palomar Hale 5-m telescope in the fall and winter of 2002-2003. The
goal of this project was to understand the typical locations, lifetimes, formation frequency,
and size spectrum of Titan’s clouds, and constrain the wind field in the regions of Titan’s
troposphere in which clouds form. We also include in this study images of Titan taken on
8 nights between October 1997 and December 2002 with the W.M. Keck 10-m telescopes,

which extend the temporal baseline of the study.

6.2 Observations

6.2.1 Palomar adaptive optics images, 2001-2003

Images of Titan were acquired on 16 nights between 20 December 2001 and 14 January
2003, using the JPL adaptive optics (AO) system and the Cornell-built PHARO cam-
era/spectrograph at the Cassegrain focus of the Palomar Hale telescope (Table 6.1). The
operation of the AO system and PHARO has been described in Ch. 3. All images were
taken through a K’ filter (1.945-2.296 ym), and recorded at a platescale of 0702517 pix !,
with an integration time of 9.085 s. A minimum of 16 images were taken each night, with
the telescope offset by 5” between each set of 4 to minimize the effect of bad pixels and
uncertain flat-field calibration. Observing conditions ranged from photometric to thin high
clouds.

Each set of dithered images was first grouped according to the location of Titan on
the detector. For each location, a pixel-by-pixel median of the images not included was
calculated and subtracted from each image in this subset, thus correcting for the detector
bias, dark current, and the thermal sky background. All images were then divided by a
map of the relative pixel gains (the flat-field map), which was calculated from the average of
bias- and dark-current-subtracted twilight sky images taken the same night. Finally, pixels
with abnormal gain properties, as determined from twilight sky images taken over a wide
range of sky brightness, were replaced by the median of the surrounding good pixels.

After pre-processing, each night’s images were sorted by resolution and only the best
8-16 frames retained. The quality metric used was the weighted sum of the spatial power
spectrum of the image, where the weight at each spatial frequency is the variance of power

spectra at that frequency. Thus the frequencies with highest variance, those near the
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Table 6.1: Palomar AO observations

Date uT Am?® D? Sub-Earth® N¢  Observers
20 Dec 2001  06:31-06:43 1.03 0.87 92.5,-25.5 8/25  A. Bouchez, M. Brown, M. Troy, R. Dekany
23 Sep 2002 11:42-11:45 1.12 0.79 210.5,-26.0 8/16  A. Bouchez, M. Troy, R. Dekany
24 Sep 2002 12:08-12:15 1.07  0.80 233.5,-26.0 16/32  A. Bouchez, M. Troy, R. Dekany
25 Sep 2002 11:29-11:36 1.12 0.80 255.4,-26.0 16/32  A. Bouchez, M. Troy, R. Dekany
26 Sep 2002 12:08-12:24 1.05 0.80 278.6,-26.0 16/64 C. Dumas
27 Sep 2002 11:50-12:05 1.07 0.80 300.9,-26.0 16/64 C. Dumas
14 Nov 2002  10:21-10:38 1.02 0.86 305.2,-26.0 16/64 M. Konacki
15 Nov 2002  10:30-10:54 1.03  0.86 327.0,-26.0 8/96  A. Bouchez, C. Trujillo
16 Nov 2002  09:01-09:16 1.03 0.87 348.2,-26.0 16/64 S. Metchev, C. Bian
17 Nov 2002  09:59-10:06  1.02  0.87 11.7,-26.0 16/32  S. Metchev, C. Bian
18 Nov 2002  09:35-09:42 1.02  0.87 33.9,-26.0 16/32  S. Metchev, C. Bian
24 Dec 2002  08:36—09:07 1.10 0.88 129.1,-26.3  16/160 J. Carson, E. Furlan, W. Forrest, K. Uchida
27 Dec 2002  08:03-08:10 1.05 0.88 196.4,-26.3 16/32  E. Furlan, L. Keller, K. Uchida, D. Watson
28 Dec 2002  07:52-07:59  1.04 0.88 218.9,-26.3 8/32  E. Furlan, L. Keller, D. Watson
12 Jan 2003 07:00-07:14 1.06 0.87 198.0,-26.4 16/64 S. Metchev
14 Jan 2003 05:31-05:38 1.02 0.87 241.9,-26.4 16/32  J. Eisner, S. Metchev
a. Airmass.

b. Diameter of Titan’s disk ().
c. West longitude and latitude of the sub-Earth point (°).
d. Number of frames used to compute the mean image, divided by the total number taken.

