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ABSTRACT

Until relatively recent advances in technology, astronomical observations from the 
ground were limited in image resolution by the blurring effects of earth’s atmosphere. 
The blur extent, ranging typically from 0.5 to 2 seconds of arc at the best astronomical 
sights, precluded ground-based observations of the details of the solar system’s moons, 
asteroids, and outermost planets. With the maturing of a high resolution image process­
ing technique called speckle imaging the resolution limitation of the atmosphere can now 
be largely overcome. Over the past three years we have used speckle imaging to observe 
Titan, a moon of Saturn with an atmospheric density comparable to Earth’s, Io, the vol­
canically active innermost moon of Jupiter, and Neptune, a gas giant outer planet which 
has continually changing planet-encircling storms. These observations were made at the 
world’s largest telescope, the Keck telescope in Hawaii and represent the highest resolution 
infrared images of these objects ever taken.

AUSPICES: This research was performed under the auspices of the U.S. Department 
of Energy by Lawrence Livermore National Laboratory under Contract W-7405-ENG-48.
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1. INTRODUCTION: Project Goals and Accomplishments

High-spatial-resolution observations of planets, asteroids, and comets have traditionally 
been the exclusive domain of space-based telescopes. The Voyager space probe missions, 
the Galileo spacecraft (presently orbiting Jupiter), and the Hubble Space Telescope (HST) 
have all given us unique views of solar system objects. However, spacecraft fly-bys are 
unique, while the highly over subscribed HST can allocate time to planet imaging only 
once or twice a year. The goal of this LDRD project is to make extensive use of speckle 
interferometry at the world’s largest telescope, the Keck 10 meter Telescope on Mauna Kea 
in Hawaii, to attain very high resolution images of several solar system bodies at infrared 
wavelengths.

Until relatively recent advances in technology, astronomical observations from the 
ground were limited in spatial resolution by the blurring effects of earth’s atmosphere. 
The blur extent, ranging typically from 0.5 to 2 seconds of arc at the best astronomical 
sights, precluded ground-based observations of the details of the solar system’s moons, as­
teroids, and outermost planets. Many major observatories, including Keck, are procuring 
adaptive optics systems that will largely overcome the resolution limit of the atmosphere. 
The physical limit of spatial resolution, the so called diffraction-limit, is inversely depen­
dent on telescope diameter, and for Keck, this can be typically be ten times smaller than 
the atmospheric blur.

In advance of adaptive optics at Keck, (first light is in February, 1999) we have, over the 
past three years under the auspices of this LDRD project, been using speckle interferometry 
to attain diffraction-limited reconstructed images of solar system objects. This technique 
uses many short (~ 100ms) exposure images coupled with extensive post-processing to 
form a single high resolution image. The approach uses a larger amount of telescope time 
than an equivalent long exposure image because of the overhead in handling the increased 
data of many short exposures, and is also limited to bright astronomical targets because 
each short exposure data must overcome noise in instrument readout, but the technique is 
useful nevertheless for a number of scientifically interesting targets, particularly the bright 
moons and outer planets we have been looking at.

Titan, the largest moon of Saturn, subtends an angle of less than one second of arc when 
viewed from Earth. It has a relatively thick atmosphere which is, like Earth, composed of 
80 % nitrogen. This atmosphere has no oxygen however but has a considerable amount of 
hydrocarbon aerosols (methane, ethane, and other carbon chain molecules). According to 
current Titan atmospheric chemistry models, methane in the upper atmosphere photolyzes 
into longer chain hydrocarbons; the long chain hydrocarbons form even more complex 
hydrocarbon molecules, condense into globules, and rain onto the surface. The surface 
therefore is thought to be covered in a hydrocarbon goo but perhaps also has lakes of 
liquid ethane with dissolved methane which interact with and restore the ethane to the 
atmosphere.

The hydrocarbon aerosols in the upper atmosphere create a thick smog that completely 
obscures the moon’s surface at visible wavelengths. The cameras of the Voyager spacecraft
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missions saw Titan only as a hazy orange ball. However, at certain near infrared wavelength 
bands Titan’s atmosphere is transparent and the surface is revealed.

Our Keck speckle imaging observations show Titan’s surface at a resolution of 0.02 
arcseconds per pixel (each pixel representing about 150 km on the surface) with 50 pixels 
across the disk. At such resolution, Titan can be seen to have continent sized bright regions, 
perhaps highlands of rock and ice, and very black areas which are quite possibly pools of 
liquid hydrocarbons. Over the past three years, we have mapped most of the surface in 
2 (j,m wavelength band, and considerable portions in the 1.6 and 1.1 (im bands. These 
maps, which represent the surface reflectivity to incident sunlight at these wavelengths, 
yield information about the surface composition.

Earth’s early atmosphere originally had a high hydrocarbon content and no oxygen, 
like Titan, prior to the formation of life, so there is considerable interest in this moon as 
an example of prebiotic Earth. Such enthusiasm must be tempered by the fact that the 
temperature on Titan’s surface is 100 Kelvins, much colder than that of early Earth and 
much colder than any known life form can survive.

Neptune is so distant from the sun that active, fast changing, storm systems come as a 
surprise. The enormous energy in these storms cannot be derived from the sun’s incident 
radiation; instead it must come from planet’s internal heat, caused by gravity and nuclear 
processes in the core. We have observed Neptune over several planet rotations and tracked 
the storm features, characterizing their sizes, locations, and velocities.

Neptune’s atmosphere is mostly Hydrogen, with trace amounts of methane and other 
hydrocarbons. The methane molecule has resonance bands in the infrared which, to a 
degree depending on wavelength, restrict the transparent optical depth of the atmosphere. 
Images at these wavelengths thus probe the atmosphere to particular depths. At Keck, 
we took narrow band images of Neptune within the 1, 1.6, and 2.1 fxm infrared bands to 
compliment the high spatial resolution speckle images. (Speckle imaging through narrow 
band filters is not possible because this produces much lower signal than through the much 
wider infrared band filters, plus the fact is, because of methane absorption, the planet is 
much darker inside the methane bands!)

With the narrow band data, we establish the altitude of the storm features, whether 
they are in the stratosphere or the troposphere for example, and thus associate them with 
various haze layers in Neptune’s atmosphere. Since the trace hydrocarbons in the atmo­
sphere have such strong light absorption properties, their vertical abundance profiles are 
very important to understanding the energy transport processes in Neptune’s atmosphere. 
In collaboration with our colleagues at U.C. Berkeley and JPL, we have used an atmo­
spheric modeling program to fit component abundance as a function of altitude to our 
data.

Io, the innermost moon of Jupiter, is subject to severe tidal stress, which is continually 
elieved at the surface through volcanic activity. At any given time there are perhaps a 
ozen volcanoes active, with detectable changes, flare-ups, etc. occurring on time scales of 
lonths. Lava floes are thought to resurface the moon every 10 years. The lava is generally
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cool at 800°C and composed mostly of sulfur, but recent data has indicated that hotter 
2000°C silicate vulcanism may be occurring in the largest outbursts.

A science spacecraft, Galileo, is presently in orbit around Jupiter, providing a wealth 
of information about Io as well as the other Galilean moons. Two instruments, the near 
infrared mapping spectrometer (NIMS) and the solid state imager (SSI) have recorded 
images of Io volcanoes. However, Galileo was never scheduled to fly very near to Io 
since the radiation environment at that inner orbit is so severe it would jeopardize the 
mission. As a result, the NIMS infrared images actually have lower resolution than the 
Keck diffraction-limited images taken from earth!

We have made repeated observations of Io from Keck, observing Io’s volcanoes by their 
emitted infrared light while in eclipse of Saturn, over the duration of this project. Io 
subtends only about 0.8 arcseconds as seen from earth, so a high resolution technique 
like speckle interferometry is necessary to distinguish separate volcanoes on the surface. 
Using Speckle image reconstruction we have observed new bright, transient outbursts, and 
variations in the energy of known volcanically active regions. The high spatial resolution 
allows us to pinpoint the location of the volcanoes and also to bound the extent of the hot 
regions. Observations in multiple wavelength bands (2 and 3 yurn) allow us to characterize 
the temperature of the hot spots, which gives clues to the composition of the lava floes.

In summary, we have demonstrated the enormous potential of diffraction-limited imag­
ing in advance of installation of adaptive optics systems at the world’s largest telescopes. 
We have focused on targets of opportunity which are amenable to the speckle interferomet­
ric techniques and also are of current interest to the solar system science community. The 
repeated measurements at short intervals reveal the “event” nature of the solar system: Io 
volcanoes flare brightly to high temperature then cool down to near indetectability next 
to steady glowing caldera, Neptune storms rapidly evolve and encircle the planet in a few 
days.

In this report, we describe the speckle interferometry technique in more detail in chapter 
2, we present the results from our observations of Titan, Neptune, and Io respectively in 
chapters 3, 4, and 5, and finally in chapter 6, we discuss the future of high resolution solar 
system observations from ground based observatories using the new generation of adaptive 
optics systems.
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2. IMAGE FORMATION WITH SPECKLE INTERFEROMETRY

2.1 Background

Speckle interferometry has its origin in the early attempts at stellar interferometry. 
Astronomers realized that by placing a mask over a large aperture telescope with two 
small holes at the edges of the mask to allow starlight through, interference fringes would 
appear at the focal plane in a manner similar to Young’s two-slit experiment. The fringe 
spacing (distance between light and dark regions), is inversely proportional to the distance 
between the holes. In the case of the Michelson stellar interferometer, which was set up 
on a 6 meter baseline on top of the Hooker 100 inch telescope at Mt. Wilson, this is much 
smaller than the typical stellar image on photographic plates of the time. Unfortunately 
the fringes are constantly moving because of air turbulence and can only be viewed by eye, 
or with a video camera.