Table 6.2: Keck speckle observations

Date uT Airmass Diam. Sub-Earth N?  Observers

24 Oct 1997  06:12-08:43  1.46-1.04 0.84 75.8,-9.5 21  A. Bouchez, M. Brown, C. Koresko

26 Oct 1997  06:21-07:39  1.38-1.12 0.84 121.1,-9.5 20  A. Bouchez, M. Brown, C. Koresko

02 Nov 1998  12:05-13:01  1.27-1.63 0.86 232.2,-14.9 6  A. Bouchez, C. Koresko, D. Muhleman
05 Nov 1998  11:41-12:52  1.24-1.65 0.85 300.0,-14.8 7  A. Bouchez, C. Koresko, D. Muhleman
06 Nov 1998  10:10-11:27 1.05-1.22 0.85 321.2,-14.8 6  A. Bouchez, C. Koresko, D. Muhleman
07 Nov 1998  06:40-07:59  1.26-1.06 0.85 340.5,-14.8 9 A. Bouchez, C. Koresko, D. Muhleman

a. Number of target-calibrator pairs used to compute mean image.

Table 6.3: Keck AO observations

Date uT Airmass  Diam. Sub-Earth  Int.* NP  Observers
28 Feb 2002  06:59-07:01 1.27 0.79 235.2,-25.7 5 12 D. Le Mignant, R. Campbell
29 Dec 2002 10:11-10:30 1.02 0.88 243.9,-26.3 60 8 J.-L. Margot, M. Brown

a. Integration time per frame (s).
b. Number of frames taken.
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Figure 6.1: Palomar Hale telescope images of Titan in 2002-2003. An additional im-
age taken on 20 December 2001 is included in this study and displayed in Figs 3.1c and
4.5. Bright, unresolved clouds can be identified near Titan’s south pole on all but 3 night
(27 September and 14-15 November).

resolution limit of that set of frames, are given highest weight and images with more power
at those frequencies are retained.

The remaining images were averaged in a two-step process. A template image was first
constructed by shifting all frames to an approximate common center (to the nearest pixel)
based on the apparent location of Titan’s limb, and averaging them. Each frame was next
cross-correlated with the template image to the nearest 0.2 pix, and shifted to a common
center by adding a phase ramp to the Fourier transform of the image. The mean of these
8-16 Fourier shifted images then constitutes our estimate of Titan’s image on that night
(Fig. 6.1). The standard deviation at each pixel location over the stack of shifted frames,
divided by the number of frames minus 1, provides an estimate of the uncertainty of the

pixel values in the mean image.
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Figure 6.2: Keck-I speckle images of Titan in 1997 and 1998. H band images are included
on the first two nights, displaying very similar surface and atmospheric features to those
seen in the K’ images.

6.2.2 Keck speckle images, 1997-1998

Speckle observations of Titan taken in October 1997 and November 1998 used the near-
infrared camera (Matthews and Soifer, 1994) with the deployable image converter (Matthews
et al., 1996) on the Keck-I telescope (see Table 6.2.). Alternating sets of 100 short (149 ms)
K’ integrations were taken of Titan and two nearby unresolved calibrator stars, for for 1—
2 hours per night. H band (1.491-1.824 pm) images were also acquired on some nights. The
deployable image converter (Matthews et al., 1996) provides a platescale of 070206 pix~*
over the 256 x 256 pixel detector.