Short exposure (< 100ms) images of starlight, taken without an aperture mask, on a 
telescope with a diameter of half a meter or more, reveal complex interference patterns 
(Figure 2.1a), which can be explained as fringes from many pairs of slit holes superimposed. 
The patterns dance and change with the atmospheric turbulence.

The development of video charge-coupled-device (CCD) technology introduced a de­
tector that was very efficient with the light (approaching 80% quantum efficiency) and 
with fast electronic readout capability. Labeyrie (1970) suggested using Fourier transform 
processing of fast frame rate data images, termed specklegrams, to recover the autocorre­
lation function of otherwise unresolved astronomical sources. The autocorrelation method 
has been widely used to make measurements of binary stars (e.g., McAlister et. al. 1984, 
Henry and McCarthy 1993, Ghez et al 1995, Leinert et al 1993, Koresko et al 1991) and 
was used to determine the orbit of the moon Charon around the planet Pluto (Beletic et. 
al. 1989).

Autocorrelation functions are useful for determining simple parametric properties of 
an object’s brightness distribution, however, complete image recovery requires the Fourier 
phase function as well. Unfortunately, because of the atmospheric turbulence, the phase 
data of individual specklegrams does not correlate well with the Fourier phase of the source 
distribution. Knox and Thompson (1974), Weigelt (1977), and Lohmann et al (1983) 
introduced techniques of determining phase in a more subtle fashion from the data, using 
higher order moment statistics, notably the “bispectrum” (see the description below). 
Roddier (1986), recognized the similarity of the bispectrum imaging method to phase 
closure techniques that had already been used in radio interferometry aperture synthesis 
for more than a decade to produce very high resolution radio maps of the sky.

Speckle interferometric imaging has been widely used ever since, for example: solar 
features (e.g. Von Der Luehe 1994), galactic nuclei (e.g., Olivares 1994, Thatte et al 1997), 
and solar system objects (e.g., Beletic 1992, McCarthy et al 1994, Max et al 1996).
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3.2 Speckle Imaging Algorithm

Each specklegram image /(x;ij) is related to the object source distribution O(x) by a 
convolution relationship

/(x; ti) = P(x; ti) * 0(x)

where x is position in the field of view and P(x) is the combined atmosphere and telescope 
point-spread function. The subscript i indicates the speckle frame number, which is taken 
at time t*. Note that the atmosphere is constantly changing and therefore so is the speckle 
point spread function. The atmospheric turnover time, that is, the interval during which 
the point-spread function can be considered approximately constant, depends on the seeing 
conditions, but is typically in the range of 50 to 100 ms. The time between exposures 
(ti+1 — t{) depends on the size of the image, speed of the instrument readout electronics, 
computer storage mechanism, etc. The NIRC camera readout rate with 256x256 pixel 
images is approximately once every 2 seconds.

The speckle interferometric image reconstruction algorithm recovers the object by es­
timating its Fourier phase and Fourier magnitude components in separate steps (see the 
flow chart of operations in Figure 2). The Fourier magnitude is obtained by applying a 
standard deconvolution technique to the square root of the average power spectrum. Note 
that the power spectrum is the Fourier transform of the autocorrelation function, and it 
is this approach that was first proposed by Labeyrie. The basic equation is

(|I(u;ti)|2)i » |0(u)|2|P(u)|2

where u is the Fourier domain variable (a 2-vector) associated with (the 2-vector) x, and 
(*)i indicates averaging over speckle frames. The power spectrum of the point spread 
function |P(m)|2 is estimated separately using specklegrams of a stellar point source, i.e. 
of an unresolved star, for which 0(u) = 1. Actually finding such a source is more difficult 
to do than one might at first imagine; about half the stars in the sky are binary pairs, and 
at this resolution, they aren’t known! Extra telescope time must be used to collect data 
on redundant stars so that there is a reasonable chance one of them is a point source.

Deconvolution is, in concept, the operation

|0WI = (in«;<i)l2)i/|PMI2

but is actually performed using one of a variety of clever methods that, for example, guard 
against numerical problems when the divisor on the right hand side approaches zero.

Fourier phase is recovered through processing the bispectrum of the images. The bis­
pectrum of I(x] U) is defined as

IB(u,v,ti) = I(u-,ti)I(v;ti)I(-u - v,ti)
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where u and v are Fourier domain variables and /{u* is the Bburier transform of f(x; ti). 
The bispcctrum phase of the object source distribution is, remarkably, equal to the average 
btopectrum phase of the specklegrams:

»rgC<>E(u,v)| -

This is because point sources obey the property arg Pn (u, tu t) = 0, which is roughly 
explained by the fact that coherent phases fronts, although distorted by the path through 
the atmosphere, have zero integrated phase over all closed triangles in the aperture plane, 
v, (—u). and (—id) — v. See Lohmann, et, al. for a complete derivation.

Fourier phase is recovered from bispectrum phase by inverting the recursion relation

srg{d>B(u, y)} = arg (?(«) + argd(fj) + arg D(-u - u)

The recursion is started with three assumptions: Urg O((0, Q)) - U, argO(( 3,0) j - 0, and 
argG({0, 1)) = 0. The starting conditions have physical interpretations: 1) wavefront 
piston is arbitrary so is arbitrarily set to zero, 2) wavefront tip and 3) wavefront tilt 
only shift the image without changing any either aspect of its structure, and so it can be 
arbitrarily centered at 0,0..

Figure 2.1 - Speckle image formation compared to traditional long exposure image.
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3. THE SURFACE AND ATMOSPHERE OF TITAN

3.1 Introduction

Despite decades of observation, Saturn’s largest moon Titan remains one of the most 
mysterious objects in the solar system. Unlike other known planetary satellites, Titan 
possesses a thick (1.5 bars) atmosphere which, like the Earth’s, is composed mainly of 
nitrogen. It also contains small percentages of methane, hydrogen, and possibly argon. 
When observed by Voyager I in 1980 at visible wavelengths, only a featureless orange haze 
could be seen, with no hint of the surface underneath.

Titan’s haze layer is produced by photolysis of methane in the upper atmosphere. 
The photolysis products combine into a complex series of organic molecules and polymers 
(Yung et al 1984). These organics form a layer that is opaque at visible wavelengths and 
is partially transparent in the infrared. Calculations indicate that the methane in Titan’s 
atmosphere would be depleted by photolysis on a timescale of 107 years (Yung et al 1984), 
which indicates either that Titan’s atmosphere is not in long-term steady-state (Lorenz 
et al 1997), or that surface-atmosphere interactions replenish the atmospheric methane. 
It has been suggested that Titan may possess surface or sub-surface reservoirs of liquid 
hydrocarbons produced by the raining out of methane photolysis products (Lunine et al 
1983).

Disk-integrated observations of Titan in the near-infrared (Griffith et al 1991) indicate 
an atmosphere dominated by methane absorption features. Titan’s surface can be observed 
through narrow windows of the methane spectrum in which light from the surface is not 
absorbed by the atmosphere. Because haze optical depth is less at infrared wavelengths 
than in the visible (Rages et al 1983), it is easier to observe photons reflecting from the 
surface at 1.5-2.5 microns where haze optical depths are generally less than 0.5, rather than 
at shorter wavelengths. The maximum contrast in surface features is greatly increased (to 
~ 30%) at near-infrared wavelengths compared to ~ 10% quoted by Smith et al (1996) 
at the shorter wavelengths observed by the Hubble Space Telescope (HST). The values of 
contrast that can be obtained depend on both spatial and spectral resolution.

Unresolved, disk-averaged observations of Titan show variations in geometric albedo 
with time, as well as a north-south brightness asymmetry that is believed to be due to 
seasonal transport of Titan’s haze particles (Hutzell et al 1993,1996). Daily variations are 
due to a brightness difference between Titan’s leading and trailing hemisphere (the leading 
hemisphere being brighter) as Titan revolves around Saturn with a period of 15.95 days 
(Lemmon et al 1995). Longer-time variations involve a north/south brightness asymmetry 
and occur with a period of ~ 30 years, consistent with the orbital period of Titan around 
the Sun (Lockwood et al 1986). This asymmetry currently has the opposite sign from that 
observed 18 years ago by Voyager 1.

Titan has been observed in visible and near-infrared windows by the HST (Smith 
et al 1996), and in the infrared using adaptive optics technology (Combes et al 1997). 
These observations have confirmed the brightness asymmetry between Titan’s leading and
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trailing hemispheres, as well as the north/south brightness asymmetry. The diffraction- 
limited resolution achieved by the HST at 0.9 jtim was 0.09” (0.045” per pixel), and by 
adaptive optics 0.14”. The deduced surface characteristics indicate a heterogenous surface 
rather than the global hydrocarbon ocean suggested by loss of methane to the surface at 
the current rate over the age of the solar system (Yung et al 1984, Lara et al 1994).