We used a speckle reconstruction algorithm developed by Koresko et al. (1991), modified
to account for field rotation during the observations. After bias and flat-field corrections,
each frame was divided into 128 x 128 object and sky regions (the sky regions assembled
from the detector corners). The mean power spectrum and bispectrum of the object and
sky were then used to reconstruct Titan apparent Fourier phases and amplitudes, which
were apodized by a Hanning function. Division by the identically reconstructed Fourier
components of the unresolved calibrator star then returns an approximately diffraction-
limited image of Titan.

Each paired set of Titan and calibrator star observations was processed independently,
and finally averaged to recover a single nightly mean image of Titan. The uncertainty in

this final image was estimated from the standard deviation of the constituent images, as
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Figure 6.3: Keck-II AO images of Titan in 2002. Both images show complex, resolved
transient clouds near the south pole. The 29 December image was taken in particularly
stable atmospheric conditions, and may be the highest resolution image yet taken of Titan’s
lower atmosphere and surface.

with the adaptive optics frames. The nightly mean images are displayed in Fig. 6.2.

6.2.3 Keck adaptive optics images, 2002

We also include two images of Titan taken with the adaptive optics system (Wizinowich
et al., 2000) and NIRC2 camera on the Keck-II telescope (Table. 6.3). The first of these
images has been previously published in (Brown et al., 2002) but is included here for com-
parison. As with the Palomar observations, the adaptive optics control loop was locked
on Titan, and run at its fastest possible rate. A series of 8-12 K’ images with 5 s or 60 s
integration were acquired with the finest platescale camera (~ 0.005” pix~!), arranged in a
four-position dither pattern on the 1024 x 1024 pixel detector. These images were processed
identically to those taken with the Palomar adaptive optics system, though the less variable
correction quality allowed us to retain all processed images in the final nightly averages

(Fig. 6.3).

6.3 Analysis

6.3.1 Surface albedo map

The purpose of our analysis is to measure the position and flux of the transient clouds

recorded in the 24 nightly mean images included in this study. To do this, we must estimate
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the PSF of each mean image, and the light contributed by scattering of sunlight at Titan’s
surface in the stratospheric haze. The approach which we will take is to first determine a
rough map of Titan’s surface albedo at 2.0 ym by combining the 16 Palomar images. Using
this surface map and the mean haze opacity structure determined in Ch. 3, we compute
model images of Titan and solve for the PSF which best describes the transformation
between modeled and observed images. Subtracting psf-convolved model images from those
observed, we can accurately measure the position and flux of the transient clouds.

We compute a map of Titan’s relative 2.0 um surface albedo using a technique similar
to that described in Ch. 2 for the analysis of 940-nm images. The first step is to correct
the K’ images for the light scattered off stratospheric haze. This is done in an ad hoc
fashion by subtracting a scaled Brackett-y (Bry, 2.16-2.18 um) filtered image, taken on
23 September 2002. The brightness of the eastern and western limbs is strongly asymmetric
in this haze-only image, due to the 6°4 phase angle of Titan at the time of the observations.
We radially averaged this image, then subtracted an appropriate linear combination of the
radial average and the actual Bry image (or its mirror-image) to match the observed limb
asymmetry of the K’ images. The difference images record only sunlight scattered below
the altitude at which 7cp, &~ 1 for the Bry filter, approximately 50 km (Roe et al., 2002).

Using a modification of the technique of Smith et al. (1996), we solve for the relative
albedo at each location on a latitude-longitude grid, while simultaneously determining a
relative photometric scaling factor for each haze-subtracted image. We model the recorded
radiance I; ; at each location ¢ on Titan’s surface in haze-subtracted image j in terms of
the albedo A; at zero phase, a photometric scaling factor o, and a simple Minnaert-type

phase function with exponent k, as
ajli; = Ai(pijpo)®, (6.1)

where p is the cosine of the observer’s zenith angle, and pg is the cosine of the solar zenith
angle. We find that £ = 1 adequately describes the phase behavior of Titan’s surface
in these haze-subtracted images. For Gaussian-distributed uncertainties in the measured

radiances o0;;, the best estimate of the surface albedo A; at each location will be that which
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minimizes the x? function
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where the sums are taken only over the images in which the location i is viewed at less
than a maximum emission angle of 65°. For any set of photometric scaling factors o, the
optimal distribution of surface albedo A; can be directly calculated with Eq. 6.3.
However, both the absolute and relative photometric calibration of the Palomar images
are unknown a priori. Though we cannot determine the true surface albedo distribution
from these data alone, we can use the above model to solve for a map of the relative surface
albedo A, while simultaneously determining the relative photometric calibration of the
images a;. We used the Levenberg-Marquardt algorithm (Moré et al., 1980) implemented
in IDL by Markwardt (2003) to numerically optimize the 16 photometric scaling factors a9

by minimizing the y? function

Oé,- Izj)z
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where the sum over j is again taken over the images which view each location ¢, and the
relative albedo map A] is recalculated at each iteration using Eq. 6.3.

In an important final step, we normalize the relative surface albedo map A;- to the
2.0 pum albedo values determined for selected regions of Titan’s surface (with lower spatial
resolution) by fitting a radiative transfer model to resolved spectra of Titan (Ch. 3). The
mean surface albedo of the central region of Titan’s sub-earth hemisphere on 26 September
1999 (central longitude 57.4°W, emission angle < 65°) was found to be Apean = 0.09, with
a range from 0.05 £ 0.01 to 0.14 4+ 0.02. The calibrated surface albedo map is displayed in
Fig. 6.5.

It was necessary to correct this surface map for the continual presence of clouds south

of 60°S before using it to generated model images of a cloud-free Titan. This was done
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Figure 6.4: Crude map of Titan’s surface albedo at 2.0um, derived by fitting a radiative
transfer model to resolved 2.0-2.3 um spectra of Titan taken on 26 September 1999 (Ch. 3,
see Fig. 3.8). Only those locations viewed at an incidence angle of < 65° are mapped.
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Figure 6.5: High resolution map of Titan’s surface albedo at 2.0 pm, uncorrected for tro-
pospheric clouds at the south pole. A relative albedo map calculated from 16 Palomar AO
haze-corrected K’ images was normalized to spectrally-derived albedos (Fig. 6.4) north of
55°S. The highest and lowest albedos detected north of the polar clouds are 0.17 at (115°W,
13°S) and 0.03 at (259°W, 5°S). The region north of 40°N was not observed.
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Figure 6.6: Titan’s rotational lightcurve. The integrated flux in 16 Palomar K’ images,
corrected for the changing distance between Titan and the Earth and Sun, is displayed
with black dots, with 1-o error bars. A 3rd-order Fourier series fit to these data is shown by
a gray line. A compilation of K’ photometric observations made over the period 1989-1995
is shown in diamonds, reproduced from Griffith et al. (1998). The amplitude of Titan’s
lightcurve has decreased as our view has become dominated by Titan’s south polar region.
The photometric effect of Titan’s daily transient clouds is insignificant at this scale.

simply by asserting that the surface albedo everywhere south of 60°S is equal to 0.07, the
median value over the region 60°S—-40°N. Similarly, the region north of 40°N, which was
never sampled in Palomar images at an incidence angle of less than 65°, is also assumed to

have an albedo of 0.07.

6.3.2 Titan’s lightcurve

Though the photometric calibration of the Titan images was initially unknown, the mapping
procedure described in the preceding section allows us to determined the relative scaling
factors a; to 1-2% by matching the observed radiance of surface features. Multiplying each
of the 16 Palomar K’ images by this scaling factor, we integrate the light recorded in each
image and correct for the changing heliocentric and geocentric distances to recover Titan’s
rotational lightcurve. This lightcurve is displayed in Fig. 6.6. Following the convention
of Lemmon et al. (1995), we have normalized the lightcurve to the measurement nearest
orbital longitude 253°.