Early radar measurements of Titan’s albedo (Muhleman et al 1991) suggested a radar 
reflectivity much too high for liquid hydrocarbons and more consistent with an icy surface. 
The early values reported by Muhleman et al 1991 were later revised down by a factor of 
~ 2 (Muhleman et al 1995), due to an error in the calibration procedure (for details see de 
Pater et al 1995). In contrast to the early reports, the radar reflectivities are therefore not 
inconsistent with a surface that is covered to some extent by solid or liquid hydrocarbons 
(Lorenz and Lunine 1997).

It now seems clear, from both observations and theory, that Titan does not possess a 
global hydrocarbon ocean (Sears 1995, Sagan and Dermott 1982, as well as the infrared and 
HST data mentioned above). However, it is quite possible that smaller reservoirs of liquid 
(‘seas’) exist on Titan but have not been detected by previous observers. Unambiguous 
detection would require very high resolution measurements to separate the heterogenous 
areas of the surface as well as high spectral resolution to positively identify the surface 
components.

In order to help answer such questions, we have used the technique of speckle imaging 
on the world’s largest optical telescope, the W.M Keck 10-meter Telescope, to produce 
infrared images of Titan at a higher spatial resolution than previous images taken at any 
wavelength. In addition to producing images of the surface, we have used the data to 
constrain models of Titan’s atmospheric haze layer.

3.2 Observations and Data Reduction

Observations were taken on June 27 and September 6, 1996 (UT) using the 10-m W.M. 
Keck Telescope and the 256 x 256 pixel NIRC camera (Matthews et al 1994) in speckle 
imaging mode (Matthews et al 1996). In this mode a warm image converter provides 
NIRC with a plate scale of 0.02 arcseconds per pixel. This plate scale gives approximately 
40 pixels (20 resolution elements) across the disk of Titan. The K’ observations have a 
spatial resolution of 0.04 arcseconds, which is ~ 260 km on Titan’s surface, a higher spatial 
resolution than any previous observations.

Our observations in June were primarily of Titan’s trailing hemisphere (Titan orbits 
synchronously around Saturn, so that its leading and trailing sides are always imaged at 
greatest eastern and western elongation). The central meridian longitudes at the time of 
observation were 125 degrees for the leading hemisphere and 320 degrees for the trailing 
hemisphere. The data from September show the leading, brighter hemisphere. Data from 
June were obtained in the K’ band (1.95// — 2.29/x), and data from September at both K’ 
and H (1.49// — 1.82//). These wavelength ranges include both strong methane absorption
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bands and windows where methane absorption is nearly zero, so that light can penetrate 
to the surface.

Although using custom narrow-band filters arranged around the methane absorption 
bands, as Combes et al (1997) do, would provide somewhat higher contrast on surface 
features, speckle imaging requires a high signal-to-noise in each individual frame, so the 
broad-band filters must be used. The contrast in our images remains very high, and the 
presence in the images of a significant atmosphere-only component actually allows more 
precise determination of atmospheric parameters (see section 4).

The observations taken are summarized in Table 1. Each data set consists of 100 images, 
with a 0.200 second exposure time per image. Each such stack typically takes 90 seconds to 
complete. Each frame also has 8 (June) or 200 (September) dark/bias exposures associated 
with it, which are used to calibrate drifts in the DC bias level of NIRC’s electronics. The 
number of dark/bias exposures was increased in September because the time-varying bias 
and read noise in the dark frames were dominant noise sources in the June data.

Before the speckle analysis procedure began the data were pre-processed as conventional 
infrared images. The instrument dark current and (time-varying) bias were removed using 
bias frame stacks associated with each data set. Data were sky-subtracted using 300-frame 
blank-sky observations taken shortly before or after the Titan and reference images. A 
median filtering technique was then applied to each image to remove residual columnar 
patterns caused by drifts in the instrument electronics. The resulting images were flat- 
fielded using flats constructed from twilight sky images.

Figure 1 shows the images obtained from speckle reconstruction of the data. Figure la 
is the leading hemisphere at K’, reconstructed from 5 sets of 100 speckle frames that 
were shifted to a common center and averaged to produce the image. Figure lb shows 
the leading hemisphere at H band, reconstructed from an average of 4 sets of 100 speckle 
frames, and Figure lc shows the trailing hemisphere at K’, reconstructed from 2 sets of 400 
speckle frames. Near the center of the satellite, infrared photons pass through only a thin 
layer of reflective haze, and are either absorbed by the methane below the haze or reach 
the surface. On the other hand, near the limb the pathlength through the high-altitude 
haze is longer and photons have a greater chance of being scattered or reflected before 
they reach the absorbing methane layer. This, combined with a greater amount of haze in 
the southern hemisphere, leads to a strong southern limb brightening. The observed limb 
brightening is used to constrain models of the atmosphere.

3.3 Speckle Image Reconstruction

Titan is difficult to analyze from the ground because of its small angular size, about 
0.8 arcsecond in diameter. This is roughly the size of the point spread blurring caused 
by turbulence in the Earth’s atmosphere. Consequently, most ground-based observations 
prior to 1996 measured only properties of the integrated disk.

Since then, high resolution techniques have been developed that can to a certain degree
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overcome the atmosphere and reach a resolution limit set by the diffractive properties 
of the telescope optics. The diffraction limited resolution varies directly with telescope 
diameter, so the larger (e.g. Keck 10 meter) telescopes on the ground can in theory obtain 
higher resolution than HST, with its 2.4 meter aperture in space.

In our work, we applied the Speckle interferometric imaging technique described in 
Chapter 2. Several hundred short exposure images of Titan are taken over the course of 
each observing night, along with several hundred short exposure images of a star to use 
as a point spread function calibration source. These data are processed in groups of 100 
frames (see below) with the speckle reconstruction software as described in Chapter 2 to 
form the high resolution images.

Since the Keck Telescope has an altitude-azimuth mount, the angle between the infrared 
detector’s x axis and the north direction on the sky (the “parallactic angle”) depends on the 
position of the object in the sky and will change as the telescope tracks. For ordinary long 
exposure observations this effect is removed by an image rotator built into the Cassegrain 
tower holding the NIRC infrared camera. In speckle mode, however, this rotator is turned 
off (locked in position with respect to the camera). This is done primarily to simplify 
calibration of the resulting observations, since the structure of the point spread function 
(PSF) depends on the optics of the camera, the complex hexagonal shape of the Keck 
primary mirror, and small phasing errors between different segments of the mirror, with 
the latter two being the dominant terms. By disabling the rotator we can ensure that both 
the telescope and camera components of the PSF are precisely the same for our Titan 
observations and for our observations of PSF reference stars. Of course, this means that 
Titan as seen by the camera will appear to rotate with time. This can be dealt with 
in several ways. One approach is to rotate the Fourier transforms of the image data on 
a frame-by-frame basis (Matthews et al 1996). We have adopted the simpler approach 
of processing each set of 100 Titan frames with no rotation, since each frame spans a 
sufficiently short time that the rotation is negligible (ranging from 0.1 to 0.7 degree over 
the course of a hundred frame set, with the larger number corresponding to half a pixel 
at the edge of Titan’s limb). Each final speckle-processed image was then rotated so that 
Titan north was in the +y direction. This has the advantage of averaging out most speckle 
artifacts, which have a fixed orientation relative to the camera; true Titan features can be 
recognized by their (apparent) rotation from frame set to frame set.

The reconstructed images clearly show a diffraction-limited spatial resolution of 0.04 
arcseconds (because of the pixel size of 0.02 arcseconds, the resolution at H band is limited 
by Nyquist sampling to 0.04 arcseconds rather than the theoretical limit of 0.03 arcsec­
onds). Further cross-checking of the reconstruction, along with an indication of the level 
of image artifacts, is accomplished by applying the algorithm to test stars not used in the 
deconvolution step. We found that the technique left residual artifacts at about the 5% 
level of contrast. The implication is that measurements of brightness, and indirectly, sur­
face reflectance, in dark regions are trustworthy to an upper bound of 5% of the brightness 
of the bright regions.

We measured an apparant magnitude for Titan of 8.18 ± .1 at 2.1 microns and 8.04 ± .1
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at 1.6 microns. This gives a geometric albedo of 0.057 at 2.1 microns and 0.07 at 1.6 
microns. This is consistent with measurements made by previous observers (Griffith et al 
1991).

3.4 Atmosphere Model

In order to separate the contributions of light due to atmospheric scattering and light 
reflected from the surface, we used a radiative transfer model that simulates the absorption, 
reflection and scattering of photons from Titan’s atmosphere and a constant-albedo surface 
(Toon et al 1989). This model has previously been applied to Titan by Toon et al (1992), 
and Hutzell et al (1993, 1996). The model uses a computationally-efficient algorithm to 
solve the two-stream approximation in an inhomogeneous multiple-scattering atmosphere. 
The Eddington method is used to determine the two-stream coefficients. The accuracy of 
this method is usually better than 10% for the calculation of radiative streams, except for 
large solar zenith angles where the error may reach 10-20%. Since other sources of error 
(e.g. the values of the scattering coefficients determined from fractal particle models) are 
not known to better than 10-20%, this provides sufficient accuracy for our purposes.