In Section 6.3.4, we determine the flux of each cloud identified in Palomar and Keck

images, with respect to Titan’s total flux in the images. To then normalize these measure-
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ments made at different orbital phases, we divide by a model of Titan’s lightcurve, shown
as a gray line in Fig. 6.6. This 3rd-order Fourier series is not meant to represent a physical
model, but is simply a tool for interpolating between lightcurve points unevenly spaced in

orbital longitude.

6.3.3 PSF determination

To assist in identifying transient clouds, we next generated simulated cloud-free images of
Titan matching the orientation, platescale, and filter of each set of observations. This was
done using the radiative transfer model of Griffith et al. (1991), with the simplifying as-
sumption that the distribution of haze in Titan’s atmosphere at every latitude is sufficiently
well described by the mean atmosphere observed on 20 December 2001 (see Section 3.5.1
and Fig. 3.4). While this is not unreasonable for the majority of the images treated here,
taken in 2002, it is not a good approximation for the speckle images taken in 1996-1997.
This simplification, however, allowed us to compute a single multi-dimensional grid of 2.00—
2.30 pm model spectra, with a range of underlying surface albedos (0-0.50 every 0.02),
incidence angles (0°-85° every 1°), and emission angles (0°-85° every 1°), which we then
interpolated to predict the spectrum recorded by each pixel of each image. The spectral
images thus produced were finally multiplied by the transmission function of the K’ filter
used and integrated over wavelength.

Having computed 24 model images with resolution effectively equal to the platescale
(with the exception of the surface features, whose resolution is set by the Palomar images
out of which the surface map was created), we then determined the PSF which best describes
the convolution from model to observed images. We construct the PSF from the sum of
either 2 Gaussian functions (for the speckle images) or an Airy pattern and 2 Gaussian
functions, the narrowest of which is constrained to have a width equal to the diffraction
limit of the telescope. The width of the remaining two Gaussian functions and the ratio
of their contributions were allowed to freely vary, as was the position of the model image
on the detector. We again used the Levenberg-Marquardt algorithm to optimize these
6 parameters, minimizing the squared difference between the PSF-convolved synthesized
images, and the observed images. The resulting PSFs are displayed in the fourth column

of Figs. 6.7-6.10.
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Figure 6.7: Palomar AO images, image models, and residuals. I. left: Palomar images,

displayed on and absolute geometric albedo scale (lower gray-scale).

left-center: Model

images, displayed on identical gray-scale. right-center: Residual, which highlights the tran-
sient tropospheric clouds which are nearly always present near Titan’s south pole (middle

gray-scale). right: Optimized PSF (upper gray-scale).
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Figure 6.8: Palomar AO images, image models, and residuals. II.
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Figure 6.9: Keck speckle images, image models, and residuals. Note the strong, non-
Gaussian noise, which renders interpretation of these images difficult.
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Figure 6.10: Keck AO images, image models, and residuals. The high resolution achieved
by these images, with respect to the surface albedo map used to generate the model images,
causes strong residuals to surround high contrast surface features.

6.3.4 Cloud positions and fluxes

The residual of each image, minus the model image, was finally searched for transient cloud-
like features. 27 candidates were found, and their locations and fluxes with respect to that
of Titan’s disk are listed in Table 6.4, determined by fitting a scaled PSF to the residual
image. The locations of those clouds identified with high confidence are also displayed
graphically in Fig. 6.11. Position and relative flux uncertainties were determined by Monte
Carlo simulation, by adding 20 realizations of Gaussian noise at the measured 1-o level, and
recomputing the location and flux of the apparent cloud in each. Systematic uncertainties
in the PSF are not included, and could lead to systematic errors of up to a factor of 2 in the
derived fluxes. We finally multiply the flux of each cloud relative to that of the disk by the
the normalized lightcurve value at that orbital longitude (see Fig. 6.6). This corrected flux

is therefore that of the cloud, relative to the total flux of Titan’s disk at 253°W longitude.