We assume that the atmosphere does not vary in longitude and varies smoothly with 
latitude as described below. We fit the data as well as possible to such an atmosphere, 
in particular near the limb of Titan, where the intensity is dominated by atmospheric 
scattering and is essentially independent of the surface albedo. Any residual that remains 
when we remove this atmosphere from the data is assumed to be due to surface features. 
The atmosphere is divided into 3 vertical layers, each of which has a value for the haze and 
gas optical depths. The haze is confined to the top two layers, with methane underneath. 
Models with more layers (up to 10) were also tried, with results similar to the 3-layer 
model. The methane is assumed to be completely absorbing within the fraction of the 
filter that is in the methane band (this fraction is 61% for K’ and 69% for H), and to 
be transparent outside of the methane absorption band. Haze single scattering albedos 
and forward/backward scatter asymmetry factors at H and K’ band (given in Table 2) are 
derived from a fractal model of Titan’s haze particles (Rannou et al 1995). In order to 
account for the observed north/south haze asymmetry, the haze optical depth was assumed 
to decrease linearly from the southern limb to the equator, and from the equator to the 
northern limb using independent slopes for each hemisphere.

Our standard model assumes that the surface of Titan reflects as a Lambert disk; this 
is a surface for which the reflected intensity varies as the cosine of the angle from the 
disk center. This is only one extreme in the possible continuum of reflectance models. 
The opposite extreme is a more lunar-like pattern in which the reflectance does not vary 
across the disk. We have also constructed models with a constant reflectance (which 
will be referred to as “lunar-like”) to test the sensitivity of the models to this unknown 
parameter. As might be expected, since the lunar-like surface reflects more efficiently at 
high zenith angles, the effect of using a lunar-like model is to produce a somewhat lower 
surface reflectance at the edges of the disk; the central values are essentially unchanged. 
The best-fit values of the haze optical depth for the lunar-like models are slightly less at
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the north and south poles (e.g. 0.26 vs. 0.3 at the south pole and 0.06 vs. 0.1 at the north 
pole for the K’ band). In theory it would be possible to use these models to determine 
whether Titan’s surface is indeed more “Lambert-like” or “lunar-like”; however, we do not 
find enough difference between the results of the two models to make this distinction.

The modeling process produces a theoretical image of Titan’s atmosphere with effec­
tively infinite spatial resolution, To compare this to our observations, the model must 
be degraded to the true resolution of our images, by convolving it with the point spread 
function (PSF) of our data. In the case of perfect speckle data, with infinite signal-to- 
noise and no systematic calibration errors, the point spread function would simply be the 
inverse of the modulation transfer function (MTF) of the telescope - an Airy disk for a 
round telescope, a somewhat more complex shape for the hexagonal Keck primary mirror. 
In practice, noise in the data (which becomes significant at high spatial frequencies in 
the power spectrum) and calibration errors (due to changes in the atmospheric turbulence 
properties between the images of Titan and the images of the PSF reference star) will 
degrade the resolution of the images.

We estimated this degradation at K’-band by speckle-processing images of one star - 
SAO 128735 - in the same fashion as our Titan data, using a different star as a reference. 
(See Table 1). (A similar PSF, constructed from observations of 188588, was used for the 
H-band data.) The resulting PSF was then used to convolve our models. Inspection of the 
resulting image, particularly the brightness profile of the image in the area beyond Titan’s 
limb (which will depend primarily on the PSF, not the model), indicated that the actual 
Titan data was sharper than the SAO 128735 data. This is most likely due to fluctuations 
in the atmospheric properties (’’seeing”) over the course of the observations; if the SAO 
128735 observations were taken in a time of slightly worse seeing than the SAO 128780 
observations used for the speckle processing, the resulting image will be slightly blurred. 
Conversly, convolving the model with the theoretical ’’perfect” PSF produced an image 
that was clearly sharper still than our actual observations. We thererfore developed a 
mixed PSF produced by a weighted average of the star/star PSF and the theoretical PSF. 
We evaluated the goodness of fit by comparing the brightness profile beyond the limb of 
the convolved model with our observations; since the model naturally has no flux beyond 
its limb, the shape of the convolved image in this region is dependent only on the PSF 
used. All these deviations from the theoretical PSF are relatively small - the images all 
achieve the 0.04” diffraction limit, with the variations being in the amount of light present 
in a low-level halo surrounding the central core. A 50% theoretical/50% observed PSF 
weighting was found to produce results that most closely correspond to our observed data. 
The effect of varying the PSF on the total haze opacity is relatively small; the best-fit 
model with the theoretical PSF has a total haze opacity in the southern hemisphere of 
0.26, compared with 0.3 using the composite PSF. The effect on the surface reflectance 
was small; an increase in reflectance of 0-0.02 across the disk, with the largest effect near 
the limb. The reflectance of the dark regions remained below 0.05.

Once the model was corrected for the point spread function of the data, there were 
two main steps to the fitting process. First, the atmospheric parameters - particularly the 
optical depth in the scattering haze - were determined by fitting a model with uniform
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surface albedo to the limb of our observations. Second, those haze parameters were used 
to recover a surface reflectance map by removing the contribution to the light due to the 
atmosphere, and by correcting for absorption and scattering of surface light.

In the first step, a series of models with varying haze optical depths and surface albedos 
was generated. The albedo was assumed to be uniform across Titan’s surface. This is 
clearly not the case. However, since the “goodness of fit” of each model was evaluated 
primarily in the limb regions, this means we are merely assuming that the albedo in the 
southern and northern polar regions is relatively uniform. In both our observations and 
other groups’ studies of Titan (Smith et al 1996, Combes et al 1997) the southern and 
northern polar regions appear devoid of bright features. In addition, the assumed albedo 
couples only weakly into our atmospheric model for two reasons. First, the limb emission 
is clearly dominated by scattered light from haze, particularly in the south, as can be seen 
from the sharp limb brightening; the relative contribution due to haze is further magnified 
since our observations span a wavelength range that only partially probes the surface. 
Second, due to the absorption and scattering of light reflected from the surface on the 
way up, the overall brightness at the limb is only a weak function of the assumed surface 
albedo.

The model parameters - haze optical depth as a function of latitude, and (uniform) 
surface albedo - were adjusted to produce the model that best fit our observations for 
several longitudinal slices five pixels wide near the northern and southern limbs (Fig. 2 
a-c). We consider our recovered optical depths to be good to ±20%: a model with 20% 
less haze clearly undersubtracts the limb brightening while a model with 20% more haze 
clearly oversubtracts (Figure 2d and Figure 7).

Figure 2 shows plots of brightness as a function of image row for three vertical (N/S) 
slices through our image. It can be seen that the model reasonably fits the data near the 
limbs. Away from the limbs, deviations from the model are presumably due to non-uniform 
surface albedo; in particular, the region where the data are well below the model in figure 
2c indicates a surface reflectance that is well below the uniform 0.05 reflectance used in 
this model.

Once the best-fit haze parameters were determined, the model was used to gener­
ate an “atmosphere-only” map with an assumed surface albedo of zero (Figure 3). This 
atmosphere-only map was then separated from our data to produce an image of the resid­
ual emission, due to the (non-uniform, non-zero) surface. The map was then corrected 
for atmospheric absorption and scattering, and angle-of-incidence effects (assumed to be 
Lambertian) by comparing it to a model with a constant surface albedo. In modelling our 
data for the trailing hemisphere at K’ band, which has lower signal-to-noise than the lead­
ing hemisphere data, we have used the atmosphere parameters which best fit the leading 
hemisphere. Along the with leading hemisphere models at H and K’ bands, this gives the 
surface reflectance maps shown in Fig. 6. We note that, according to our model, 28% of 
the light from the planet comes from the surface (on a disk-averaged basis) at H band, 
and 30% at K’. The remainder of the light is reflected from the haze.
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3.5.1 Results: Atmosphere

Table 2 shows the deduced haze optical depths in the K’ and H bands. These results are 
not in complete agreement with either of two previous globally averaged models (Figure 
4). The fractal haze particle model of Rannou et al (1995) has about twice the global 
average optical depth obtained from our analysis while the earlier spherical particle model 
(McKay et al 1989) gives a value about four times greater. Our results also indicate that 
Titan’s haze optical depth currently (as of 1996) varies by a factor of ~ 3 from south to 
north.

Both the spherical and the fractal haze models shown in Figure 4 are adjusted to fit the 
geometric albedo of Titan in spectral range from 0.3 to 0.9 microns. The opacity of the 
atmosphere at longer wavelengths is an extrapolation from this fit. For spherical particles 
more mass of haze is needed to fit the visible than for the fractal model because the optical 
cross section of the fractal particles is larger per unit haze mass than for spherical particles. 
However at longer wavelengths where the absorption and scattering are in the Rayleigh 
regime, the optical cross section is more nearly proportional to the total haze mass and is 
not sensitive to the particle shape. Thus the fractal optical depth falls below the spherical 
optical depth in the infrared.

Our data indicate that the optical depths in the infrared are somewhat lower than 
predicted by the fractal model. This could indicate that the fractal model is still not an 
adequate representation of Titan’s haze either because the fractal dimension used (D=2) 
is incorrect or the basic assumption of radial symmetry of the fractal particles is not valid. 
Many condensates do form string-like aggregates that could have significantly different 
optical properties than the fractal models of Rannou et al 1995. Also, a portion of the 
difference may be due to seasonal variations between our observations and the Rannou et 
al data. We note that our haze optical depth values at 2 fj,m (particularly in the northern 
hemisphere of Titan) are in good agreement with the results of Griffith et al (1991), who 
found a disk-integrated haze Mie scattering optical depth at 2 pm of 0.1-0.13.