6.4 Discussion

6.4.1 Cloud location

Four features were identified in the Keck speckle images which might be transient clouds.

They are all unresolved, ~ 20 brighter than the surrounding regions, and clearly transient,
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Figure 6.11: Polar stereographic
projection of the locations of the
transient clouds detected. Their
relative flux is indicated by the area
of the filled circles, and 1-o uncer-
tainties in the positions are shown
with error bars.

as no feature is visible in subsequent images of the same location. However, given the non-
Gaussian nature of the noise in speckle reconstructions, it is difficult to have much confidence
in these detections. We note, however, that they occur at more northerly latitudes than
the clouds detected several years later in AO images. We have searched for clouds at
these locations in HST/NICMOS images taken within one month of the October 1997 Keck
observations, but their lower spatial resolution rendered them insensitive to features of this
scale.

In contrast to the speckle images in 1997-1998 and even Palomar image taken in 1999-
2000 (Ch. 3), distinct unresolved clouds are clearly visible on 13 of 16 nights in Palomar
images of Titan taken between 20 December 2001 and 14 January 2003. Even the 3 nights on
which the achieved resolution was insufficient to resolve individual clouds showed a regional
brightening at the location of previous clouds. It therefore appears that the clouds were
continually present pole-ward of 70°S during the period of September 2002 to January 2003.
Occasional clouds were also detected at lower latitudes, the furthest north being located at

58°S +2° on 14 January 2003.

6.4.2 Cloud size

Individual unresolved clouds observed with the Palomar AO system contribute between

0.09% and 1.1% of Titan’s flux at 2.0 pm. This corresponds to the brightness expected for
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Table 6.4: Position and flux of detected transient clouds

Date Flux® Corrected Flux® Longitude Latitude Comments

24 Oct 1997  0.0025 £ 0.0006  0.0029 + 0.0007 88£8 —44 £ 7 low confidence
24 Oct 1997  0.0018 4+ 0.0006  0.0020 £ 0.0007 6247 —38+6 low confidence
02 Nov 1998  0.0040 £ 0.0007  0.0041 £ 0.0007 289 £+ 13 —58+6 low confidence
02 Nov 1998  0.0026 £ 0.0007  0.0027 £ 0.0007 170 £13 —55£6 low confidence
20 Dec 2001  0.0034 + 0.0005  0.0038 4+ 0.0006 46 + 12 —77+3

20 Dec 2001  0.0028 + 0.0005  0.0032 % 0.0006 126 £17 —78+4

20 Dec 2001  0.0008 £ 0.0005  0.0009 +£ 0.0005 156 £ 8 —63£3

28 Feb 2002  0.0050 £+ 0.0010  0.0056 + 0.0011 146 + 3 —71+1 cloud resolved
28 Feb 2002  0.0007 £ 0.0001  0.0007 £ 0.0001 228 £ 15 —85+3

28 Feb 2002  0.0006 £ 0.0001  0.0006 £ 0.0001 311 +4 —60+1

23 Sep 2002  0.0103 £ 0.0008  0.0105 + 0.0008 183 £ 11 —72+5

24 Sep 2002  0.0091 £ 0.0008  0.0089 + 0.0008 208 £ 12 —73+5

25 Sep 2002  0.0077 +0.0008  0.0077 4 0.0008 194 £8 —72£2

25 Sep 2002  0.0051 £ 0.0008  0.0052 + 0.0008 279 £+ 23 —81+5

26 Sep 2002  0.0062 £ 0.0007  0.0060 £ 0.0007 216 +9 —75+2

26 Sep 2002  0.0060 + 0.0007  0.0062 % 0.0007 292 + 21 —80+£5

27 Sep 2002  0.0110 £0.0020  0.0110 + 0.0020 - - region unresolved
14 Nov 2002  0.0130 £0.0020  0.0130 £ 0.0020 - - region unresolved
16 Nov 2002 0.0060 4+ 0.0010  0.0067 = 0.0011 38 +46 —83+3