Knowledge of Titan’s haze optical depth at infrared wavelengths is useful for comparing 
and refining models of the structure of Titan haze particles (Rannou et al 1995, McKay et 
al 1989), which can then be used to extrapolate haze optical depths to other wavelengths 
(see Figure 4). The Cassini mission to Saturn, launched in October 1997 and scheduled 
for arrival in 2004, carries the Imaging Science Subsystem (ISS), a CCD imaging system 
with the potential of acquiring images of Titan’s surface with spatial resolutions of tens 
of meters. The ISS carries a 0.94 micron filter tuned to the methane window expressly 
for imaging the surface and a polarizer to help block singly scattered photons, but the 
proportion of nonscattered photons reflected from the surface is a steep function of the haze 
optical depth. Multiply-scattered photons have the potential to severely degrade the spatial 
resolution of the ISS, possibly blurring features to as much as several kilometers. The H 
and K’ haze optical depths determined from our Keck speckle observations, combined with 
future shorter wavelength optical depth measurements, can be used to refine performance 
constraints for the Cassini ISS.
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Our results indicate lower optical depths than predicted by either the fractal or spherical 
particle models, good news for the Cassini mission. These lower optical depths imply that' 
the surface can be easily imaged in the 1 p,m methane window, albeit with the caveat that 
there could be low-level haze which is not included as a separate parameter in our model.

3.5.2 Results: Surface

Titan’s surface albedo provides clues to its surface composition. Suggested surface 
compositions range from liquid hydrocarbon oceans (Lunine 1983) to solid rock or ice / 
hydrocarbon mixtures (Muhleman et al 1991, Griffith et al 1991). Figure 5 shows the 
surface reflectance of Titan’s leading hemisphere at K’ band in a false-color map. Figure 
6 shows surface reflectance for both leading and trailing hemispheres at K’ and for the 
leading hemisphere at H. Titan’s surface is clearly heterogenous, with bright areas of 
reflectance > 0.15 in the H band, and very dark areas with reflectance < 0.05 at both 
H and K’. The surface images have an average reflectance for the September image (45 
degrees away from the usual “bright side” reported in the literature) of 0.059 ± 0.027 at 
2.0 microns, with an equivalent geometric albedo of 0.046 ± 0.018. This is higher than 2/3 
of the average reflectance since the bright feature is relatively central. At 1.6 microns the 
average reflectance is 0.085 ± 0.04 and the equivalent geometric albedo 0.066 ± 0.027. In 
June-centered on the dark side of Titan-the average 2.0 micron reflectance is 0.027 ±0.027 
and the geometric albedo is 0.023 ±0.018. If we neglect the outermost five-pixel annulus of 
each map (which is most sensitive to errors in the atmosphere fitting, but also favors the 
brighter terrain) we get average reflectances of 0.079±0.023, 0.111±0.034, and 0.038±0.023 
for September 2.0 microns, September 1.6 microns, and June 2.0 microns respectively.

These results can be compared to disk-integrated infrared albedos from previous ob­
servers, which are summarized in Lorenz and Lunine (1997). The previous data show a 
wide range of albedo values both for Titan’s bright (leading) and dark (trailing) hemi­
spheres. For example, values given for the geometric albedo of the bright hemisphere at 
1.6p range from 0.07 (Griffith et al 1991), to 0.4 (Lemmon et al 1995). Past spectroscopic 
studies of Titan’s surface have provided differing results primarily because of photometric 
errors associated with narrow slit spectroscopy. At this time it is difficult to say which 
values are most accurate, although our values appear to be in reasonable agreement with 
Griffith et al (1991).

Previous observations have not detected the regions we find on the leading hemisphere 
with infrared reflectance < 0.05, presumably because these regions have a modest spatial 
extent and have been blurred by scattered light from the brighter regions at lower spatial 
resolution. To test our conclusion that these regions are very dark, we have constructed 
atmospheric models with a 20% lower haze optical depth (Figure 7a). These models, which 
have a clearly undersubtracted southern limb, still have a reflectance in the dark region of
< 0.05. Models with a 20% higher haze optical depth produce dark regions with reflectance
< 0 (Figure 7c). We therefore are confident that these regions are very dark at both H 
and K’ band. These regions could be larger than our map indicates, covering most of the 
area to the left of Figure 5 (west in Titan coordinates) if we have either underestimated
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the haze optical depths in the north, or if the PSF scatters significant light from the bright 
feature.

3.6 Discussion and Interpretation of Surface Features

The reflectances we have obtained here for Titan’s surface may be compared to those 
of other solar system bodies and laboratory materials in order to narrow down the range 
of candidate materials. Table 3 lists the geometric albedos of some solar system bodies 
and of other Titan surface candidate materials at 1.6 and 2.1 microns.

From a comparison of Figures 6(a) and 6(b) it can be seen that the bright region on 
the leading hemisphere is somewhat brighter at H than at K’, which suggests that it may 
be composed of water ice (which is dark at 2 microns and somewhat brighter at 1.6), or 
an ice-rock mixture. The bright feature has a similar spatial extent to the bright region 
seen by other observers (Smith et al 1996, Combes et al 1997), and we find, in agreement 
with previous observations (Combes et al 1997), that the bright region has ‘peaks’ with 
reflectance 10-15% greater than the surrounding bright regions. The general shape of the 
bright region, including the westward extension near the north pole in Figure 5, is quite 
similar to that seen by the HST at a wavelength of 0.94 [ml (Smith et al 1996).

The trailing hemisphere of Titan at the K’ band has an overall brightness less than the 
leading hemisphere, and we again find (Figure 6c) that the albedo is not uniform. The 
trailing hemisphere shows features qualitatively similar to those observed by Combes et 
al (1997), namely, that there is a somewhat brighter region in the northern hemisphere 
(reflectance ~ 0.07), and a less bright feature (reflectance ~ 0.05) in the southern hemi­
sphere.

The reflectance of the very dark regions is too low for water ice such as is seen, for 
example, on Jupiter’s moon Europa, although very smooth ice which would appear dark 
in the infrared remains a possibility. Another possibility, that the dark material could 
consist of deposits similar to those found on the other Saturnian satellites Iapetus and 
Hyperion, is unlikely since the Iapetus dark material is too bright in the infrared (Vilas et 
al 1996).

Saturn’s satellite Phoebe, on the other hand, is quite dark in the infrared. Phoebe 
is believed to be a captured asteroid because of its spectral similarity to C-type asteroids 
(their infrared albedo is similar; see Table 3). However, even Phoebe-like material is not as 
dark as the darkest regions we observe on Titan’s leading hemisphere. Another possibility 
is that the dark material is similar to laboratory-produced “tholins” (Khare et al 1984), 
perhaps mixed with water ice. However, the reflectance of “tholins” is in the range of 
0.06-0.08, probably too high to explain the very low reflectance of the dark regions on the 
lower left quadrant of Figure 5.

In theory, these patches of material could also have an extra-Titan source, such as 
asteroidal dust. However, because of Titan’s thick atmosphere, any dust falling in from 
outside the atmosphere would be spread rather evenly over Titan’s surface. We cannot
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envision a scenario where much material would naturally accumulate in restricted patches 
on the surface.

Finally, we note that the localized areas of dark material could be the elusive “lakes” 
or “seas” of liquid hydrocarbon that have long been predicted to exist on Titan’s surface. 
We find that the reflectance of these regions is sufficiently low at 1.6 and 2.1 microns that 
the presence of liquid hydrocarbons cannot be ruled out. If photochemical models (Lara 
et al 1994) are correct, the amount of liquid found in these regions is probably not enough 
to keep the atmosphere resupplied with methane.

In view of the many possibilities for Titan’s surface composition, it is useful to discuss 
what the distribution of bright and dark regions evident at high resolution can tell us. The 
dark material on Titan’s leading hemisphere appears to be restricted to confined areas. 
Compared to features on the Earth, the size of the dark area seen in the lower left of Figure 
5 is about as big as Hudson’s Bay, and somewhat larger than the Black Sea. The dark areas 
may be large basins (impact or volcanic basins) that are covered by dark material which 
comes from the interior of the satellite or is brought in by a dark impactor (which would 
probably be vaporized in the process). Since Titan is a differentiated object, it is hard to see 
how material that appears to be most similar to primitive asteroids could be indigenously 
present on its surface, particularly only in restricted areas. If liquid hydrocarbons exist on 
Titan’s surface, the bright and dark patterns could be due to the redistribution of liquid 
to low-lying areas. Or, the surface of Titan could be continually covered by dark material 
precipitating out from the atmosphere which is washed from only the higher-lying (bright) 
areas by methane rain, exposing bright ice underneath (Griffith et al 1991).

From what we know of Titan’s atmosphere it seems likely that Titan’s surface is con­
tinually impacted by material from above, whether in solid or liquid form. The fate of this 
material, whether washed to low-lying areas by methane rain, collected in underground 
reservoirs, or accumulating as liquid on the surface, remains uncertain.