17 Nov 2002  0.0060 + 0.0010  0.0067 4+ 0.0011 37+24 —79+4

18 Nov 2002 0.0060 + 0.0010  0.0067 &+ 0.0011 35+21 —81+£5

24 Dec 2002  0.0070 4+ 0.0020  0.0080 % 0.0023 95 £ 23 —82+3

27 Dec 2002  0.0040 4+ 0.0010  0.0039 £ 0.0010 241+ 11 —72+3

28 Dec 2002  0.0060 + 0.0010  0.0058 &+ 0.0010 229 £+ 15 —77+£5

29 Dec 2002  0.0080 £ 0.0010  0.0077 £ 0.0010 221+ 10 —83+2 cloud resolved
12 Jan 2003  0.0080 + 0.0010  0.0088 4+ 0.0011 155+27 —8243

14 Jan 2003  0.0050 + 0.0010  0.0052 %+ 0.0010 179+7 —71+£2

14 Jan 2003  0.0050 4+ 0.0010  0.0049 + 0.0010 248 + 40 —83+2

14 Jan 2003  0.0017 +0.0006  0.0018 4+ 0.0006 299 + 7 —58 £ 2

a. Flux of cloud, divided by total disk flux.
b. As a., but normalized to total disk flux at orbital longitude 253°.

optically thick, foreshortened clouds with diameters between 100 and 400 km (see Ch. 5
for details), consistent with the telescope’s projected diffraction limit of 500 x 1000 km.
However, on both nights of Keck AO observations, clouds were detected which were clearly
spatially resolved with linear dimensions of 1000-1400 km, yet equivalent in brightness to an
optically thick cloud of only 250-300 km diameter. This implies a low filling factor of ~ 5%
within the resolved region, if the constituent clouds are optically thick. This conclusion is
likely to apply to the apparently unresolved clouds as well, whose brightness is consistent
with filling factors of 5-20%.

Integrating the light of all clouds identified each night, the corresponding areal coverage
of optically thick clouds over Titan’s visible disk varied from 0.2% on 27 December 2002
to 0.7% on 14 November 2002. These figures are similar to those derived by Griffith et al.
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(2000) for the areal coverage of the clouds responsible for Titan’s daily spectral variations
at 2.12-2.16 um. No clouds were detected which rival the 7% coverage event observed
spectroscopically on 5 September 1995.

No variation in the flux of clouds was detected which could not be attributed to the
fading due to their reduced projected area as they approach Titan’s limb. Such fading due
to reduced projected area is clearly seen in the cloud near 200°W, 72°S which persisted for
4 nights, gradually decreasing in flux by 40%. We therefore see no evidence of rapid cloud
formation or dissipation as observed in more sensitive Keck AO observations by Roe et al.

(2002).

6.4.3 Seasonal evolution

The relative faintness of the clouds imaged on 28 February 2002, compared to those observed
subsequently with the Palomar telescope, is a surprising result. At the time this image was
taken, in response to a transient brightening of Titan at 750 nm (Ch. 7), we believed it to
represent an unusually bright storm. The previous 8 nights of Keck and Gemini telescope
observations which led to the discovery of their location at Titan’s south pole (Brown et al.,
2002; Roe et al., 2002) had all recorded fainter, unresolved clouds. Yet this apparently
bright “outburst”, as we called it, was quite modest compared to the majority of nights in
2002-2003. The tentative conclusion which we draw from this is that the typical size, or
optical thickness of the clouds at Titan’s south pole has been increasing since their discovery
in December 2000.

The gradual brightening of the clouds at Titan’s south pole is consistent with our cur-
rent understanding of their formation mechanism (Ch. 5). Titan’s tropospheric clouds
currently reside at the location of maximum insolation on the satellite (Fig. 6.12). This,
along with their altitude near that expected for convective clouds initiated near Titan’s
surface, suggests that heating of the surface or lower troposphere by sunlight is the trigger
which initiates moist convection (Bro