3.7 Conclusions

Observations of Titan using speckle imaging at the W.M. Keck 10-m telescope have 
achieved a higher contrast and spatial resolution than previous images. They clearly show 
a variety of surface features on Titan, and yield detailed information about the optical 
properties of Titan’s atmosphere. Atmospheric modeling indicates haze optical depths at 
H and K’ that are smaller than predicted by spherical or fractal particle models. The north- 
south asymmetry in atmospheric brightness suggests a large difference in haze density in 
the two hemispheres which would be expected with seasonally-dependent global circulation 
(Hourdin et al 1995). Variations in surface reflectance, on scales that can only be resolved 
by high-resolution imaging, indicate a highly heterogenous surface, including bright areas 
consistent with ice or rock-ice, and dark areas with reflectance < 0.05 which may be covered 
with organic solids or liquid hydrocarbons.
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Table 3.1©bservations of Titan

Data Set Object Filter Time(UTC)1 Parallactic
Angle

Reference
Star Set(s)2

June 27,1996
709 Titan K’ 14:25:12 +55.37 749,758,767
718 Titan K’ 14:27:46 +54.85 749,758,767
727 Titan K' 14:30:03 +54.38 749,758,767
736 Titan K' 14:32:32 +53.85 749,758,767
749 SAO 109256 K' 14:37:26 +54.33 n/a
758 SAO 109256 K' 14:39:59 +53.76 n/a
767 SAO 109256 K' 14:42:23 +53.21 n/a
825 Titan K’ 15:04:59 +45.08 749,758,767
834 Titan K’ 15:07:31 +44.23 749,758,767
843 Titan K' 15:10:05 +43.33 749,758,767
852 Titan K' 15:12:47 +42.35 749,758,767

September 6, 1996
458 Titan K' 11:31:19 +7.92 490
473 Titan K' 11:46:38 -2.57 490
476 Titan K' 11:51:55 -6.18 490
483 Titan K’ 11:58:00 -10.29 490
490 SAO 128780 K' 12:05:10 -11.73 n/a
517 SAO 128735 K' 12:44:05 -35.97 n/a
524 Titan K' 12:50:45 -38.81 517
604 SAO 128762 H 14:44:05 -62.18 n/a
614 Titan H 14:56:42 -64.19 604
617 Titan H 15:01:48 -64.62 604
620 Titan H 15:06:40 -65.01 604 '
623 Titan H 15:11:33 -65.38 604

1. UTC time from instrument control computer, which contains an unknown offset of several seconds 
relative to true UTC

2. Data set used for speckle calibration (see section 3)
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Table 3.2

Values for scattering parameters and best-fit haze op­
tical depths at 1.6 and 2.1 /mi. Values for g and w 
were taken from the fractal haze particle model of 
Rannou et al (1995). Haze optical depth is assumed 
to decrease linearly from the southern limb to the 
equator and from the equator to the northern limb.

Wavelength g w TS TE Tn

1.6 /im 0.40 0.97 0.52 0.26 0.16

2.1 /ml 0.20 0.85 0.30 0.15 0.10

g = scattering asymmetry factor 
u = single-scattering albedo 
Tg=haze optical depth at southern limb 
TE=haze optical depth at equator 
TN=haze optical depth at northern limb
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Table 3.3

Albedos of Candidate Materials

Object 1.6fjiTn albedo 2.1fj,m albedo
Europaa(ice) 0.25 0.11
Moonb (rock) 0.3 0.3

Iapetus (dark regions)0 0.11 0.10

Phoebed 0.06 0.05
C-type asteroids6 0.04-0.06 0.04-0.06

Titan tholinf 0.06-0.08* 0.06-0.08*

liquid hydrocarbons8 < 0.02* < 0.02*

Titan dark areas (this work) < 0.05* < 0.05*
Titan bright areas (this work) 0.12 - 0.18* 0.10 - 0.13*

* These numbers are normal reflectance values; all others are geometric albedos 
“Clark and McCord 1980 
bLorenz 1997 
cLebofsky et al 1982
dDegewij et al 1980, scaled to values from Tholen and Zellner 1983 
eTholen and Barucci 1989 
^Khare et al 1984 
9Khare et al 1990
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Figure 1a Figure 1b Figure 1c
Figure 3.1: Speckle processed images of Titan. Figure la shows the loading hemi­

sphere nt K’ (2.1 microns); Figure lb is the leading hemisphere at IT (l.ti microns), and 
Figure lc is the trailing hemisphere at K1, The central longitude for the leading hemi­
sphere is 125°; and for the trailing hemisphere 320". Titan north is up and west, is to the 
left. The mapping of intensity to color is the Same for la and 1c; lb has a different, color 
mapping since Titan's integrated intensity is greater in the H band. Units of stifle are flux 
in 10-16 Watts/m5/p/pixel
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Figure 3.2: Fitting the model to the data. Figures 2a-c show N/S slices (average of 
5 pixels) through the satellite at three different longitudes compared to the average of 5 
pixels of the model atmosphere plus a surface with a constant albedo of 0.05. The solid 
line is data, the dotted line is the model, and the dot-dash line is the residual (difference 
between data and model). Data are fit to the northern and southern limbs (hatched areas). 
The positive residual near the center of the image is due to a bright surface feature; the 
negative residual in figure 2c (just north of the southern limb) is one of the dark regions. 
Figure 2d shows a center N/S slice of the data (solid line), an atmosphere model with 20% 
less haze than the nominal value (dotted line), and 20% greater haze (dashed line). These 
models are clearly less adequate fits to the northern and southern limbs than the nominal 
model shown in Figure 2 a-c. The surface reflectance produced by the 20% greater and 
20% less haze models is shown in Figure 7.
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Figure 3.3: Brightness of a Titan model atmosphere at K’ band shown in grayscale 
map. Units of scale are flux in 10~18Watts/m2/fi/pixel (same units as Figure 1). This 
image is for a surface albedo of zero, so that all light comes from the atmosphere. The 
model for H band is very similar. Strong southern limb brightening is due to higher haze 
abundance in the southern hemisphere.

Haze Optical Depth: Models and IR Observations

Rannou et al. (1995), fractal

Young

IcKay et al. (1989), spherical

Griffith

Gavel

Wavelength, /mi

Figure 3.4: The optical depth of Titan’s haze layer at various wavelengths. Two 
models are shown: the Mckay et al (1989) spherical particle model, and the Rannou et al 
(1995) fractal particle model. Data are shown for H and K’ band; numbers are given for 
the value found at the northern and southern limbs along with 20% error bars.
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Figure 3.5: False-color map of Titan’s surface reflectance in the K band, showing the 
leading hemisphere (central longitude 125°).

Figure 3.6: Maps of Titan’s surface reflectance. Figure 3.6a is the leading hemisphere 
at, K’; Figure 3.6b shows the leading hemisphere at H; and Figure 3.6c shows the trailing 
hemisphere at K\
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2,1 jjjn reflectance (£0% less haze} 2.1 iim reflectance 2-1 jim reflectance (20% more haze}

Figure 3.7: Recovei'ed surface reflectance for models with "20% less ham: optical depth 
than the nominal value (3.7a), 20% more ham: optical depth (3.7c}, and the nominal value 
(3,7b, nominal values are given in Table 1). The model with '20% less haze shows clear 
undersnbtfaction of the southern limb, but the darkest reflectances are still < 0.05* The 
mcflel with 20% more haze produces surface reflectance in the dark regions that is < 0, 
which is dearly unphysicul-
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4. NEPTUNE’S ENERGY BALANCE AND DYNAMIC WEATHER PATTERNS

4.1 Introduction

The energy output of Neptune exceeds that of solar insolation by a factor of 2.5, which 
is much more than is measured on any of the other giant planets (Pearl and Conrath 1991). 
Therefore, Neptune is expected to be dynamically very active, as was indeed confirmed 
by the images taken with Voyager 2. These images, taken at visible wavelengths, show 
prominent dark and bright spots on the planet, as well as some bright wispy cloud features 
(Smith et al. 1989). Over the years much time variability in Neptune’s spots has been 
reported, with time scales varying from hours to years (Ingersoll et al. 1995, Baines et al. 
1995). The most striking observation has been that the Great Dark Spot and its bright 
companion cloud, the most prominent features in Voyager and ground based images during 
many years, had disappeared when Neptune was reimaged by HST in 1991 (Sromovsky et 
al. 1995) and 1995 (Hammel et al. 1996).

Resolving Neptune with groundbased imaging is difficult, since the planet’s angular 
size is only 2.35 arcseconds at mean opposition. The Great Dark Spot and its bright 
companion show up as a large diffuse source in conventional images; resolving this feature 
and distinguishing smaller features on the disk requires use of the HST (e.g., Sromovsky 
et al. 1995, Hammel et al. 1996), adaptive optics (Roddier et al. 1997, 1998), or speckle 
imaging (Gibbard et al. 1998). In this chapter we present diffraction limited speckle images 
of Neptune at nearinfrared wavelengths taken with the 10m W.M. Keck telescope. Our 
resolution is 0.04 arcseconds, corresponding to a scale of about 500 km on Neptune, which 
is similar to the best HST observations at visible (5000 A) wavelengths.

Observations of Neptune at visible wavelengths probe cloud layers in the planet’s tro­
posphere (at pressure P > 0.1 bars), whereas observations at infrared wavelengths, where 
methane gas is the main source of opacity, are sensitive to features above the main cloud 
deck, in Neptune’s stratosphere. Transient infraredbright features have been noticed on 
Neptune for years (Hammel 1989, Lockwood et al. 1991, Hammel et al. 1992). One 
such feature accompanied the Great Dark Spot imaged by Voyager 2 (Smith et al. 1989). 
It is not known, however, if bright stratospheric features are typically associated with 
disturbances in the troposphere such as the GDS.

4.2 Observations and Data Reduction

We observed Neptune with the 10m W. M. Keck telescope (The W. M. Keck telescope 
is jointly owned and operated by the University of California and the California Institute 
of Technology) on Mauna Kea, Hawaii, on September 6 1996 (UT) and October 10 - 13 
1997 (UT). During this time Neptune’s subsolar latitude was -25°, so that our images 
show primarily Neptune’s southern hemisphere. Table 4.1 summarizes dates, times, and 
wavelengths of the observations.

We observed Neptune both in speckle imaging mode (see Chapter 2), and using con-
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ventional observing techniques (we refer to these as narrowband images). For both types' 
of observations we used the facility’s near-infrared camera (NIRC, Matthews and Soifer 
1994), which is equipped with a 256 x 256 pixel Santa Barbara Research Corporation 
InSb array. The pixel size is 0.151 arcseconds, corrsponding to 3400 km at Neptune. For 
speckle observations a plate scale changer is inserted into the light path to produce a scale 
of 0.02 arcseconds per pixel, wellmatched to the telescope’s 2 micron diffraction limit (0.04 
arcseconds) and yielding a resolution of 500 km at Neptune. The conventional images 
were taken at several different wavelengths between 1 and 3 gm in order to probe differ­
ent altitudes in Neptune’s stratosphere. The filters used were h210 (2.113-2.134 p/m), ch^ 
(2.190-2.345 yum),feii (1.638 - 1.656 yum), and oil (1.231 - 1.241 yum). Table 4.1 shows the 
list of narrowband images and reference stars for each night. Typical angular resolution 
for these observations is 0.6 arcseconds.

The narrowband (low resolution) data were processed by correcting for bias and satu­
ration, removing bad pixels, fiatfielding, and sky subtracting.

In the Speckle interferometric processing, several hundred short exposure frames of 
Neptune, along with a corresponding number of frames of a point spread function calibrator 
star, were taken on each night of observing. Images were typically speckle processed in 
stacks of 100 exposures to avoid the paralactic angle smearing described in Chapter 3, 
Section 3. Each individual frame was inspected and edited before the images were speckle 
processed to form a high resolution image. Each of the result images from 100-frame 
speckle processing was then rotated so that sky north is up. The final image of Neptune 
for the several hundred frame group was formed by averaging these rotated 100-frame 
result images. The rapid rotation of Neptune about its polar axis causes the final image 
to be blurred in longitude by approximately 4° on the planet (3 pixels or 2.5% of the total 
Neptune disk size of 118 pixels) during the ~ 10 minute time interval between the first 
and last image frames of a typical 300 frame group.

Before the speckle imaging procedure was applied, the data was preprocessed in the 
same manner as conventional infrared images. The instrument dark current and (time 
varying) bias were removed using bias frame stacks associated with each data set. Data 
were sky subtracted using 300 frame blank sky observations taken shortly before or after 
the Neptune and reference star images. A median filtering technique was then applied 
to each image to remove residual columnar patterns caused by drifts in the instrument 
electronics. The resulting images were flat fielded using flats constructed from twilight sky 
images.

4.3 Modeling Neptune’s Stratosphere

By observing Neptune in narrow bands at a scale of 0.15 arcseconds per pixel (the 
resolution of these nonspeckle images is dependent on the seeing, typically around 0.6 

arcseconds, see Table 4.1), we are able to get information about the vertical structure 
of Neptune’s cloud features. These narrow bands probe different altitudes in Neptune’s 
atmosphere. The shortest wavelength filter, oil, probes down to the troposphere. The feii
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filter, which is the closest filter to the broad H band used for speckle imaging, and the h210" 
filter sample the lower stratosphere (around 0.1 to 0.01 bars), and the ch4 filter samples 
the upper stratosphere around 10~3 bars.

In order to compare the narrowband images, we have calculated the I/F (ratio of 
reflected intensity to solar flux) for each image. For September 6 1996 the data were 
calibrated using the photometric standard star FS34. For October 13 the standard photo­
metric star SJ9182 was used to calibrate the intensity of the data. Solar flux values were 
taken from Arvessen et al. (1969).

Figures 4.1 - 4.5 show images obtained on the five nights of observation. Figure 1 
shows the speckle H band image and the three narrowband images obtained on September 
6 1996, and Figures 4.2 - 4.5 show speckle and narrowband images from October 10-13 
1997. Actual pixels are shown, without interpolation.

We have used a model atmosphere program from Baines and Hammel (1994) to model 
the low resolution multiwavelength images from Neptune. Since we observed in different 
methane absorption bands to probe several altitudes in Neptune’s stratosphere, it is crucial 
to have an accurate model to represent the absorption as a function of wavelength. The 
program was therefore updated to yield the most accurate representation of the methane 
absorption bands, through the use of k-distribution coefficients. Two sets of coefficients 
have been published (Baines et al. 1993: wavelength range 1.60 - 2.52 ywm; Irwin et al. 
1996: wavelength range 1.05 - 5.0 yum), where we have used and compared the two sets 
where they overlap. As we will show, the differences in the coefficients lead to substantial 
differences in the modeled brightness.

A schematic of the atmospheric structure and haze layers relevant to our modeling is 
summarized in Fig. 4.6a. We adopted a CH4 fractional abundance of 3% in the troposphere 
(Baines and Smith, 1990), which followed the saturated vapor curve at higher altitudes. 
The photochemistry predicts the formation of hydrocarbons as CgHg, CgHg, C4H2, HCN, 
CsHg, CgHg (e.g. Romani and Atreya 1989; Romani et al. 1993), decreasing the CH4 

abundance in the stratosphere below the saturated vapor curve. We adopted a mixing 
ratio of 0.00035 (constant with altitude) as the nominal value, but kept this as a free 
parameter. Condensation of the hydrocarbons leads to the production of haze layers in 
Neptune’s stratosphere, as sketched in Fig. 4.6a. As in Baines and Hammel (1994), 
we preserved the ratio in number density between the various haze layers to equal the 
acetylene/ethane and diacetylene/ethane mixing ratios from Romani et al. 1993. We left 
the total haze column density as a free parameter, and similarly the altitude of the haze 
layers.

We chose to model the lowresolution data of October 13; on this day we obtained the 
highest resolution (0.6 arcsecond) images, on which we could identify a (hopefully) spotfree 
region on Neptune’s disk. Scans through these spotfree regions on the planet at the four 
wavelengths are shown in Fig. 4.6b. The dotted lines point at the lowest intensities on 
each scan, which represent the most spotfree region on the planet. As can be gathered 
from the images, it is very hard to identify a spotfree region, so one must keep in mind 
that the intensities are upper rather than lower limits. The progression from a very dim
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planet in the ch^ band to a bright object in the oh band is very dramatic; intensities differ 
by nearly a factor of 20.

Observations in the oii band probe down to the troposphere, and are sensitive to both 
the total stratospheric and the tropospheric methane haze layers. To match Neptune’s 
brightness in the oii filter, the number density of the methane haze layer needs to be in­
creased by a factor of 3 above that adopted by Baines and Hammel (1994). The model 
results are relatively insensitive to the precise altitude of the stratospheric haze. In the 
other three filters one probes Neptune’s stratosphere, and stratospheric parameters be­
come dominant. The stratospheric methane abundance is a critical parameter in modeling 
Neptune’s brightness. In addition, there are profound differences in model results using 
the kdistribution coefficients from Baines et al. (1993) versus those by Irwin et al. (1996), 
as exemplified in Fig. 4.7.

4.4 Spot Rotation Periods

In the October 1997 speckle data we see the same bright spots on different days, and 
hence we were able to calculate rotation periods for these features. The bright feature at 
-45° was observed on October 10 and 11 (this feature is just coming onto the limb in the 
image from October 12); on October 11 and 12 there is a feature at -30°. In order to find 
rotation periods, the image from each date was projected onto a latitude-longitude grid, 
and the leading edge, center, and trailing edge of the spots was identified. Then a rotation 
period was calculated from the movement in longitude of the spots over the observation 
interval (~23 hours). The rotation period was taken as the average of the movement of 
the leading edge, center, and trailing edge (since these spots may change shape over time, 
it is difficult to know which measurement is the most accurate). Two sources of error 
identified were in locating the center of the disk of Neptune and in pinpointing the edges 
of the bright features. We estimate this error as ±3 pixels per image, which gives a root 
mean square error of 8.5° for the difference in spot location from night to night.

The rotation periods we find are 17.1 ± 0.3 hours for the spot at -45° and 17.8 ± 0.3 
hours at -30°. This can be compared with values reported in the literature (Figure 4.8). 
The value at -30° agrees well with previously reported rotational periods, while the value 
at -45° shows a slightly longer rotation period than fits to Neptune’s winds or to the Great 
Dark Spot.
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Table 4.1 Neptune Observations

Date Time (UTC) Object Filter Airmass Seeing
Sept. 6 1996 12:27 Neptune kcont 2.24 0.6”

12:35 Neptune feii 2.37 0.6”
12:31 Neptune h210 2.31 0.6”
12:46 FS34 kcont 1.8

12:40 FS34 feii 1.81
12:44 FS34 h210 1.82
11:45 Neptune speckle H 1.80
10:42 SAO 188588 speckle H 1.50

Oct. 10 1997 10:35 Neptune ch4 2.42 1.0”
10:39 Neptune h210 2.48 0.9”
10:43 Neptune feii 2.63 0.8”
10:47 Neptune oii 0.9”
4:53 SJ9105-P530 ch4 1.5
8:45 Neptune speckle H 1.5
8:32 SA0188682 speckle H

Oct. 11 1997 9:15 Neptune ch4 3.7 1.8”
9:39 SJ9101-P525 ch4 1.0

8:09 Neptune speckle H 2.09
8:09 SA0188699 speckle H 2.09

Oct. 12 1997 8:28 Neptune ch4 2.43 0.8”
8:30 Neptune ch4
7:27 Neptune speckle H 1.73
6:15 SAO 188682 speckle H 1.4

Oct. 13 1997 6:12 Neptune ch4 1.40 0.6”
6:16 Neptune h210 1.42 0.45”
6:21 Neptune feii 1.43 0.6”
6:25 Neptune oii 1.45 0.6”
6:42 SJ9182 ch4 1.15
6:44 SJ9182 h210 1.15
6:48 SJ9182 feii
6:52 SJ9182 oii
5:20 Neptune speckle H 1.32
5:39 SA0188726 speckle H 1.35
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H-bantl speckle

FET1 H21Q KCONT

Fig. 4.1: Images Neptune from Sept- f> 10%
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Oct 10 97 H band speckle

Oct 10 97 1.3 microns (OH) Oct 10 97 1,6 microns (FEII)

Oct 10 97 2.1 microns (H21Q) Oct 10 97 2.3 microns (CH4)
Fig. 4.2: Images of Neptune from Oct. 10 1997
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Oe<11 97 h band speckle
Oct 11 97 2.3 miCiCrt (Cm)

Fig. 4,3; Images of Neptune from Oct. 11 1997
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Fig, 4.4: ImagS of Neptune from Oct. 12 1997
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Oct 13 97 H band speckle

Oct 13 97 1.3 microns (Oil) Oct 13 97 1.6 microns (FEU)

Oct 13 97 2.1 microns (H210) Oct 13 97 2,3 microns (CH4)
Fig. 4.5: Images of Neptune from Oct. 13 1997. Shown are a speckle Hband im­

age (4.5a), and four narrowuband images (4.5b4_5e). These are tin: Images used for the 
modeling discussed in section 4.3 43
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5. VOLCANOES ON IO

Here we present preliminary results of near-infrared observations of the Galilean moon 
Io in 1998 with speckle interferometry. These observations have a resolution of 60 km/pixel, 
greater than any instrument except Galileo’s SSL Observations from July 12 1998, July 
28 1998, and August 4 1998 show 18 distinct hotspots (see Figure 5.1). 17 are present in 
the July 12 image, with a bright transient visible only on July 28 - August 4. On July 12 

Loki was fading from an outburst event, and the position of Loki appears to shift between 
July 12 and August 4.

In the best data set (Jul 12 1998) 17 distinct hotspots were detected, the largest number 
detected by any group in a single Io image. Nearly all either align with known Io features 
or repeat in the July 28 or August 4th data. Sources span a factor of ten in intensity.

Source positions have been registered on Io’s disk, including corrections for distortions 
in the camera optics and uncertainties in the camera rotation to an absolute accuracy of 
ten miliarcseconds (see Table 5.2). Images were registered with Io’s disk on the basis of the 
Galileo SSI position of Janus (given in McEwen et al 1998) Images are rotated so that Io’s 
north pole is up, and corrected for slight NIRC field distortions The single largest error 
term is in fact the uncertainty in Galileo visible-light measurements used for reference.

Loki, the brightest source on this hemisphere, was observed fading from a major tran­
sient. There is some evidence that it’s position shifted as it faded, indicating that the 
transient event occured in a different part of Loki’s horseshoe-shaped caldera than the 
main event (Figure 5.2). Loki may in fact be a cluster of seperate hotspots associated 
within one volcanic shield, similar to Hawaii’s Manna Loa volcano.

Temperature measurements based on multiple wavelengths are consistent with high- 
temperature silicate vulcanism. We successfully imaged Io at mid-IR (3 micron) wave­
lengths using Keck’s chopping secondary, the first Keck speckle observations to use this 
mode.

Another source worth noting is source 6. Its latitude is consistent with Pele, a major 
volcanic region. However, Pele was located just behind Io’s limb during these observations 
and it should (barely) have not been visible. We may be seeing the IR glow from Pele 
reflected of its volcanic plume - if confirmed this will constrain the composition of the 
plume.

The sources - excluding Loki - are relatively uniformly distributed on Io’s surface (at 
weak statistical significance.) This is somewhat different than the distribution seen by 
Galileo, but Galileo’s SSI is biased towards the hottest events. Uniform distribution of 
sources would favour a nearly solid Io as opposed to a partially molten asthenosphere.
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Table 5.1: Io observations.

Date &
Time

Wavelength
(4m)

Number of Frames

12 July 1998 K (2.2) 8 x 100
12:10-12:55 UT H (1.7) 4 x 100

28 July 1998 K (2.2) 4x100
10:25-11:31 UT nbL (3.0) 6 x 40

4 Aug. 1998 K (2.2) 6 x 100
12:15-13:17 nbL (3.0) 6 x 40

Table 5.2: Uncertainty in the placement of hotspots in our Io observations. For Loki, 
These translate into a (0.82°, 0.94°) uncertainty in latitude and longitude.

Error Source X error 
(pix)

Y error 
(pix)

Intrinsic centroiding error 0.20 0.20
Error in Janus centroid 0.20 0.20

0.2° uncertainty in camera orientation 0.02 0.13
0.5% uncertainty in plate scale 0.18 0.03

Io deviation from sphericity 0.18 0.03
Uncertainty in camera distortion 0.1 0.1
Uncertainty in SSI Janus position 0.25 0.25

Total 0.47 0.42
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Table 5.3: Source fluxes, in gigawatts/yum/steradian

Source 12 July Flux 28 July Flux 4 Aug. Flux
0 (Janus) 1.07 0.9 0.71
1 (Kan.) 0.53 0.5 0.46
2 (Loki) 8.18 5.0 4.79

3 0.49 0.5 0.25
4 (Fjorgyn) 0.20 0.21

5 (Acala) 0.63 0.55
6 (Pele?) 0.36 0.13

8 0.13
10 (Suit) 0.15

11 0.20
12 (Fuchi) 0.23 0.29

13 (Ra) 0.14
14 0.15 0.15
15 0.18 0.12

16 (Aten) 0.25 0.13
17 0.23
18 3.93 1.48
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lo Eclipses at K [2.2 microns]
W.M. Keck Telescope Speckle Imaging 0,02"/pixel

All images displayed with logrithmic intensity scale.

B. Macintosh, C. Max, D. Gavel, S. Gibbard, LLNL 
I. de Pater, UC Berkeley, A. Ghez, UCLA

Figure 5.1 To volcanic hotspots identified in Keck speckle data.
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Figure 5.2 The Loki hot spot apparently shifted during the July 12 to August 4, 
1998 time period. Error boxes for our determination of hot spot centers are overlayed on 
a Voyager image of the region. The unlabled box is a Galileo Solid-State Images (SSI) 
determination, from McEwan, et. al., 1998.
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6. HIGH RESOLUTION SOLAR SYSTEM ASTRONOMY: THE FUTURE

Speckle interferometry has allowed us to collect new scientific data on the solar system 
objects Titan, Neptune, and Io. However, a fundamental physical requirement, the need 
to gather enough light during each atmospheric turnover time to detect the object, limits 
the application of speckle interferometry to only the very brightest of astronomy targets, 
and (in the struggle to gather enough light) requires observing over very broad wavelength 
bands.

Adaptive optics, with laser beacons as artificial guide stars, will overcome these limita­
tions. Long exposure observations of dim objects in narrow wavelength bands will simply 
be a matter of pointing the laser at the target, turning on the adaptive optics wavefront 
control loops, and opening the shutter. Adaptive optics at the Keck 10 meter telescope, a 
project in which the Lawrence Livermore National Laboratory has been heavily involved, 
has seen its “first light” in February 1999. The laser beacon is due to follow later this year. 
See Gavel, 1994 for a predictive performance analysis of the Keck adaptive optic system.

With adaptive optics enabling long exposures and narrow wavelength band imaging 
at high resolution, a number of interesting planetary science questions can be addressed. 
It will be possible to probe Titan’s atmosphere more directly, for example by imaging 
both inside and outside the Methane absorption bands. With the grism spectrometer in 
the second generation Keck infrared camera, NIRC-II, it will be possible to do spectral 
mapping of interesting portions of Titan’s surface, for example the bright highland areas 
or the dark “lake” regions. Spectral profiles can provide direct clues to the chemical 
composition, distinguishing between rock, ice, or hydrocarbons for example. This will 
help answer some very fundamental questions directly. Neptune’s cloud layers can be 
mapped at both high spatial and vertical resolution giving a better understanding of the 
physical processes in the troposphere and stratosphere. Exciting new possibilities open up 
with dimer solar system objects: for example studying the structure of Uranus’ rings or 
studying the composition and shape of asteroids and their possible companion moonlets.

Certainly also, extra-solar system and extra-galactic astronomy will be profoundly af­
fected by adaptive optics. Since discussion of these topics is beyond the scope of this 
report, we direct the interested reader to the excellent science justification write up in the 
plans for the Keck adaptive optics system (Nelson, 1994).
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